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FDA: POLICEMAN OR TEACHER?

A few years ago, the big thing for the college age crowd was to dwell on
the question, “who am I1?7”

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

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

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

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

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

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

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

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

Again, there is an interesting corollary to be drawn from daily life. So-
ciety has learned that people’s attitude regarding their police force is
largely shaped when they are small children. It is far better if children can
be taught that the policeman is there to help them and protect them than
it is to make them fearful by scaring them with warnings that ‘“the po-
liceman is going to catch you!” By the same token, we expect that the police
force will behave in a manner that warrants the trust and respect of both
children and adults.

Similarly, if the FDA is to have both the trust and respect of those with
whom it interfaces, then it too will need to conduct itself in a manner that
encourages such an attitude.
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Role of Binders in Moisture-Induced Hardness Increase in

Compressed Tablets and Its

Effect on In Vitro Disintegration and Dissolution
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Abstract O The role of commonly used binders in the moisture-induced
hardness increase in compressed tablets containing lactose as a major
excipient was studied. Tablets compressed from granulations containing
different binders at different moisture levels increased in hardness after
overnight exposure to ambient room conditions. The results suggest that
this hardness increase is related linearly to the amount of moisture loss
from the tablets after compression. The magnitude of the hardness in-
crease is related to the type and concentration of the binder used in wet
granulation. The moisture-induced hardness increase in tablets prepared
from granulations containing different binders had no effect on the tablet
disintegration time and in vitro drug dissolution.

Keyphrases D Binders—role in moisture-induced hardness increase
in compressed tablets, disintegration, dissolution, in vitro O Disinte-
gration—of compressed tablets following moisture-induced hardness
increase, role of binders, in vitro O Dissolution—of compressed tablets
following moisture-induced hardness increase, role of binders, in vitro

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

The exact mechanism by which moisture affects tablet
hardness is not understood fully. Previous results (1)
suggested that a possible mechanism was the recrystalli-
zation of the soluble drug and/or soluble excipient in the
void spaces caused by the moisture loss. Obviously, the
physical properties of the drug—excipient combinations
play a major role.
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Since binders impart cohesiveness to the tablet and
ensure tablet strength after compression, investigation of
their role in the moisture-induced hardness increase is

important. In this study, the tablets compressed from

granulations containing the most commonly used binders
at different moisture levels increased in hardness due to
partial moisture loss during overnight exposure to ambient
room conditions. The data suggest that the hardness in-
crease is related linearly to the amount of moisture loss
after compression. The magnitude of the hardness increase
is related to the type and concentration of binder used in
wet granulation. The moisture-related hardness increase
in tablets prepared from granulations containing different
binders did not affect the tablet disintegration time and
in vitro drug dissolution.

EXPERIMENTAL

Materials—Acacia!, povidone?, starch?, lactose?, gelatin®, and mag-
nesium stearate® were USP grade, and salicylic acid® was analytical re-
agent grade. Methylcellulose’?, hydroxypropyl methylcellulose®, hy-
droxypropylcellulose?, and ethylcellulose!® were used as received.

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

1 J. T, Baker Chemical Co., Phillipsburg, NJ 08865.
2G.AF. Corp., New York, N.Y.

3 Staley Manufacturing Co., Decatur, Il

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

5 Sigma Chemical Co., St. Louis, MO 63178.

6 Mallinckrodt Chemical Works, St. Louis, MO 63160.

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

8 Type 60 HG premium, Dow Chemical Co., Midland, Mich.

9 Type HF, Hercules, Wilmington, Del.

10 Ethocel, premium, Dow Chemical Co., Midland, Mich.

11 Kitchen Aid model K5-A, Hobart Manufacturing Co., Troy, Ohio.
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Table I—Tablet Formulations (Milligrams of Ingredient per Tablet)

Formulation

Ingredient A B C D E F G H I J K L M N
Salicylic acid 19 19 19 19 19 19 19 19 19 19 19 19 19 19
Lactose 3111 3111 3111 3111 3111 3111 3111 3161 3011 291.1 3111 3161 301.1 291.1
Starch 38 38 38 38 38 38 38 38 38 38 38 38 38 38
Magnesium stearate 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.
Acacia 10 — -m —_ — - — — — — —- 5 20 30
Ethylcellulose — 10 — — — — — — — — — — — —
Gelatin f— —_ 10 — — — — - — — — — — —
Hydroxypropylcellulose  — — — 10 — — — — — — — — —
Hydroxypropyl — — — — 10 — — — — — — — —

methylceilulose

Methylcellulose — — — — — 10 — — — — — — —
Povidone — — — — — — 10 5 20 30 — — — —
Starch — — — — — — — — — - 10 — — —

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

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

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

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

Hardness Determination-—Initial hardness was determined imme-
diately after compression. The tablets were placed on open trays, exposed
to ambient room conditions (23°, 25-50% relative humidity), and allowed
to equilibrate and reach maximum hardness. For each hardness deter-
mination'#, 10 tablets were tested and the mean was calculated.

Disintegration Time—The disintegration apparatus consisted of a
basket-rack assembly and a 1-liter beaker as described in the USP. The
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Figure 1—Effect of binders on hardness increase induced by partial
moisture loss in compressed tablets prepared by wet granulation. Key:
0, hyvdroxypropyl methylcellulose; a, ethylcellulose; v, hydroxvpro-
pyleellulose; O, povidone; O, methylcellulose; O, gelatin; ¥, acacia;
and &, starch.

12 Stokes model F4.
13 Cenco, Central Scientific Co., Chicago, IL 60623.
14 Hebherlein hardness tester, Heberlein and Co., AG, Switzerland.
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beaker containing 900 m! of distilled water was maintained at 37° in a
constant-temperature water bath. The disintegration times of the indi-
vidual tablets were noted, and the mean of six tablets was calculated.

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

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

RESULTS AND DISCUSSION

To study the role of binders in the moisture-induced hardness increase
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Figure 2-—Effect of binders on moisture loss inducing hardness increase
in compressed tablets prepared by wet granulation. Key: O, hydroxy-
propyl methylcellulose; A, ethylcellulose; v, hydroxypropylcellulose;
0. povidone; ©, methylcellulose; O, gelatin; ¥, acacia; and 4,
starch.

15 nicam recording spectrophetometer, SP 1800, Pye Unicam L.td., Cambridge,
England.
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Figure 3—Relationship between hardness increase and percent
motsture loss in compressed tablets prepared by wet granulation using
different binders. Equations of the regression lines and correlation
coefficients (r) are: O, hydroxypropyl methylcellulose, y = —2.348 +
5.932x, r = 0.968; A, ethylcellulose, y = —0.486 + 4.95x, r = 0.961; v,
hydroxypropylcellulose, y = —1.49 + 4.74x, r = 0.819; Q, pouvidone, y
= —3.266 + 7.72x, r = 0.930; O, methylcellulose, y = —4.386 + 6.54x, r
=0.982; ¥%,acacia,y = —6.45 + 7.236x, r = 0.970; A, starch,y = 0.32 +
0.9055%, r = 0.886; and O, gelatin, y = —0.45 + 3.29x, r = 0.855.

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

The granulations containing 2-3.2% moisture and different binders
at the 10-mg tablet level were compressed into tablets at a targeted initial
hardness of 6 Strong-Cobb units. Above a 3.1% initial moisture level, it
was not possible to compress the povidone, methylcellulose, hydroxy-
propyl methylcellulose, acacia, hydroxypropylcellulose, and starch
granulations into tablets because of picking and sticking to the punches.
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Figure 4—Effect of the povidone concentration on the hardness in-
crease induced by partial moisture loss in compressed tablets prepared
by wet granulation. Key: O, 5 mg/tablet; A, 10 mg/tablet; v, 20 mg/
tablet; and O, 30 mg/tablet.
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Figure 5—Effect of the acacia concentration on the hardness increase
induced by partial moisture loss in compressed tablets prepared by wet
granulation. Key: 0,5 mg/tablet; A, 10 mg/tablet; v, 20 mg/tablet; and
0, 30 mg/tablet.
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Tablet hardness was determined again after overnight exposure to am-
bient room conditions.

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

Plots of the percent moisture loss versus the initial moisture are shown
in Fig. 2. The tablets prepared with different binders showed an increased
moisture loss after overnight exposure to ambient room conditions as the
moisture content during compression was increased. The differences in
the moisture loss with the binders used in this study were due to the
modification of the equilibrium moisture level in the tablets by the
binder.
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Figure 6—Role of binders in tablet disintegration time as a function
of hardness increase induced by partial moisture loss in compressed
tablets prepared by wet granulation. Open symbols give the disinte-
gration time before the hardness increase, and closed symbols give the
disintegration time after the hardness increase. Key: O, @, hydroxy-
propyl methylcellulose; a, A, ethylcellulose; v, ¥, hydroxypropylcel-
lulose; O, m, povidone; O, ®, methylcellulose; ¥, ), acacia; O, @,
gelatin; and 4, 4 starch.
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Figure 7—Percent dissolution versus time plots on log probability
paper showing the linear relationship. Open symbols give dissolution
results before the hardness increase, and closed symbols give dissolution
results after hardness increase. Key: A, ethylcellulose, initial moisture
= 3.2%, and v, hydroxypropylcellulose, initial moisture = 3.1%.

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

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

Any change in the formulation would change the moisture sorption
properties of the tablets and the magnitude of the hardness increase. For
example, a formulation containing 66% water-insoluble drug, 18% lactose,
10% starch, 5% povidone, and 0.2% magnesium stearate (1) caused greater
hardness increases compared to Formula G in this study, which contained
about 82% lactose.

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

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

Physical properties of the drug-excipient combination were changed

4 / Journal of Pharmaceutical Sciences
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Figure 8 —Role of binders on in vitro dissolution as a function of the
hardness increase induced by partial moisture loss in compressed tablets
prepared by wet granulation. Key: O, hydroxypropyl methylcellulose;
A, ethylcellulose; v, hydroxypropylcellulose; O, povidone; ©, meth-
yleellulose; O, gelatin; ¥, acacia, and 4, starch.

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

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

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

Percent dissolved versus time profiles were generated for tablets
prepared with'different binders at 10 mg of binder/tablet and containing
initial moisture levels of 2-3.2% before and after the hardness increase.
The data from these tests were plotted on logarithmic probability graph
paper (3), and the median (T's0%) was obtained from the line. Figure 7
shows linear percent dissolved versus time plots. The dissolution median
change was obtained by subtracting the dissolution median after the
hardness increase from the dissolution median before the hardness in-
crease (Fig. 8). The percent dissolved versus time profiles for tablets
containing gelatin as a binder at 10 mg of gelatin/tablet and containing
different initial moisture levels were not generated. It is obvious from the
data given in Fig. 8 that the hardness increase induced by partial moisture
loss from lactose-based tablets containing different binders had no effect
on drug dissolution.
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Abstract 0 Changes that occur in the interfacial tension of hydrocarbon
oils floated on dilute aqueous solutions of some sulfonamides and tet-
racyclines and irradiated with UV light were measured. Photodecom-
position products in the oil and aqueous lyers were identified, and reac-
tion mechanisms are proposed.

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

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

Storck (7) suggested that sulfonamides in the body are
converted into activated species, which combine with
protein to form allergens. Alternative mechanisms were
proposed to explain the photosensitizing action of the
tetracyclines (5, 8). Because of the difficulty in identifying
and measuring the reaction products in vivo, the processes
involved in photosensitization are not well understood.

In vitro techniques recently were developed for studying
the reactions of these drugs at air—water and oil-water
interfaces under UV light (9-11). One convenient method
involves floating a layer of a suitable oil on an aqueous drug
solution, irradiating the system with UV light for various
times, and analyzing the changes in the interfacial tension
of the oil and in the chemical composition of the oil and
aqueous layers.

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

EXPERIMENTAL

Materials—Isopropylbenzene! (Puriss) and commercial dodecyl-
benzene? were purified further by passing them three times under slight
pressure through a tightly packed bed of fuller’s earth (2.5 ¢cm thick),
which was renewed after each passage. Sulfanilamide? (mp 165°), sul-
fathiazole? (mp 201°), and sulfapyridine4 (mp 191°) were recrystallized
three times from boiling water.

The best available grades of tetracycline®, chlortetracycline®, deme-
clocycline®, oxytetracycline®, and deoxytetracycline” were used without
further purification. Reference standards of epitetracycline (quatrimy-
cin), epichlortetracycline, epidemeclocycline, anhydrotetracycline,

I Aldrich Chemicals (surface tension 30.1 mN/m and interfacial tension 37.8
mN/m at 20°; n® +1.4917; d* +0.864; and UV transmission cutoff Amax 287

m).

2 Dobane JN, Shell Chemicals (surface tension 32.2 mN/m and interfacial tension
45‘? mN/m at 20°; nf +1.4865; d% +0.878; and UV transmission cutoff Apax 398
nm).

3 British Drug Houses.

4 May and Baker.

5 Lederle Laboratories.

6 Imperial Chemical Industries.

7 Pfizer.

0022-3549/ 80/ 0100-0005%01.00/0
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anhydrochlortetracycline, and anhydrodemeclocycline were ob-
tained®.

Triple-distilled water (surface tension 72.1 mN/m at 21°; specific
conductivity 1.2 X 1078 @~1 cm~1 at 21°; pH 5.7) was used.

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

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

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

5 1/2
y= P[0.725+( 0.0145P ) ] (Eq. 1)

C*D - d)

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

4 ™\
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E \’ / D
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Figure 1 —UV irradiation chamber. Key: A, mercury lamp; B, cool air
blower; C, silica filter; D, exhaust fan; E, thermometer; F, duNouy pot;
G, glass thermostat (25 x 2°); and H, support.

8 World Health Organization.
2 Phillips.
10 DuNouy, Cambridge Instrument Co.
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Table [—Photosensitive Indexes

Additive Isopropylbenzene Dodecylbenzene
Sulfanilamide 0.36 0.37
Sulfathiazole 0.50 0.53
Sulfapyridine 0.58 0.62
Demeclocycline 1.4 1.1
Tetracycline 1.4 1.4
Chlortetracycline 2.0 2.0
Oxytetracycline 2.4 2.4

measurements was estimated at +1%. Although higher accuracies can
be achieved by drop weight or drop volume methods, these methods are
unsuited to continuous in situ monitoring of samples. Since comparative
rather than absolute values were required for this study, the accuracy
was considered sufficient. It was confirmed by calibrating the instrument
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Figure 2—Plots of interfacial tension versus irradiation time for iso-
propylbenzene systems with sulfapyridine (a), sulfathiazole (b), and
sulfanilamide (c). Key (moles/dm? of additive): @, zero; A, 1.5 X 107%;
® 28X 1075 and 00, 1.0 X 104
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partial tetracycline structure  partial epimer structure

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

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

RESULTS

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

Irradiation effects on the interfacial tensions of representative samples
are shown in Figs. 2 and 3; all samples exhibited interfacial tension de-
creases with increasing irradiation time. The decrease, expressed as
—6v/6t after 120 min of irradiation, depended on the nature and con-
centration of the additive but was nearly independent of the oil phase.
For example, for a 1.6 X 10~* mole/dm?® aqueous solution of sulfapyridine
in contact with isopropylbenzene, é/6t was —0.022; for the same solution
in contact with dodecylbenzene, 6/t was —0.023.

When the values of the moduli |§+/5t | were plotted against the square
root of the additive concentration, v/¢ in (moles/dm3)!/2, straight lines
were obtained (Figs. 4 and 5) (16). The slopes of these lines are given in
Table I and are designated as the photosensitive indexes, X (cf., Ref.
17).

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

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

Examination of the aqueous phases from all samples after irradiation
for 240 min showed that the pH decreased from 5.4, 5.8, and 5.8 to 3.8,
4.1, and 4.4 in the systems containing sulfanilamide, sulfathiazole, and
sulfapyridine, respectively. In the same period, between ~40 and 20%
of each additive was converted into the corresponding 2,4-hydroxyla-
minebenzenesulfonamido derivative. These products were identified by
comparing their UV spectra with those of authentic standards (7). Fur-
thermore, the systems containing oxytetracycline produced 5-deoxyte-
tracycline, R; 0.13, and the systems containing tetracycline, chlortetra-
cycline, and demeclocycline produced the corresponding epimers (18)
with Ry 0.21,0.22, and 0.19, respectively.

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

DISCUSSION

The main decomposition products from the sulfonamides, .e., the
2,4-hydroxylaminobenzenesulfonamido derivatives, were soluble in water
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Figure 3—Plots of interfacial tension versus irradiation time for dodecylbenzene systems with demeclocycline (a), chlortetracyclirie (b), tetracycline
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Figure 4—Plots of |6v/5t| versus v/c . Key: ®, sulfanilamide-dode-
cylbenzene; A, sulfathiazole-dodecylbenzene; W, sulfapyridine-do-

decylbenzene; O, sulfanilamide-isopropylbenzene; a, sulfathiazole—
isopropylbenzene; and O, sulfapyridine-isopropylbenzene.
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and probably were formed as shown in Scheme I in which the asterisk
indicates an excited state (20).

RNHSO,C¢HNH,

B RNHSO0:C6HNHz* ~55- RNHS0,CeH,NH- + Hy0*
[0} l hy

RNHS0,CecHNHOH + Hp0,
Scheme I

0.081

0.06

|8v/6t|

0.0AF

0.02f

i i

i
10 20 30
Ve X 102, {moles/dm?)% -

Figure 5—Plots of | 8v/6t| versus v/c. Key: @, oxytetracycline~dode-
cylbenzene; &, chlortetracycline-dodecylbenzene; ®, tetracycline-
dodecylbenzene; m, demeclocycline-dodecylbenzene; O, oxytetracy-
cline-isopropylbenzene; A, chlortetracycline-isopropylbenzene; 0,

tetracycline-isopropylbenzene; and 0O, demeclocycline-isopropyl-
benzene.
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Figure 6—Peroxide concentration versus UV irradiation time for iso-
propylbenzene systems (5 X 104 mole/dm3) (a) with isopropylbenzene
alone (@), chlortetracycline (A), tetracycline (®), and demeclocycline
(m), and for dodecylbenzene systems (5 X 10~* mole/dm3) (b) with
dodecylbenzene alone (®), chlortetracycline (A), tetracycline (@), and
demeclocycline (m).

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

The sulfonamides did not produce appreciable amounts of oil-soluble
products. If they had, these products might have been expected to cata-
lyze or sensitize the photodecomposition of the supernatant isopropyl-
benzene or dodecylbenzene (9, 10). In fact, the two oils yielded about the
same amount of peroxide whether irradiated on their own or in the
presence of the sulfonamides.

In contrast, when the same oils were irradiated in the presence of at
least three of the tetracyclines, much larger amounts of peroxide were
formed (Fig. 6). This increase presumably was due to the formation of
the oil-soluble anhydrotetracycline (AT) derivatives (detected by anal-
ysis) as shown in Schemes 11 and III (8, 21):

hv
AT — AT*
Scheme I
AT* +30; — AT +105*
Scheme 111

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

8 / Journal of Pharmaceutical Sciences
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he
CeHsCH(CHag)g + 109* —» CgHsC(CHj3):00-
peroxide
Scheme IV

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

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

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

Keyphrases 00 Coumarin anticoagulants—warfarin, dose-dependent
pharmacokinetics, rats O Warfarin—dose-dependent pharmacokinetics,
rats 00 Pharmacokinetics—warfarin, dose dependence, rats

Hepatic uptake of warfarin in rats, as reflected by the
‘ratio of total warfarin concentration in the liver to the free
warfarin concentration in serum during the postdistribu-
tive (3) phase, is highly dose or concentration dependent.
A determination of warfarin concentrations in serum and
liver of rats 6 hr after injection of either 0.1 or 1.0 mg/kg
showed that concentrations in serum increased much more
than proportionally and that concentrations in the liver
increased much less than proportionally with dose (1).
Therefore, the liver—serum concentration ratio decreased
as the dose was increased from 0.1 to 1.0 mg/kg.

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

EXPERIMENTAL

The investigation was carried out in two parts. First, the pharmaco-
kinetics of a small 14C-warfarin dose were determined in a crossover study
on rats that had been given either saline solution or a larger dose of
nonradioactive warfarin 12 hr earlier. Second, in a triple crossover study,
rats received either a high, then a low, and then again a high dose of
warfarin or a low, then a high, and then again a low dose of the drug.

In the first part of the study, 10 male Sprague-Dawley rats, 360-505
g, were used. Rats 1a—4a were obtained from a supplier! who was unable
to provide additional animals at that time; therefore, Rats 6a-10a were

1 Blue Spruce Farms, Altamont, N.Y.

0022-3549/ 80/ 0100-0009%$01.00/ 0
© 1980, American Pharmaceutical Association

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

Five rats received an intravenous injection of 0.9% sodium chloride
solution while the other five animals received an intravenous injection
of nonradioactive racemic warfarin, 0.5 mg/kg, through the cannula at
8 pm. The injection volume was ~2 ml/rat. Twelve hours later, all animals
received an intravenous injection of racemic 4C-warfarin4 (158 uCi/mg),
~3.5 uCi/rat, together with enough nonradioactive racemic warfarin to
constitute a total dose of 0.2 mg/kg. Mainstream blood samples (0.15-0.20
ml) were obtained at 5, 15, 30, 45, 60, 80, 100, 120, 150, and 200 min and
then at less frequent intervals for ~50 hr by a technique described pre-
viously (6), except that saline solution rather than heparinized saline
solution was used to displace blood from the external portion of the
cannula.

The blood was transferred to heparinized capillary tubes®, which were
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Figure 1—Effect of drug concentration on the pharmacokinetics of
warfarin in Rat 10a. This animal received an intravenous injection of
YC.warfarin 12 hr after injection of saline solution (control experiment,
open circles) and, 1 week later, the same dose of 4C-warfarin 12 hr after
intravenous injection of nonradioactive warfarin, 0.5 mg/kg (solid cir-
cles). The data points show the time course of “C-warfarin concen-
trations in serum. The lines were fitted to the data by computer.

2 Holtzman Co., Madison, Wis.

3 Charles River RMH 1000, Agway Inc., Syracuse, N.Y.
4 Amersham Corp., Arlington Heights, 111

5 Caraway, Sherwood Medical Industries, St. Louis, Mo.
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Table I—Effect of Drug Concentration on the Pharmacokinetics of Warfarin in Rats: Directly Determined Pharmacokinetic

Constants and Serum Protein Binding 2

Serum
Body Serum Free Protein
Pre- Weight, Constants of the Triexponential Equation® Fraction X 1009 Concentration,
Rat treatment® g P A B T o B8X100 0.5ug/ml 5 ug/ml g/100 ml
la - 503 1.23 0.384 1.03 4.47 0.400 4.28 2.39 2.96 6.2
+ 505 2.36 0.127 139 9.75 0.867 4.72
2a - 487 0.956 0.150 1.02 3.10 0.519 3.47 1.20 1.42 7.1
+ 480 1.24 0.558 1.22 5.59 0.260 3.89
Ja - 490 1.22 0.369 1.20 4.40 0.563 4.67 1.13 1.35 6.8
+ 482 1.38 0.512 0.995 5.61 0.572 377
4a - 486 1.74 0.771  0.896 5.11 0.400 2.00 1.02 1.22 6.2
+ 456 1.61 0.608 1.32 4.02 0.145 2.44
Ha - 388 1.96 0.187 143 5.83 0.505 1.11 1.51 1.71 5.8
+ 373 2.03 0.316 1.29 3.63 0.441 1.19
6a - 360 1.42 0.402 0.805 6.71 0.622 4.08 — — —°
+ 361 0.460 0.483 0.876 5.46 0.786 2,54
Ta - 418 1.19 0.337 0.900 5.01 0.216 4.86 2.81 3.18 7.1
+ 409 1.06 0.331  0.957 3.36 0.284 5.09
8a - 434 1.06 0.540 0.602 4.06 0.238 5.25 3.32 3.66 6.5
+ 431 1.03 0.270 1.07 3.52 0.372 6.87
9a - 462 1.08 0.300 0.902 3.54 0.247 5.38 2.50 2.98 7.6
+ 441 0.766 0.602 0971 3.74 0.355 5.26
10a - 458 0.963 0.485 0.679 4.53 0.398 4.88 2.66 2.80 6.0
+ 485 0.760 0.599 0919 3.23 0.276 4.83
Mean - 449 1.28 0.393 0.946 4.68 0411 4.00 2.06 + 0.80 2.36 + 0.88/ 6.6 + 0.6
SD 46 0.33 0.178 0.242 1.06 0.142 1.42
Mean + 442 1.27 0.441 1.10 4.79 0.436 4.06
SD 50 0.59 0.168 0.19 1.99 0.236 1.66
Difference NS NS NS NS NS NS NS
between + and
Without Rat 5a
Mean - 455 1.21 0.415 0.893 4.55 0.400 4,32 2.13 £ 0.88 2.45 + 0.96/ 6.7+ 0.6
SD 45 0.25 0.173 0.183 1.04 0.147 1.05
Mean + 450 1.19 0.454 1.08 4.92 0.435 4.38
SD 45 0.56 0.172 0.185 . 2.06 0.250 1.40
Difference NS NS NS p <005 NS NS NS
between +
and ~

@ The rats received an intravenous injection of “C-warfarin, 0.2 mg/kg 12 hr after an intravenous injection of either saline solution or nonradioactive warfarin, 0.5 mg/kg,
in crossover fashion 1 week apart. ® The — equals saline injection, and the + equals nonradioactive warfarin. Even-numbered rats received saline injection in the first
experiment. ¢ The P, A, and B values are in micrograms per milliliter based on a 0.2-mg/kg dose; 7, @, and 3 values are in hours™!. These constants describe the time course
of warfarin concentrations: C, = Pe=*t + Ae~=t + Be ~#t where C; is the total drug concentration at time ¢. ¢ Serum was collected 5 days after the end of the second ex-
periment, and portions were spiked with 4C-warfarin to yield total concentrations of about 0.5 and 5 ug/ml. ¢ Rat 6 died 2 days after the second experiment, before serum
for protein binding studies could be collected. / Significantly different from free fraction value at a total concentration of 0.5 ug/ml (p < 0.001 by paired ¢ test).

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

Five days after the end of the second experiment, blood was removed
from the aorta of all animals under light ether anesthesia, and serum was
separated. Portions of the serum were used to determine the free fraction
of warfarin by equilibrium dialysis (2, 8) after addition of racemic 14C-
warfarin, ~0.5 and 5 ug/ml, respectively. The dialyses were done in du-
plicate. Total protein concentrations in serum were determined by the
method of Gornall et al. (9) with rat albumin as the standard.

The second part of the study was carried out on adult male Sprague-
Dawley rats! weighing 350485 g at the beginning of the first experiment.
They were cannulated and placed in metabolism cages as described in
an earlier paragraph. The animals received intravenous injections of
14C-warfarin, ~3.5 uCi, together with sufficient nonradioactive racemic
warfarin to constitute a total dose of either 0.1 or 1.0 mg/kg. Two rats
received the low, high, and low doses in that order, with a 14-day interval
between each dose. Two other animals received the doses in the order
high, low, and high dose.

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

Blood sampling and analyses were carried out as in the first part of the
investigation. Serum for protein binding determinations was obtained
14 days after the end of the third experiment.

The plasma warfarin concentration data obtained in the first and
second parts of the investigation were fitted to a triexponential equation
(Cy = Pe~™ 4+ Ae~=t + Be—8t where C, is the drug concentration at time
t) by a nonlinear least-squares regression procedure (10). Convergence
was defined as a relative change in the residual sum of squares less than .
1074 Data in all functions were weighted numerically equal. The ap-
parent volume of the hypothetical central compartment was determined
by dividing the injected dose by P + A + B. The area under the concen-
tration-time curve (AUC) was calculated by the trapezoidal method to
the last experimentally determined concentration, to which the area Ci/8
was added, where Ci is the computer-estimated value of the last experi-
mentally determined concentration. This AUC value was used to cal-
culate total clearance (dose/AUC) and V zreq (dose/AUC-8). The AUC
also was determined from the constants of the triexponential equation
as the sum of P/m, A/, and B/B. Intrinsic clearance was calculated by
dividing the total clearance by the serum free fraction (f), using the av-
erage of the f values obtained at the 0.5- and 5-ug of warfarin/ml con-
centrations.

Statistical analyses were done by Student’s ¢ test (paired, two
tailed).

RESULTS

Results of the first part of the investigation, in which 10 rats received
an intravenous injection of 14C-warfarin 12 hr after an injection of saline
solution or of nonradioactive warfarin in a crossover experiment, are
summarized in Tables I and II. Figure 1 shows the time course of 14C-
warfarin plasma concentrations in a typical animal; Fig. 2 shows the re-



Table II—Effect of Drug Concentration on the Pharmacokinetics of Warfarin in Rats: Derived Pharmacokinetic Constants ¢

AUC by AUC
Total Intrinsic Trapezoidal from
Pre- Ve, Varear Clearance®, Clearanced, Method, P/, Ala, B/B, Constants®,
Rat treatment? ml/kg ml/kg ml/hr ml/hr ughr/ml  ughr/ml pghr/ml ughr/ml  pg hr/ml
la - 75.8 177 3.81 142 26.4 0.275 0.960 24.1 25.3
+ 51.5 138 3.28 122 30.8 0.242 0.146 29.4 29.8
2a - 93.9 190 3.21 245 30.3 0.308 0.289 294 30.0
+ 66.2 150 2.80 214 34.3 0.222 2.15 314 33.7
3a - 71.7 157 3.60 290 27.2 0.277 0.655 25.7 26.6
+ 69.2 188 3.42 276 28.2 0.246 0.895 26.4 27.5
4a - 58.7 . 214 2.07 185 46.9 0.341 1.93 44.8 47.1
+ 56.5 139 1.55 138 58.9 0.400 4.19 54.1 58.7
5a - 55.9 140 0.602 374 129 0.336 0.370 129 130
+ 54.9 153 0.678 42.1 110 0.559 0.717 108 109
6a - 76.0 236 3.46 — 20.8 0.212 0.646 19.7 20.6
+ 11.0 220 2.02 —f 35.7 0.0842 0.615 34.5 35.2
Ta - 82.3 205 4.16 139 20.1 0.238 1.56 18.5 20.3
+ 85.1 189 3.93 131 20.8 0.315 1.17 18.8 20.3
8a - 90.9 270 6.16 177 14.1 0.261 2.27 11.5 14.0
+ 844 171 5.07 145 17.0 0.293 0.726 15.6 16.6
9a - 87.7 200 4.97 181 18.6 0.305 1.21 16.8 18.3
+ 85.5 168 3.89 142 22.7 0.205 1.70 18.5 20.4
10a - 94.0 262 5.87 215 15.6 0.213 1.22 13.9 15.3
+ 87.7 189 4.43 162 21.9 0.235 217 19.0 21.4
Mean - 78.7 205 3.79 179 349 0.277 1.11 33.3 34.8
SD 13.7 42 1.67 72 344 0.046 0.66 349 34.8
Mean + 75.1 171 3.11 152 38.0 0.280 1.45 35.6 37.3
SD 18.5 26 1.36 64 27.9 0.127 1.17 27.8 27.9
Difference NS p <0.05 p <0.01 p <0.01 NS# NS NS NS NS
between + and —
Without Rat No. 5
Mean - 81.2 212 4.15 197 24.4 0.270 1.19 22.7 24.2
SD 11.8 38 1.31 51 10.0 0.042 0.64 10.1 10.1
Mean + 77.3 172 3.37 166 30.0 0.249 1.53 27.5 29.3
SD 18.2 27 1.12 53 12.6 0.085 1.22 12.0 12.8
Difference NS p <0.02 p <0.01 p <0.01 p <0.01 NS NS NS p <0.02

between + and —

e Based on P, A, B, m, &, and f values in Table L.  See footnote b in Table I. ¢ Dose divided by AUC determined by the trapezoidal method. ¢ Total clearance divided
by the serum free fraction value obtained by averaging the two free fraction values for each animal listed in Table L. ¢ Sum of P/w, A/e, and B/f. f Cannot be calculated
due to lack of free fraction values. & p < 0.01 upon statistical analysis of 1/AUC values.

sults obtained in Rat 5a, which exhibited very much lower total and in-
trinsic clearances of warfarin than the rest of the group. The unusual
animal is also noteworthy for its very long (=~ 60 hr) warfarin half-life
(which showed excellent reproducibility in the crossover study) and its
low serum protein concentration, suggestive of impaired liver function.
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Figure 2—The same experiment as described in Fig. 1 except that this
rat (5a) was pretreated with nonradioactive warfarin in the first ex-
periment and with saline solution in the second experiment. This rat
had a much lower total clearance of warfarin and a lower serum protein
concentration than the other nine animals, suggesting impaired liver
function. The very long and reproducible half-life (60 hr compared to
an average of 16 hr in the other rats) should he noted.
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Figure 3—Effect of dose on the pharmacokinetics of warfarin in Rat
1. This animal received intravenous injections of 0.1, 1.0, and 0.1 mg
of MC-warfarin/kg at 2-week intervals. Key: O, first dose (0.1 mg/kg),
O, second dose (1.0 mg/kg); and @, third dose (0.1 mg/kg). The data
points show the time course of drug concentrations in plasma. The lines
were fitted to the data by computer.
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Table I1I—Effect of Dase on the Pharmacokinetics of Warfarin in Rats: Directly Determined Pharmacokinetic Constants and Serum

Protein Binding

Serum Free

Dose, Body Constants of Triexponential Equation® Fraction X 100°
Rat Week mg/kg Weight, g P A B ™ « B X 100 0.5 ug/ml 5 ng/ml
1 1 0.1 353 1.22 0.323 0.237 6.60 0.371 1.76 1.51 1.54
3 1.0 374 10.8 2.19 6.48 6.66 1.18 2.68
5 0.1 393 1.11 0.341 0.446 5.41 0.409 2.18
2 1 0.1 485 0.644 0.185 0.239 5.34 0.740 4.88 2.23 2.38
3 1.0 452 4.27 1.10 5.99 4,71 0.471 5.87
5 0.1 509 0.634 0.154 0.356 4.26 0.556 4.76
3 1 1.0 406 9.95 2.09 6.18 5.12 0.798 1.72 1.10 1.25
3 0.1 421 1.12 0.221 0.453 4.05 0.422 2.41
5 1.0 442 8.99 3.85 6.97 10.3 1.51 1.57
4 1 1.0 352 8.20 1.26 7.17 3.44 1.34 1.79 0.513 0.589
3 0.1 380 1.01 0.316 0.525 3.94 0.567 2.22
5 1.0 401 9.15 1.64 7.45 5.90 0.791 1.69
he 1 1.0 457 7.60 3.21 5.36 6.84 0.685 2.51 — —
3 0.1 449 1.12 0.355 0.367 5.80 0.732 2.35
5 1.0 - — — —_ — — —
6¢ 1 1.0 360 7.76 2.89 6.13 5.86 0.802 3.05 — —
3 0.1 391 1.01 0.407 0.425 5.87 (.495 2.81
5 1.0 — — — — — — —

“The P, A. and B values are in micrograms per milliliter; the 7, o, and 3 values are in hours~!. These constants describe the time course of warfarin concentrations
in serum; C; = Pe~ " + Ae~t + Be~#t where (, is the total drug concentration at time ¢. ¥ Serum was collected 2 weeks after the end of the third experiment, and portions
were spiked with 14C-warfarin to yield total concentrations of about 0.5 and 5 ug/ml. ¢ These animals died before the third experiment and before serum for free fraction

determination could be obtained.

Therefore, the average results for the group and the statistical analyses
in Tables | and Il are presented not only for all 10 rats but also for the
group without Rat 5a.

The time course of warfarin concentrations in plasma of all animals
was best described by a triexponential equation, consistent with previous
observations (11). The constants of that equation for each animal are
listed in Table L. Pretreatment with 0.5 mg of warfarin/kg 12 hr earlier
(a period somewhat shorter than the average biological half-life of the
drug in this group of rats) had no apparent effect on the constants that
characterize the so-called distribution phase of drug concentrations in
plasma, i.e., P, A, m, and «. There was also no apparent effect on g or,
therefore, on the biological half-life of the drug. On the other hand, B was
significantly increased by pretreatment with warfarin. The free fraction
of warfarin in serum was almost constant over a 10-fold concentration
range encompassing the maximum concentration of radioactive and
nonradioactive drug in warfarin-pretreated animals and concentrations
representing <20% of the initial warfarin concentration in these animals
when they were pretreated with saline solution (Table I).

The apparent volume of the hypothetical central compartment (V)
and the partial areas of the distribution phase, P/ and A/«, were not
affected by warfarin pretreatment. However, V., and total clearance
were decreased significantly by that pretreatment (Table II). The in-

trinsic clearance of the drug decreased also. The excellent agreement of

the AU(C values determined by the trapezoidal method with those de-
termined by summing the P/x, A/«, and B/ values reflects the good fit
of the experimental data to the triexponential equation.

Consistent with theoretical considerations and previous observations
(12), there was an essentially linear relationship between total clearance
and serum free fraction of warfarin for the nine rats (i.¢., excluding Rat
5a), with a correlation coefficient of 0.87 (p < 0.01) for clearance values
obtained in the control (saline pretreatment) experiments.

The second part of the study was a difficult three-way crossover ex-
periment designed to confirm the effect of dose on V4.4 and total clear-
ance and to examine the possible effect of dose on the distribution phase
over a wider (10-fold) dose range. This experiment required measure-
ments on each animal over 6 weeks and could be completed in only four
rats during the time available. Figure 3 shows results obtained in one of
two rats that received a 0.1-mg/kg dose first, a 1-mg/kg dose 2 weeks later,
and another 0.1-mg/kg dose after 2 more weeks and that were sacrificed
2 weeks after the third dose to obtain serum for protein binding deter-
minations. Figure 4 shows results obtained in one of two animals that
received first the high dose, then the low dose, and then again the high
dose of warfarin.

The results of the balanced three-way crossover experiment on four
rats as well as results obtained from two rats that expired betore the third
dose are summarized in ‘Tables I and IV. No averaging or statistical
analyses were done because only two rats completed any one dosing se-
quence. [t should be noted that P, A, and B will increase proportionally
with dose it the pharmacokinetics are linear. In fact, P and A increased
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less than proportionally with only one exception (Rat 3, 5th week). On
the other hand, B increased more than proportionally in all experiments
(Table 1I). There were no apparently dose-dependent trends in 7, «, and
3. Serum free fraction values at warfarin concentrations of 0.5 and 5 ug/ml
did not differ appreciably in any one animal (Table I1I).

The partial areas P/w and A/« did not increase proportionally with
dose while B/ increased more than proportionally with dose (Table IV).
There was no remarkable effect of dose on V., there occurred a consistent
decrease of Veqa at the higher dose, and there were consistent decreases
of the total and intrinsic clearances at the higher dose. In all four rats
receiving the three-dose sequence, V. and Ve, of the third dose were
lower than those of the first (and equal) dose (Table IV).

DISCUSSION

The results of this investigation demonstrate a dose dependence in the
pharmacokinetics of warfarin: Ve, intrinsic clearance, and, therefore,
total clearance decreased with increasing dose in the dose range studied.
The decrease in V4., is probably due, at least in part. to the previously
demonstrated decreased uptake of warfarin by the liver with increasing
dose (1) since the liver accounts for a major fraction of the total warfarin
in the body following administration of a relatively small dose (2). Such
a decrease in Vpes 1s quite unusual; much more common is an increase
in V,ea with increasing dose due to decreased plasma protein binding
of a drug at higher concentrations. However, O'Reilly et al. (13) reported
a decrease in the apparent volume of distribution of dicumarol with in-
creasing dose over the 150-600-mg dose range in adult humans. On the
other hand, they did not observe such dose dependence with warfarin over
the 50-200-mg dose range in the two humans studied (13). A limited study
in this laboratory, carried out more than 10 years earlier when 14C-
warfarin was not available, revealed no apparent difference in the volume
of distribution of warfarin in rats given injections of 4 and 12.5 mg/kg (14).
Interestingly, the apparent volume of distribution of these very large
doses (110-130 ml/kg) was slightly less than that of the 1-mg/kg dose in
the present study.

Theoretical considerations suggest that, all else being equal, a reduction
in liver uptake should cause an increase in /3 and, therefore, a decrease
in the biological half-life of warfarin (15). However, the same consider-
ations indicate that 3 will decrease if the intrinsic clearance is decreased.
Thus, the lack of appreciable dose dependence of 3 in the present study
may be rationalized by the opposing etfects of decreased wartarin binding
or uptake by the liver and decreased intrinsic clearance at the higher dose.
1t is possible that hepatic warfarin uptake may be due largely to specific
hinding of the drug to warfarin-metabolizing enzymes and that the de-
creased hepatic uptake and intrinsic clearance of wartarin at higher doses
may be retlections of the same dose-dependent phenomenon.

Adequate blood volumes for serum protein binding studies were ob-
tained only at the end of the crossover experiments to prevent premature
exsanguination of the animals. It has been demonstrated previously in



Table IV—Effect of Dose on the Pharmacokinetics of Warfarin in Rats: Derived Pharmacokinetic Constants 2-?

AUC by AUC
Total Intrinsic ~ Trapezoidal from
Dose, Ve, Vareas Clearance,  Clearance, Method, P/, Ala, B/8, Constants,
Rat Week mg/kg mlkg mlkg ml/hr ml/hr ug hr/ml ug hr/ml ug hr/mt ug hr/ml ug hr/ml
1 1 0.1 56.1 390 2.43 159 14.5 0.185 0.871 13.5 14.6
3 1.0 51.3 150 1.50 98.0 250 1.62 1.86 242 245
5 0.1 52.7 211 1.81 118 21.7 0.205 0.834 20.5 21.5
2 1 0.1 93.4 365 8.64 374 5.61 0.121 0.250 4.90 5.27
3 1.0 87.6 159 4.22 183 107 0.907 2.34 102 105
5 0.1 87.6 263 6.37 276 7.99 0.149 0.277 7.48 791
3 1 1.0 54.9 159 1.11 61.7 365 1.94 2.62 359 364
3 0.1 55.8 211 2.14 119 19.7 0.277 0.524 18.8 19.6
5 1.0 50.5 144 1.00 55.6 442 0.873 2.55 444 447
4 1 1.0 60.2 139 0.873 158 403 2.38 0.940 401 404
3 0.1 53.9 184 1.55 281 24.5 0.256 0.557 23.6 24.4
5 1.0 54.9 134 0.905 164 443 1.55 2.07 441 445
5 1 1.0 61.7 181 2.07 —¢ 221 1.11 4.69 214 220
3 0.1 54.3 261 2.74 16.4 0.193 0.485 15.6 16.3
5 1.0 — — — — — — — —
6 1 1.0 594 157 1.72 —¢ 209 1.32 3.60 201 206
3 0.1 54.5 219 2.41 16.2 0.172 0.822 15.1 16.1
5 1.0 — — — — —

o Based on P, A, B, 7, «, and 3 values in Table I11. b See footnotes ¢, d, and e in Table 11 for additional information. ¢ Cannot be calculated due to lack of free fraction

values.

this laboratory that serum free fraction values of warfarin in rats remain
constant for at least 9 days (16). In another study, in which rats received
a large single dose of warfarin, then daily smaller doses for 13 days, and
then again a large dose, serum free fraction values were determined before
and after this sequence (the time interval being ~35 days) and decreased
hy 18% on the average (17). We have no direct evidence that the free
fraction values remained constant over 6 weeks of the present study.
T'herefore, there is some uncertainty concerning the absolute intrinsic
clearance values in this study but not concerning the fact that intrinsic
clearance did decrease with increasing dose (since the experiments were
carried out in crossover fashion).

‘The three-way crossover experiments confirmed the results of the first
part of the investigation in that they also demonstrated a decrease of Vares
and intrinsic clearance with increasing dose. In addition, the three-way
crossover experiments revealed a relative decrease in P and A and,
therefore, in P/m and A/« with increasing dose. This result is probably
due to an increased serum free fraction at the initial concentrations
produced by the 1-mg/ky dose. It has been calculated that the free frac-
tion of warfarin remains essentially constant at plasma warfarin con-
centrations up to 6 ug/ml and that it increases by 25 and >200% at con-
centrations of 96 and 282 ug/ml, respectively (18). Initial plasma warfarin
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Figure 4—The same experiment as in Fig. 3 using Rat 4, except that
doses were given in the order 1.0,0.1, and 1.0 mg/kg. Key: B, first dose
(1.0 mg/kg); O, second dose (0.1 mg/kg); and W, third dose (1.0 mg/
kg).

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

The suggestion that the decrease in the P and A values after the 1-
mg/kg dose (as compared to the corresponding values after the 0.1-mg/kg
dose) is due to decreased plasma protein binding of warfarin finds support
from results of a previous investigation (11). Studies of warfarin phar-
macokinetics were carried out on 14 rats with widely different serum free
fraction values (from 0.3 X 1072 to 2.9 X 10~2); all animals received a
single 0.51-mg/kg injection. There was a statistically significant negative
correlation between serum free fraction and P (r = —0.873, p < 0.001;
the negative sign of the correlation coefficient was inadvertently omitted
in the cited report).

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

Keyphrases O Warfarin—interaction with phenylbutazone, pharma-
cokinetics, in vitro and in vivo, rats, prothrombin complex activity O
Phenylbutazone—interaction with warfarin, pharmacokinetics, in vitro
and in vivo, rats, prothrombin complex activity O Anticoagulants—
warfarin, interaction with phenylbutazone, pharmacokinetics, in vitro
and in vivo, rats, prothrombin complex activity

There is a tendency to attribute most drug interactions
to only one of several theoretically possible mechanisms.
This approach is probably unrealistic and reflects the
limited scope and the relative lack of pharmacokinetic
guantitation characteristic of most drug interaction
studies. For example, one drug may displace another from
plasma protein binding sites and cause the displaced drug
to be eliminated more rapidly. Unless the increased
clearance of the displaced drug is quantitatively consistent
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with the increase of its free fraction in plasma, additional
interaction mechanisms must be sought. These additional
mechanisms may operate in the same direction (i.e., in-
creased clearance) or in the opposite direction from that
attributable to reduced plasma protein binding. Moreover,
pharmacokinetic as well as pharmacodynamic interactions
may occur so that an assessment of the therapeutic im-
plications of the interacting system requires consideration
of the net effect resulting from both types of interactions.
These potential complexities suggest that comprehensive
model drug interaction studies are needed for the devel-
opment of more effective strategies for exploring potential
or suspected interactions involving new drugs.

The interaction between the anticoagulant warfarin and
the anti-inflammatory agent phenylbutazone is phe-
nomenologically well established, and its potentially di-
sastrous clinical consequences are generally appreciated
(1-3). The interaction between these two drugs has been
studied in humans (4-8) and in dogs (9). However, the
recent development of clearance concepts (10, 11) and the
availability of an animal model exhibiting wide interin-
dividual differences in the plasma protein binding of
warfarin under normal physiological conditions (12) have
provided a more rational basis and a promising means for
better exploration of the interaction.

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

It is believed that the results of these studies will dem-
onstrate the potential complexity and multifaceted char-
acteristics of drug interactions, will illustrate the practical
limitations of many drug interaction studies in humans,

0022-3549/ 80/ 0100-0014%01.00/0
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Abstract O A comprehensive investigation of the effect of phenylbu-
tazone on warfarin pharmacokinetics and anticoagulant activity was
carried out in rats to identify and quantify various aspects of the inter-
action between these drugs. Adult male rats received intravenous racemic
warfarin alone and together with phenylbutazone in a crossover experi-
ment. Prothrombin complex activity and the plasma concentrations of
phenylbutazone and of free and total (free plus protein-bound) warfarin
were determined repeatedly for up to 60 hr. The total plasma clearance,
the apparent volume of distribution, and the disposition rate constant
(8) of warfarin were significantly increased and the intrinsic plasma
warfarin clearance was significantly decreased during phenylbutazone
administration. Phenylbutazone decreased the serum protein binding
of warfarin both in vitro and in vivo, but the in vivo effect was much more
pronounced, apparently due to the displacing effect of phenylbutazone
metaholite(s). Phenylbutazone alone had no apparent effect on pro-
thrombin complex activity in vitro but caused a modest, yet statistically
significant, anticoagulant effect in vivo. The anticoagulant effect-plasma
warfarin concentration curves for total and free warfarin were shifted
to a considerably lower concentration range during phenylbutazone
treatment. Thus, the interaction between phenylbutazone and warfarin
involves at least three processes: an inhibition of warfarin biotransfor-
mation (decreased intrinsic clearance); displacement of warfarin from
plasma protein binding sites (increased free fraction); and apparent
potentiation of the anticoagulant action produced by a given plasma
warfarin concentration. The latter may have been caused, at least in part,
hy a direct anticoagulant effect of phenylbutazone and/or its metabo-
lite(s). The net effect of decreased protein binding and decreased intrinsic
clearance was an increase in the total plasma warfarin clearance. The
results of this investigation demonstrate that drug interactions can be
complex and multifactorial.

Keyphrases O Warfarin—interaction with phenylbutazone, pharma-
cokinetics, in vitro and in vivo, rats, prothrombin complex activity O
Phenylbutazone—interaction with warfarin, pharmacokinetics, in vitro
and in vivo, rats, prothrombin complex activity O Anticoagulants—
warfarin, interaction with phenylbutazone, pharmacokinetics, in vitro
and in vivo, rats, prothrombin complex activity

There is a tendency to attribute most drug interactions
to only one of several theoretically possible mechanisms.
This approach is probably unrealistic and reflects the
limited scope and the relative lack of pharmacokinetic
guantitation characteristic of most drug interaction
studies. For example, one drug may displace another from
plasma protein binding sites and cause the displaced drug
to be eliminated more rapidly. Unless the increased
clearance of the displaced drug is quantitatively consistent
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with the increase of its free fraction in plasma, additional
interaction mechanisms must be sought. These additional
mechanisms may operate in the same direction (i.e., in-
creased clearance) or in the opposite direction from that
attributable to reduced plasma protein binding. Moreover,
pharmacokinetic as well as pharmacodynamic interactions
may occur so that an assessment of the therapeutic im-
plications of the interacting system requires consideration
of the net effect resulting from both types of interactions.
These potential complexities suggest that comprehensive
model drug interaction studies are needed for the devel-
opment of more effective strategies for exploring potential
or suspected interactions involving new drugs.

The interaction between the anticoagulant warfarin and
the anti-inflammatory agent phenylbutazone is phe-
nomenologically well established, and its potentially di-
sastrous clinical consequences are generally appreciated
(1-3). The interaction between these two drugs has been
studied in humans (4-8) and in dogs (9). However, the
recent development of clearance concepts (10, 11) and the
availability of an animal model exhibiting wide interin-
dividual differences in the plasma protein binding of
warfarin under normal physiological conditions (12) have
provided a more rational basis and a promising means for
better exploration of the interaction.

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

It is believed that the results of these studies will dem-
onstrate the potential complexity and multifaceted char-
acteristics of drug interactions, will illustrate the practical
limitations of many drug interaction studies in humans,

0022-3549/ 80/ 0100-0014%01.00/0
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Table I—1In Vitro Phenylbutazone Effect on Protein Binding of
Warfarin in Rat Serum 2

Table II—Phenylbutazone Effect on Warfarin
Pharmacokinetics in Rats 2

Warfarin Concentration
Phenylbutazone, 0.43 0.70 1.43 2.90

ug/ml ug/ml  pg/ml  upg/ml  ug/ml Mean £ SD
0 0.586 0.569 0.553 0.645 0.588 + 0.040

25 0.830 0.846 0.752 0.821 0.812 £ 0.041
50 1.02 0914 0.893 0.893 0.930 £ 0.061
100 1.01 1.03 1.08 1.16 1.07 £ 0.067
200 2.27 2.21 2.29 2.45 2.30 + 0.103

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

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

EXPERIMENTAL

In Vitro Phenylbutazone Effect on Serum Protein Binding of
Warfarin—Eight randomly selected adult male Sprague-Dawley rats?
were sacrificed under ether anesthesia by withdrawal of all blood from
the abdominal aorta. The blood was converted into serum, and the latter
was pooled. Two-milliliter portions of serum were spiked with racemic
14C.warfarin? and with phenylbutazone?® to produce concentrations of
0.4-3 ug of warfarin/ml and 0-200 ug of phenylbutazone/ml. ¥C-War-
farin was dissolved in ethylene dichloride. A portion of this solution was
transferred to a glass vial and evaporated under nitrogen flow. Ten mi-
croliters of phenylbutazone in 0.1 N NaOH was added to the warfarin,

" and the mixture was shaken thoroughly and mixed with the serum. The
serum binding was determined by equilibrium dialysis at 37° (12).

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

Assay of Warfarin and Phenylbutazone—The concentrations of
warfarin in serum, plasma, and buffer solution were determined by ex-
traction, TLC, and scintillation counting (13). Phenylbutazone in plasma
and serum was assayed by the method of Jahnchen and Levy (14). That
assay was modified slightly to increase the sensitivity. To 0.1 ml of plasma,
0.1 ml of 3 N HC! and 2 ml of n-heptane were added. After shaking for
30 min, the phases were separated by centrifugation at 1000Xg for 3 min.
To 1.8 ml of the n-heptane phase, 2 ml of 1 N NaOH was added. After
shaking for 5 min and centrifuging for the same time, the heptane phase
was discarded. To 1.8 ml of the sodium hydroxide phase, 3 ml of buffered
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Figure 1—Relationship between mean free fraction of warfarin in
serum and phenylbutazone concentration. Both drugs were added to
pooled rat serum in vitro.

L Blue Spruce Farms, Altamont, N.Y.
23-[a- Acetonyl(benzyl «-14C)]-4- hydroxycoumarm specific activity 71 pCi/mg,
Amersham Searle Corp., Arlington Hen%lts,
3 Geigy Pharmaceutlcals Ardsley, N

With
Pharmacokinetic Constant Control Phenylbutazone
Total plasma clearance, ml/hr/kg 8.88 17.8%
(2.92-24.0) (6.74-41.2)
Half-life, hr 16.3 8.66
(6. 31-31 6) (4.55—14.6)
Volume of distribution, ml/kg
(117 219) (128—271)
Serum free fraction X 100 0.908 2.92b.¢
(0.296-1.90) (0.957-7.03)
Intrinsic plasma clearance, ml/hr/kg 985 + 163 651 + 83
(764-1304) (497-796)

a Results are reported as mean values for 11 animals, with the range in paren-
theses. Standard £ev1anons are omitted, with one exception, for reasons discussed
in the text. b Statistically significantly different from the control value (p <0.01)
by paired ¢ test. ¢ The concentration of phenylbutazone in these serum samples
was 67.1 + 24.6 ug/ml.

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

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

The warfarin injection solutions were prepared by separately dissolving
the labeled and unlabeled drug in small volumes of 0.1 N NaOH. The
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Figure 2—Phenylbutazone and warfarin concentrations in the plasma
of a representative rat after intravenous injection of warfarin alone (O)
and with repeated intraperitoneal injections of phenylbutazone (®).
The squares represent the phenylbutazone concentration in plasma,
and the arrows indicate when phenylbutazone was injected.

4 Charles River Formula 4RF,
5 About 8 uCi/rat, specific activity 71 uCi/mg.
8 Endo Laboratories, Garden City, N
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Table III—Phenylbutazone Effect on Serum Protein Binding of Warfarin in Rats Treated with Phenylbutazone Only #

Free Fraction of

Warfarin®, ug/ml Phenylbutazone?, Warfarin in Serum X 100
Control With Phenylbutazone ug/ml Control With Phenylbutazone Ratio®¢
Mean? 0.730 0.758 62 0.588 2.33¢ 4.0
SD 0.071 0.051 14 0.156 0.60 0.6
Range 0.630-0.861 0.665-0.846 37-78 0.260-0.767 1.32-3.26 3.3-5.1

@ 14C.Warfarin was added to the serum in vitro. ® Measured after equilibrium dialysis. ¢ Ratio of free fraction values, with phenylbutazone:control. 4 n = 10. ¢ Statistically

significantly different from the control value (paired ¢ test, p < 0.001).

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

Collection of multiple blood samples (0.45 ml) from rats, measurement
of prothrombin time in 10-fold diluted plasma, conversion of prothrombin
time to prothrombin complex activity (PCA), and calculation of pro-
thrombin complex activity synthesis rates (Rgyn) were carried out as
described previously (16). Two 0.1-ml plasma samples were used for
warfarin and phenylbutazone determinations, respectively. Two hours
after the last phenylbutazone or saline injection, ~1.2 ml of blood was
withdrawn, and the serum was separated. The latter was spiked with ~0.3
ug of 1#C-warfarin, and ~0.5 ml was used for serum protein binding de-
terminations.

The apparent first-order elimination rate constant () and the warfarin
biological half-life were determined from the least-squares slope of a plot
of log plasma warfarin concentrations versus time. The apparent volume
of distribution (V) was calculated by dividing the injected dose by the
extrapolated zero-time plasma warfarin concentration. Total plasma
clearance was calculated as the product of 8 and V4, and intrinsic plasma
clearance was calculated by dividing the total clearance by the serum free
fraction of warfarin. The plasma warfarin concentrations at which the
prothrombin complex activity Rsyr, was 0 and 50% of normal/day were
determined from the linear portion of a plot of Rgyn versus log plasma
warfarin concentration.

RESULTS

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

Figure 2 shows the effect of phenylbutazone administration on the
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Figure 3—Relationship between the warfarin biological half-life in
control experiments and in the same rats during concomitant phenyl-
butazone administration. In this figure, as well as in Figs. 5 and 6, the
continuous line was obtained by double-regression analysis and the
stippled line was obtained by forcing the regression line through the
origin. The correlation coefficient is 0.974, p < 0.001.
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warfarin concentrations in the plasma of a representative rat (Rat 3). Also
shown are the plasma phenylbutazone concentrations. Blood samples
were obtained at different times relative to the time of phenylbutazone
injections (because blood sampling times were dictated primarily by the
rate of the prothrombin complex activity change); this accounts for much
of the fluctuation of the reported phenylbutazone concentrations in any
one animal. The mean plasma phenylbutlazone concentration of the 11
rats used in this study ranged from 45 to 90 ug/ml, with an average
coefficient of variation of 29% in individual animals.

The phenylbutazone effects on warfarin pharmacokinetics in 11 rats
are summarized in Table I1. Phenylbutazone administration caused a
significant increase in the total plasma clearance, apparent volume of
distribution, and serum free fraction of warfarin and a significant decrease
in the biological half-life and intrinsic plasma clearance of the drug. The
animals used were selected by a screening test from a larger group of rats
to obtain animals with widely different and relatively evenly distributed
total clearance values. Consequently, all pharmacokinetic data in Table
11, except those representing intrinsic clearance (which shows relatively
small interindividual variation), are reported in terms of the mean and
range of individual values rather than as the mean £ SD.

It is more informative to consider the ratio, phenylbutazone:control,
than the absolute values of the pharmacokinetic constants. These ratios
were determined individually for each animal and are reported as the
mean + SD, n = 11: total plasma clearance, 2.10 + 0.40; intrinsic plasma
clearance, 0.674 £ 0.120; and free fraction in serum, 3.16 £ 0.59. The
relatively small coefficient of variation of these constants reflects a strong
correlation between values obtained from individual rats in control ex-
periments and during phenylbutazone administration. This correlation
is shown in Fig. 3 for the biological half-life, in Fig. 4 for the apparent
volume'of distribution, and in Fig. 5 for the serum free fraction of war-
farin.

There is no apparent relationship between the average plasma phe-
nylbutazone concentration (indicative of the total clearance of that drug)
in individual rats and the total or intrinsic warfarin clearance (alone or
during phenylbutazone administration). On the other hand, there is some
indication of a concentration-response relationship with respect to
phenylbutazone inhibition of warfarin biotransformation. Specifically,
there appears to be a negative correlation between average phenylbuta-
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Figure 4—Relationship between apparent volume of distribution of
warfarin in control experiments and in the same rats during concomi-
tant phenylbutazone administration. The correlation coefficient is
0.896, p < 0.001.



Table IV—Effect of Phenylbutazone on Prothrombin Complex
Activity (PCA) before Warfarin Administration and on the
Maximum Anticoagulant Action of a Single Warfarin Dose in
Individual Rats

PCA before Warfarin
Administration, Maximum Effect®,
% of normal PCA in, % of normal
With With
Rat  Control Phenylbutazone Control Phenylbutazone
1 98.4 94.9 10.0 3.5
2 106.1 94.9 15.0 8.5
3 106.1 98.4 10.7 2.8
4 949 102.1 11.0 6.5
5 . 1104 949 12.4 1.7
6 949 98.4 11.0 4.4
7b 102.1 96.6 13.8 12.2
8 102.1 100.2 12.8 2.3
gb 102.1 98.4 22.9 11.3
10 98.4 91.7 19.3 —
11% 106.1 984 28.9 11.2
Mean  102.0 97.14 11.8¢ 5.10¢/
SD 5.0 29 1.7 2.46

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

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

In view of the pronounced difference between the in vitro and in vive
effects of comparable phenylbutazone concentrations on serum protein
binding of warfarin (free fraction values in Tables I and 1I), a group of
rats was given a series of phenylbutazone injections (i.e., no warfarin),
and serum free fraction values were determined before and during phe-
nylbutazone treatment. The results (Table III) show a magnitude of
displacing effect similar to that observed in the in vivo warfarin-phe-
nylbutazone interaction study and much greater than that observed in
the in vitro experiments.

Theoretical considerations and previous experimental evidence (10)
indicate that an essentially linear relationship between the total plasma
clearance and the serum or plasma free fraction of warfarin should exist.
Such correlations were obtained in the present study for warfarin in
control experiments and during phenylbutazone administration (Fig.

* °

-]
1

1
1

FREE FRACTION X 100
(WITH PHENYLBUTAZONE)

015 1 TO 11.5 2T0
FREE FRACTION X 100 (CONTROL)
Figure 5—Relationship between free fraction of warfarin in serum in
control experiments and in the same rats during concomitant phenyl-
butazone administration. The correlation coefficient is 0.927, p <
0.001.

Table V—Effect of Phenylbutazone on Relationship between
Relative Prothrombin Complex Activity Synthesis Rate and
Warfarin Concentration in Rat Plasma

—m?, % of
normal/da; Cinax®, ug/ml
With With Ratio,
Con- Phenyl- Con- Phenyl-  Control:With

Rat trol butazone trol butazone Phenylbutazone

1 1.16 1.32 0.298 0.0836 3.6

2 1.14 1.22 0.420 0.130 3.2

3 1.11 0.851 0.693 0.120 5.8

4 0.985 0.950 0.942 0.156 6.0

5 1.22 0.977 0.720 0.126 5.7

6 1.13 1.28 1.65 0.330 5.0

7 1.02 2.11 2.00 0.454 44

8 1.65 2.94 2.20 0.236 9.3

9 1.78 2.63 2.03 0.336 6.0
10 1.48 —c 2.72 — —¢
11 2.72 1.58 3.14 0.754 4.2
Mean?  1.39 1.58¢ 1.41 0.2721 5.3
SD 0.535 0.731 1.7

a Slope of a plot of Ryyn/Rm versus log plasma warfarin concentration. ? Intercept
of the plot described in footnote a upon extrapolation to the concentration axis
where Ryyn/R3m = 0. € The experiment with this rat was discontinued because of
severe bleeding. ¢ Without Rat 10. ¢ No statistically significant difference between
the two treatments. / Statistically significantly different from the control value
(paired t test, p < 0.001).

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

Phenylbutazone, 100 ug/ml added in vitro to individual serum samples
from 12 rats, had no effect on prothrombin complex activity. The pro-
thrombin complex activity in serum (mean + SD) was 98.2 + 8.6% of
normal without phenylbutazone and 98.4 £ 7.3% with added phenylbu-
tazone. The ratio of prothrombin complex activity values, phenylbuta-
zone:control, was 1.00 + 0.03 (mean £ SD). On the other hand, phenyl-
butazone administered to rats caused a small but statistically significant
prothrombin complex activity decrease (Table IV). This apparent anti-
coagulant effect was evident 2 hr after the first phenylbutazone dose, i.e.,
at zero time relative to the time of warfarin injection when the first (before
warfarin) blood sample was obtained (Fig. 2).

The maximum warfarin anticoagulant effect was significantly more
pronounced during phenylbutazone administration than in the control
experiments (Table IV). One animal (Rat 12), a slow eliminator given
warfarin with phenylbutazone, was lost in the first part of the study due
to hemorrhage. Therefore, the warfarin dosage in the second (crossover)
part of the study was reduced to one-half in the three rats with the lowest
total warfarin clearance. Even these three rats exhibited a more pro-
nounced maximum anticoagulant effect during phenylbutazone ad-
ministration, despite the reduced warfarin dose.

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

o

©
1

.

e
y
h

WARFARIN INTRINSIC
CLEARANCE RATIO,
o
o
i

PHENYLBUTAZONE:CONTROL
.

o
w
1 A

T T T

40 60 80 100
AVERAGE PHENYLBUTAZONE
CONCENTRATION, ug/mi

Figure 6—Relationship between intrinsic warfarin clearance ratio,
phenylbutazone:control, and average plasma phenylbutazone con-
centration. The correlation coefficient is —0.55 (p <0.1) for all 11 rats
and —0.73 (p < 0.02) for 10 rats (with O excluded).
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Table VI—Effect of Phenylbutazoone on Total and Free Warfarin Concentrations in Plasma or Serum when the Anticoagulant Effect

Is 50% of Maximum (R = 0.5 R._,,,)

Total Concentration

Free Warfarin in Serum,

in Plasma, ug/ml Control:With ug/ml X 100 Control:With
Rat Control With Phenylbutazone Phenylbutazone Control With Phenylbutazone Phenylbutazone
1 0.110 0.0338 3.2 0.202 0.236 0.86
2 0.153 0.0507 3.0 0.291 0.222 1.3
3 0.246 0.0310 7.9 0.334 0.165 2.0
4 0.292 0.0463 6.3 0.330 0.154 2.1
5 0.280 0.0388 7.2 0.322 0.172 1.9
6 0.600 0.123 49 0.355 0.176 2.0
7 0.648 0.263 2.5 0.330 0.447 0.74
8 1.09 0.160 6.8 0.445 0.186 24
9 1.06 0.217 4.9 0.466 0.304 1.5
10 1.25 0.370
11 2.06 0.364 5.7 0.612 0.348 1.8
Mean® 0.654 0.133% 5.2 0.369 0.241% 1.7¢
SD 2.0 0.6

e Without Rat 10. ¢ Statistically significantly different from the control value (paired ¢ test, p < 0.01). < Statistically significantly different from the total concentration

ratio (paired ¢ test, p < 0.001).

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

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

DISCUSSION

The results of this investigation demonstrate that the acute interaction
between phenylbutazone and racemic warfarin in rats involves at least
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Figure 7—Relationship between total warfarin clearance and free
fraction in serum of rats during concomitant phenylbutazone admin-
istration (@) and in the same animals in control experiments (O). The
correlation coefficient for the data with phenylbutazone is 0.997, p <
0.001, and that for the control data is 0.940, p < 0.001. There is a sta-
tistically significant difference (p < 0.001) in the slopes of the two re-
gression lines.

4

18 / Journal of Pharmaceutical Sciences
Vol. 69, No. 1, January 1980

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

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

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

A recent report of a long-term multiple-dose study of the warfarin—
phenylbutazone interaction in a single normal human subject stated that
“changes in the degree of plasma binding of warfarin were the same as
those found from in vitro experiments in which warfarin and phenyl-
butazone were added to control plasma samples” (8). Yet, the warfarin
free fraction in that subject remained elevated after phenylbutazone
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Figure 8—Relationship between relative synthesis rate of prothrombin
complex activity (Rsyn/RD,,) and the total (free plus bound) concen-
tration (circles) or the free concentration (squares) of warfarin in
plasma of a representative rat. The closed symbols represent the re-
lationship during phenylbutazone treatment, and the open symbols
represent the relationship in the control experiment.
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Figure 9—Relationship between relative synthesis rate of prothrombin
complex activity (Rsyn/RY,,) and the total warfarin concentration in
plasma of rats during treatment with phenylbutazone (left) and in
control experiments (right) (based on the average data in Tables V and
VI).

administration was discontinued and plasma concentrations of this drug
had decreased substantially, suggesting (as the authors acknowledged)
that one or more phenylbutazone metabolites contributed to the dis-
placing effect.

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

The warfarin anticoagulant effect is a function of its free rather than
of its total concentration in plasma (18). Consequently, decreased protein
binding of warfarin due to phenylbutazone administration should shift
the anticoagulant effect-plasma total warfarin concentration curve to
the left, i.e., to a lower concentration range. Such a shift is well demon-
strated in this investigation (Fig. 9). However, a similar shift occurred
in the anticoagulant effect—free warfarin concentration curve, albeit of
considerably smaller magnitude. Such a shift may occur for at least two
reasons. One is related to the fact that the phenylbutazone effect on
warfarin pharmacokinetics is stereoselective. In humans, phenylbutazone
decreases the total clearance of the more potent (S)-enantiomer and
increases the total clearance of the (R)-enantiomer (7). The metabolic
fate of the warfarin enantiomers in rats differs appreciably from that in
humans (19), and there is no information about the possible stereose-
lectivity of the phenylbutazone interaction with warfarin in rats. A se-
lective inhibition of the intrinsic clearance of (S)-warfarin would cause
an increase in the (S)- to (R)-enantiomer concentration ratio in rat
plasma after administration of racemic warfarin and a shift of the anti-
coagulant effect-free warfarin concentration curve to the left due to the
higher potency of the (S)-enantiomer.

Another possible reason for such a shift is a direct effect of phenylbu-
tazone (or its metabolites) on the blood-clotting process. Our studies have
shown that phenylbutazone has no such effect when added in vitro to
plasma but that even a single 40-mg/kg dose caused a small but statisti-
cally significant decrease of prothrombin complex activity 2 hr later
(Table 1V). It is possible that the effect was more pronounced during the
interaction study, i.e., following administration of several phenylbutazone
doses.

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

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

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

The effort required to elucidate fully the mechanisms of a drug inter-
action can be enormous. If the drugs involved can produce potentially
hazardous pharmacological effects {as is the case with phenylbutazone
and warfarin), comprehensive studies in humans may be difficult or
impossible. Cost-benefit and risk-benefit considerations rather than
scientific curiosity will ultimately dictate how much we learn about many
important drug interactions.
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Abstract O The temperature effect on the solubilization of some an-
drogens, estrogens, and Cyj-steroids in aqueous polysorbate 40 and in
tetradecyltrimethylammonium bromide was studied. Dialysis studies
showed a linear relationship between micellar and nonmicellar steroids,
which indicates that solubilization is governed by a distribution coeffi-
cient. With known water solubilities and solubilization capacities for the
steroids at different temperatures, the changes of free energy (AG3),
enthalpy (AH?), and entropy (AS?) for solubilization were calculated.
All steroids studied had negative AH? values in polysorbate 40, except
progesterone and ethisterone. The AS? values were positive for all of the
actual steroids except for estradiol in both association colloids and for
17«-hydroxyprogesterone in polysorbate 40. The highest values were
obtained for progesterone and testosterone. The steroids showed lower
AS? values when they were solubilized simultaneously than when they
were solubilized separately. No clearcut correlation between the entropy
change of solubilization and the simultaneous solubilization behavior
could be derived. Obviously, the solubilization mechanism also must be
considered. The thermodynamic solubilization parameters are discussed,
and the need for temperature-solubilization studies is stressed.

Keyphrases 0 Steroid hormones—solubilization, thermodynamics,
temperature effect, micellar structure, androgens, estrogens, Cs;-steroids,
in polysorbate 40 and in tetradecyltrimethylammonium bromide O So-
lubilization—steroid hormones in polysorbate 40 and in tetradecyltri-
methylammonium bromide, thermodynamics O Thermodynamics—
steroid hormone solubilization in polyvsorbate 40 and in tetradecyltri-
methylammonium bromide

Two previous reports from this laboratory dealt with the
simultaneous solubilization of estrogens, Co1-steroids, and
androgens in aqueous solutions of association colloids (1,
2). Estradiol is solubilized independently of the Cy;-ste-
roids and testosterone, while the solubilization of ethinyl
estradiol with progesterone and with testosterone is de-
pendent. A plausible mechanism for simultaneous solu-
bilization was discussed (2). However, mere solubilization
capacities at one temperature are not a good basis for
thermodynamic discussion of the solubilization mecha-
nism. In this study, the temperature effect on solubiliza-
tion was investigated to elucidate the contributions of
enthalpy and entropy to the free energy of solubiliza-
tion.

The thermodynamic parameters controlling micelliza-
tion have been studied and discussed (3-5), but the cor-
responding parameters for solubilization have been com-
paratively neglected. One difficult question is the choice
of a model for thermodynamic parameter calculations.
Humphreys and Rhodes (6) found that the micellar
pseudophase model seemed applicable because solubili-
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zation was governed by a form of the distribution law. Plots
for the determination of enthalpic and entropic values were
complex.

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

EXPERIMENTAL

Materials—The purification methods and purity tests for the asso-
ciation colloids and steroid hormones! were described previously (1),
except that the steroid purity was checked by silica gel TLC. The labeled
steroids?, *H-estradiol, 3H-progesterone, and 3H-testosterone, had a
radiochemical purity of 98% by TLC, and they were used without further
purification. The association colloids were tetradecyltrimethylammonium
bromide? and polysorbate 404

Solubilization—Solubility studies were carried out as described
previously (1), but samples were filtered through a 0.45-um filter mem-
brane® before steroid quantitation. The UV absorbance was used to
calculate the amount of unlabeled steroid solubilized; liquid scintillation
counting, with a toluene-based scintillation cocktail, was used for the
labeled steroids.

The equilibration temperatures were controlled to +0.2°. The equi-
librium dialysis was performed using dialysis tubing®. Complete equili-
bration of the solutions was ensured. All of the experiments were done
at least twice.

RESULTS AND DISCUSSION

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

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

The temperature effect on simultaneous solubilization was studied with
the following combinations: ethinyl estradiol-progesterone, ethinyl es-
tradiol-17a-hydroxyprogesterone, and estradiol-testosterone, all in
tetradecyltrimethylammonium bromide; and ethinyl estradiol-proges-

I Fluka AG. Schweiz.

2 The Radiochemical Centre, England.
3K & K Laboratories.

4 Atlas Chemical Industries.

5 Millipore Corp.

6 Med Cell International Ltd., England.
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Abstract O The temperature effect on the solubilization of some an-
drogens, estrogens, and Cyj-steroids in aqueous polysorbate 40 and in
tetradecyltrimethylammonium bromide was studied. Dialysis studies
showed a linear relationship between micellar and nonmicellar steroids,
which indicates that solubilization is governed by a distribution coeffi-
cient. With known water solubilities and solubilization capacities for the
steroids at different temperatures, the changes of free energy (AG3),
enthalpy (AH?), and entropy (AS?) for solubilization were calculated.
All steroids studied had negative AH? values in polysorbate 40, except
progesterone and ethisterone. The AS? values were positive for all of the
actual steroids except for estradiol in both association colloids and for
17«-hydroxyprogesterone in polysorbate 40. The highest values were
obtained for progesterone and testosterone. The steroids showed lower
AS? values when they were solubilized simultaneously than when they
were solubilized separately. No clearcut correlation between the entropy
change of solubilization and the simultaneous solubilization behavior
could be derived. Obviously, the solubilization mechanism also must be
considered. The thermodynamic solubilization parameters are discussed,
and the need for temperature-solubilization studies is stressed.
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Two previous reports from this laboratory dealt with the
simultaneous solubilization of estrogens, Co1-steroids, and
androgens in aqueous solutions of association colloids (1,
2). Estradiol is solubilized independently of the Cy;-ste-
roids and testosterone, while the solubilization of ethinyl
estradiol with progesterone and with testosterone is de-
pendent. A plausible mechanism for simultaneous solu-
bilization was discussed (2). However, mere solubilization
capacities at one temperature are not a good basis for
thermodynamic discussion of the solubilization mecha-
nism. In this study, the temperature effect on solubiliza-
tion was investigated to elucidate the contributions of
enthalpy and entropy to the free energy of solubiliza-
tion.

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

20 / Journal of Pharmaceutical Sciences
Vol. 69, No. 1, January 1980

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

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

EXPERIMENTAL

Materials—The purification methods and purity tests for the asso-
ciation colloids and steroid hormones! were described previously (1),
except that the steroid purity was checked by silica gel TLC. The labeled
steroids?, *H-estradiol, 3H-progesterone, and 3H-testosterone, had a
radiochemical purity of 98% by TLC, and they were used without further
purification. The association colloids were tetradecyltrimethylammonium
bromide? and polysorbate 404

Solubilization—Solubility studies were carried out as described
previously (1), but samples were filtered through a 0.45-um filter mem-
brane® before steroid quantitation. The UV absorbance was used to
calculate the amount of unlabeled steroid solubilized; liquid scintillation
counting, with a toluene-based scintillation cocktail, was used for the
labeled steroids.

The equilibration temperatures were controlled to +0.2°. The equi-
librium dialysis was performed using dialysis tubing®. Complete equili-
bration of the solutions was ensured. All of the experiments were done
at least twice.

RESULTS AND DISCUSSION

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

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

The temperature effect on simultaneous solubilization was studied with
the following combinations: ethinyl estradiol-progesterone, ethinyl es-
tradiol-17a-hydroxyprogesterone, and estradiol-testosterone, all in
tetradecyltrimethylammonium bromide; and ethinyl estradiol-proges-
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Table I—Solubilization Capacities of Surfactants for Hormonal Steroids as a Function of Temperature

Moles of Steroid per Mole of Surfactant

Surfactant

Steroid 293 °K 300.5 °K 308 °K 3155 °K 323 °K
Polysorbate 40 Estradiol 0.013 0.016 0.019 0.022 0.026
Ethinyl estradiol 0.18 0.23 0.27 0.32 0.37
Testosterone 0.027 0.039 0.052 0.065 0.076
Ethisterone 0.0007 0.0009 0.0012 0.0016 0.0018
Progesterone 0.037 0.049 0.063 0.073 0.084
17a-Hydroxyprogesterone 0.0072 0.0079 0.0085 0.0091 0.0091
Tetradecyltrimethylammo-  Estradiol 0.068 0.080 0.092 0.105 0.118
nium bromide Ethinyl estradiol 0.27 0.34 0.43 0.51 0.57
Testosterone 0.13 0.19 0.25 0.29 0.35
Ethisterone 0.0046 0.0055 0.0066 0.0074 0.0083
Progesterone 0.16 0.15 0.16 0.16 0.16
17a-Hydroxyprogesterone 0.043 0.060 0.082 0.098 0.114
Table II—Solubilization Capacities of Surfactants for Simultaneous Solubilization of Hormonal Steroids as a Function of
Temperature
Moles of Steroid per Mole of Surfactant
Surfactant Steroid Pair 293 °K 300.5 °K 308 °K 315.5 °K 323 °K
Polysorbate 40 Ethinyl estradiol + 0.034 0.038 0.042 0.047 0.053
progesterone 0.037 0.038 0.037 0.036 0.036
Ethinyl estradiol + 0.063 0.070 0.075 0.082 0.087
testosterone 0.027 0.031 0.036 0.041 0.045
Estradiol + 0.013 0.014 0.016 0.018 0.020
progesterone 0.037 0.041 0.046 0.051 0.056
Tetradecyltrimethylammo-  Ethinyl estradiol + 0.037 0.043 0.049 0.055 0.060
nium bromide progesterone 0.16 0.20 0.23 0.27 0.30
Ethinyl estradiol + 0.19 0.23 0.27 0.31 0.36
17«-hydroxyprogesterone 0.0054 0.0072 0.0090 0.104 0.0120
Estradiol + 0.013 0.016 0.018 0.021 0.023
testosterone 0.027 0.036 0.047 0.058 0.068

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

The linear relationship between the surfactant concentration and the
amount of solubilized steroid (1, 2) as well as the linearity of the dialysis
plots (Fig. 1) indicates that the solubilization is governed by a form of
the distribution law. The equilibrium constant, K, between the micellar
(mole fraction of the solute in the micelle, C™) and the nonmicellar
(aqueous solubility of the steroid in moles per liter, C2?) steroid can be
defined by (2, 6):

K, = C7/CH (Eq. 1)

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

AG:;=—-RTIh K, (Eq. 2)

Figures 2a and 2b show the variation of the free energy change of solu-
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Figure 1—Dialysis results for the interaction at 20° between testas-
terone and the surfactants polysorbate 40 (A) and tetradecyltrimeth-
ylammonium bromide (Q) (X = solubility points).

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

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

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

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

dinK, AH;
dT  RT?

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

Testosterone had low negative AH ; values when solubilized separately
in both polysorbate 40 and tetradecyltrimethylammonium bromide.
Testosterone had somewhat higher negative values when solubilized si-
multaneously with ethinyl estradiol in polysorbate 40 and with estradiol
in tetradecyltrimethylammonium bromide. Ethinyl estradiol had mod-
erately negative values when solubilized either separately or simulta-
neously and in both association colloids. Estradiol showed the largest
negative values.

(Eq. 3)
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Table HI—Thermodynamic Changes 2 in Solubilization of Hormonal Steroids in Surfactants at 293°K

Surfactant Steroid —AG?, joules/mole —AH3:, joules/mole AS3, joules/deg/mole

Polysorbate 40 Estradiol 18,631 28,018 -32
Ethinyl estradiol 21,578 8,314 45

Testosterone 14,552 1,081 46

Ethisterone 14,816 —699 53

Progesterone 17,174 -11,889 99

17c-Hydroxyprogesterone 14,993 27,686 -43

Tetradecyltrimethylammo- Estradiol 22,661 32,674 -34
nium bromide Ethinyl estradiol 22,566 8,563 48
Testosterone 20,740 2,744 61

Ethisterone 19,344 5,670 47

Progesterone 18,381 11,640 23

17a-Hydroxyprogesterone 19,400 9,727 33

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

17a-Hydroxyprogesterone had a large negative value in polysorbate
40 but had considerably lower values when alone and when together with
ethinyl estradiol in tetradecyltrimethylammonium bromide. Proges-
terone showed the most ambivalent behavior. Solubilized separately and
together with ethinyl estradiol in polysorbate 40, it gave positive AH}
values. Alone in tetradecyltrimethylammonium bromide and together
with estradiol and ethinyl estradiol in polysorbate 40, progesterone gave
negative values.
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Figure 2—Plots of AG versus temperature for the solubilization of
estradiol (Q), ethinyl estradiol (A), testosterone (O), ethisterone (@),
progesterone (A), and 17«-hydroxyprogesterone (®) in polysorbate 40
(a) and in tetradecyltrimethylammonium bromide (b).
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Starting with the AG; and AHj values, one can calculate the standard
entropy change of solubilization, AS3:
AG:; = AH; ~ TAS; (Eq. 4)
The AS, values for separate and simultaneous solubilization appear
in Tables IIT and IV. The steroids showed large differences in entropy
values. All of the steroids except estradiol and 17«-hydroxyprogesterone
in polysorbate 40 had positive values. Progesterone in polysorbate 40 and
testosterone in tetradecyltrimethylammonium bromide showed the
highest values. At simultaneous solubilization, all steroids had lower
entropy values than when solubilized individually, except progesterone
in tetradecyltrimethylammonium bromide.
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Figure 3—Plots of AG; versus temperature for the simultaneous so-
lubilization of (a) ethinyl estradiol (O) plus progesterone (4), ethinyl
estradiol (@) plus testosterone (0), and estradiol (M) plus progesterone
(A) in polysorbate 40 and of (b) ethiny! estradiol (O) plus progesterone
(&), ethinyl estradiol (@) plus 17a-hydroxyprogesterone (Q), and es-
tradiol (W) plus testosterone (A) in tetradecyltrimethylammonium
bromide.



Table IV—Thermodynamic Changes # in Simultaneous Solubilization of Hormonal Steroids in Surfactants at 293°K

Surfactant Steroid Pair -AG:;, joules/mole —AH?, joules/mole ASj, joules/deg/mole
Polysorbate 40 Ethinyl estradiol + 17,518 18,041 -2
progesterone 17,174 11,058 21
Ethinyl estradiol + 19,021 19,954 -3
testosterone 14,552 15,797 -4
Estradiol + 18,631 36,582 -61
progesterone 17,174 —-690 61
Tetradecyltrimethylammo- Ethinyl estradiol + 17,724 15,963 6
nium bromide rogesterone 20,740 -5,570 90
Etginyl estradiol + 21,710 11,640 34
17a-hydroxyprogesterone 14,291 6,901 25
Estradiol + 18,631 32,591 —48
testosterone 14,552 4,988 33

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

A comparison of the contribution of the enthalpy and entropy changes
to the free energy change of solubilization displayed large differences

among the steroids. For estradiol in both surfactants, 17a-hydroxypro--

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

The most popular explanation of the large unitary entropy change
involved in the partitioning of hydrophobic molecules between aqueous
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Figure 4—Plots of In K, versus 1/T for the solubilization of estradiol
(0), ethinyl estradiol (A), testosterone (Q), ethisterone (®), proges-
terone (A), and 17a-hydroxyprogesterone (@) in polysorbate 40 (a) and
tetradecyltrimethylammonium bromide (b).

and nonaqueous phases is the flickering cluster hypothesis (3). When
organic compounds are placed in water, the water molecules arrange
themselves around the apolar parts in flickering clusters. Stripping the
water molecules from the apolar part of the solute results in large entropy
and in the randomization of the water molecules. This treatment assumes
that solubilization can be described as the transfer of a molecule from
an aqueous to a nonaqueous phase. Application of this assumption to
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Figure 5—Plots of In K, versus 1/T for the simultaneous solubilization
of (a) ethinyl estradiol (O) plus progesterone (a), ethinyl estradiol (@)
plus testosterone (Q), and estradiol (W) plus progesterone (A) in pol-
ysorbate 40 and of (b) ethinyl estradiol (O) plus 17a-hydroxyproges-
terone (A) and estradiol (M) plus testosterone (A) in tetradecyltri-
methylammonium bromide.
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steroid hormone solubilization is supported by the similarity between
the thermodynamic parameters found in this study and those from oc-
tanol-water partitioning (8).

Although the flickering cluster hypothesis seems plausible, and the
water ordering-disordering is important for the entropy change of solu-
bilization, other factors may be significant. It was proposed (10) that the
apolar solute molecule is held rigidly in a favored rotational configuration
in the aqueous phase by the layer of water molecules surrounding it. In
the micelle hydrocarbon core, its rotational oscillations are relatively
unrestricted. This proposal is supported by the fact that there is no
clearcut correlation between water solubility and AS;. Ethisterone has
a much lower water solubility than testosterone {1.6 against 68.7
umoles/liter at 20° (8)] and can be regarded as more hydrophobic. Ac-
cording to the flickering cluster hypothesis, ethisterone should have more
structured water around it and should give a more positive AS§ at the
randomization of the water molecules. Thus, both the water and solute
effects probably contribute to the effective AS;, but which is quantita-
tively the most important cannot be determined.

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

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

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

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

Of course, the thermodynamic treatment in this study has limitations.
Although the amount of solubilizate bound in a micellar system can be
measured with accuracy, the calculation of CJ' presents problems because
it is a concentration term, and precise delineation of the micellar pseu-
dophase boundary is difficult. Two other difficult aspects of the ther-
modynamic calculations regarding micellar binding are the selection of
the standard state for the micellar cosolute and the incorporation of the
appropriate activity corrections (11). For cosolutes with low water solu-
bility such as steroid hormones, the C39 term probably will approximate
the activity value. However, the micellar solubilizate activity coefficients
may differ significantly from unity. This deviation will introduce errors
into the calculations of thermodynamic parameters derived from micellar
binding equilibrium constants,

Although these limitations exist, data from studies of the temperature
effect on solubilization processes can prove useful in expanding knowl-
edge of this important branch of surface chemistry. Clearly, further
studies of the effect of solutes on micelle structure are required before
a theory rationalizing micellar solubilization can be formulated.
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Abstract O A convenient spectrophotometric determination of di-
ethylstilbestrol and diethylstilbestrol dipropionate was developed in-
volving their interaction with triphenyltetrazolium chloride at 50° for
45 min and subsequent measurement of the formazan formed. The sig-
nificance of extended conjugation within the 4,4’-stilbenediol molecule
to induce the color reaction is documented. Ideal adherence of color ab-
sorption to Beer’s law permitted accurate and precise determination of
diethylstilbestrol and diethylstilbestrol dipropionate pure forms over
the range of 2-22 ug of diethylstilbestrol/ml. Application of the tetra-

zolium color reaction to the analysis of diethylstilbestrol dipropionate
dosage forms was achieved without prior hydrolysis or extraction.
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try—analysis of diethylstilbestrol and diethylstilbestrol dipropionate
with triphenyltetrazolium chloride O Tetrazolium salts—colorimetric
analysis of diethylstilbestrol and diethylstilbestrol dipropionate

The usual relatively small doses of diethylstilbestrol
{E)-c,«’-diethyl-4,4’-stilbenediol] require especially
sensitive and precise pharmaceutical analysis. The phe-
nolic hydroxyl group reactivity of this stilbene derivative
has been used to develop diverse estimation procedures
based on acetylation (1, 2), nitrosation (3), polarography
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of the nitrosation product (4), bromination (5), and UV
irradiation (6).

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

Although the flickering cluster hypothesis seems plausible, and the
water ordering-disordering is important for the entropy change of solu-
bilization, other factors may be significant. It was proposed (10) that the
apolar solute molecule is held rigidly in a favored rotational configuration
in the aqueous phase by the layer of water molecules surrounding it. In
the micelle hydrocarbon core, its rotational oscillations are relatively
unrestricted. This proposal is supported by the fact that there is no
clearcut correlation between water solubility and AS;. Ethisterone has
a much lower water solubility than testosterone {1.6 against 68.7
umoles/liter at 20° (8)] and can be regarded as more hydrophobic. Ac-
cording to the flickering cluster hypothesis, ethisterone should have more
structured water around it and should give a more positive AS§ at the
randomization of the water molecules. Thus, both the water and solute
effects probably contribute to the effective AS;, but which is quantita-
tively the most important cannot be determined.

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

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

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

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

Of course, the thermodynamic treatment in this study has limitations.
Although the amount of solubilizate bound in a micellar system can be
measured with accuracy, the calculation of CJ' presents problems because
it is a concentration term, and precise delineation of the micellar pseu-
dophase boundary is difficult. Two other difficult aspects of the ther-
modynamic calculations regarding micellar binding are the selection of
the standard state for the micellar cosolute and the incorporation of the
appropriate activity corrections (11). For cosolutes with low water solu-
bility such as steroid hormones, the C39 term probably will approximate
the activity value. However, the micellar solubilizate activity coefficients
may differ significantly from unity. This deviation will introduce errors
into the calculations of thermodynamic parameters derived from micellar
binding equilibrium constants,

Although these limitations exist, data from studies of the temperature
effect on solubilization processes can prove useful in expanding knowl-
edge of this important branch of surface chemistry. Clearly, further
studies of the effect of solutes on micelle structure are required before
a theory rationalizing micellar solubilization can be formulated.
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Figure 1—Temperature effect on color development using 20 ug of
diethylstilbestrol/ml, 45 min.

of these methods lack specificity or sensitivity, and they
often are subject to limitations. The compendial UV-ir-
radiation procedures (11, 12), although apparently specific
for diethylstilbestrol, may be tedious and time consuming,
especially when oily formulations of diethylstilbestrol
dipropionate are analyzed. Essential preliminary hydrol-
ysis to diethylstilbestrol and its subsequent extraction
might interfere with the accurate estimation of this
ester.

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

EXPERIMENTAL

Instrumentation—A double-beam spectrophotometer!, a pH meter?
fitted with calomel and glass electrodes, and a suitable thermostated?
water bath were used.

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

1 Spektromon-203, MOM, Budapest, Hungary.

2 Radelkis OP-401/2, Budapest, Hungary.

3T-606.MTA, Budapest, Hungary.

4 Stilbestrol (Misr Co. for Pharmaceuticals, Cairo, Egypt) contains 5.0 mg of
diethylstilbestrol/tablet.

5 Stilbestrol Dipropionate (G. Richter, Budapest, Hungary) contains 1.0 mg of
diethylstilbestrol dipropionate/tablet.

6 Stilbestrol (Misr Co. for Pharmaceuticals, Cairo, Egypt) contains 1.0 mg of
diethylstilbestrol/1-ml ampul.

7 Stilbestrol Dipropionate (G. Richter, Budapest, Hungary) contains 5.0 mg of
diethylstilbestrol dipropionate/1-ml ampul.

8 Stilbestrol Dipropionate (Evans, Bristol, England) contains 10.0 mg of di-
ethglstilbestrol dipropionate/1-ml solution in ethyl oleate.

Stilbestrol Dipropionate (Bayer, Liverkihsen, Germany) contains 5.0 mg of

diethylstilbestrol dipropionate/1-ml solution in sesame oil.
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Figure 2—Diethylstilbestrol-tetrazolium color-time curve using 20
ug of diethylstilbestrol/ml at 50° (@) and after cooling to rcom tem-
perature (O).

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

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

Standards—An accurately weighed amount of diethylstilbestrol or
diethylstilbestrol dipropionate, previously dried at 80° in vacuo for 2 hr,
was dissolved in anhydrous ethanol to a final concentration of 200 ug of
diethylstilbestrol/ml.

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

Injections and Solutions—A 1-ml precision syringe was used to
transfer 1.0 ml of the injection solution into a suitable volumetric flask.
The syringe was rinsed with 20% (v/v) n-heptane in ethanol; the rinses
were collected in the flask and diluted quantitatively and stepwise with
hep;ane—alcohol to obtain ~100-140 ug of the claimed diethylstilbes-
trol/ml.

Procedure—A 1.0-ml sample of the standard or of the sample was
pipetted into a 10-ml volumetric flask containing 3.0 ml of the tetrazolium
solution and 1.0 ml of the potassium hydroxide assay solution. The sample
was mixed well, stoppered, and allowed to stand in the dark in a ther-
mostated water bath at 50 £ 0.1° for 45 min. The red-orange reaction
mixture was cooled and brought to volume with ethanol. The absorbance
of this solution was measured in a 1-cm glass cell at 485 nm versus a blank
prepared from 1.0 ml of ethanol (for tablets) or from n-heptane-ethanol
(for injections) and treated as for the assay solution (heated at 50° for
45 min).

RESULTS AND DISCUSSION

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

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

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

Milliliters Added per 10 m] of Assay Solution®

0.5% Tetrazolium Absorbance,

Chloride 0.1% KOH 485 nm
1.0 0.50 0.210
2.0 0.50 0.315
3.0 0.50 0.385
1.0 1.00 0.125
2.0 1.00 0.375
3.0 1.00 0.475°
4.0 1.00 0.470¢
2.0 1.50 0.280
3.0 1.50 0.330
4.0 1.50 0.425

a (lontaining 10 ug of diethylstilbestrol/ml. ® pH 10.50. ¢ pH 9.35.

Table II—Replicate Analyses of Diethylstilbestrol Standard
Solutions

Replication® Absorbance, 485 nm
1 0.471
2 0.473
3 0.474
4 0.474
5 0.472
6 0.474
7 0.475
8 0.472
Average 0.473
SD +1.3562 X 1073
RSD 2.867 X 1073

a Containing 10.0 pg of diethylstilbestrol/ml.

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

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

For the diethylstilbestrol concentration range studied, appropriate
absorptivity readings were attained at 50-60° (Fig. 1). However, at >50°,
blank solutions acquired a red tinge that could lower the sensitivity of
the diethylstilbestrol-tetrazolium interaction. Accordingly, 50° was a
convenient temperature because it combined a reasonable heating time
with the production of only a faintly colored blank.

The color-time curve (Fig. 2) revealed maximum formazan formation
when the reaction mixture was at 50° for 45-50 min; heating for longer
periods seriously lowered color absorptivity. Interruption of the reaction
after 45 min by efficient cooling to ambient temperature was sufficient
to achieve good sensitivity. The formazan remained stable for >2 hr when
kept in the dark. Under these conditions, maximum formazan develop-
ment was effected by the addition of 1.0 m! of the working diethylstil-
bestrol solution to 3-4 ml of 1 in the presence of 1.0 ml of 0.1% KOH
{Table I).

Quantitative Analysis—At fixed experimental conditions, the for-
mazan absorption intensity was a function of the diethylstilbestrol con-
centration. Linear regression analysis of a Beer’s plot at 485 nm revealed
excellent adherence (r = 0.9994), with a slope () of 0.0465 (£1.08 X 1073)
and an upper sensitivity limit of ~22 ug (A = 1.02) of diethylstilbes-
trol/ml. Replicate analyses of diethylstilbestrol working solutions (Table
1) were fairly precise (RSD = 2.811 X 1073). Recovery studies at different
diethylstilbestrol concentrations {Table III) afforded a mean recovery
of 99.45 + 0.93%.

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

1 Hexestrol.
12 Propaderm.
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Table III—Recovery of Standard Diethylstilbestrol Solutions

Diethylstilbestrol, ug/ml

Sample Calculated® Found?® Recovery, %

1 10.0 9.78 97.80

2 25.0 24.96 99.84

3 50.0 50.01 100.02

4 100.0 99.84 99.84

5 200.0 199.55 99.78
Mean 99.45
SD +0.93
RSD 9.35 X 1073

o Initial concentration. ® Average of five assays.

Table IV—Analysis of Diethylstilbestrol and Diethylstilbestrol
Dipropionate Dosage Forms

Content, mg/unit

Preparation® Label Claim Found® Added Recovered

Diethylstilbestrol

Tablets 5.0 4.96 10.0 14.94

Injection 1.0 0.98 25.0 26.00
Diethylstilbestrol
dipropionate

Tablets 1.0 1.10 5.0 6.11

Injection® 5.0 498 5.0 9.95

10.0 10.05 10.0 20.00

10.0 9.75 10.0 19.80

a See Experimental for composition. ® Average of three determinations. ¢ Found
4.75, 9.89, and 9.64, respectively, as analyzed by the NF XIV procedure.

A direct estimation of this ester has not been reported. When reacted
under the standard diethylstilbestrol assay, diethylstilbestrol dipro-
pionate produced formazan with Beer’s plot r and « values of 0.9992 and
0.0328 (£1.05 X 1073), respectively. Comparison of the diethylstilbes-
trol-diethylstilbestrol dipropionate molecular weight ratio to the re-
spective Beer’s plot slopes at 485 nm confirmed quantitative in situ di-
ethylstilbestrol generation during the base-catalyzed interaction of I with
diethylstilbestrol dipropionate.

The color reaction was applied successfully to the analysis of diethyl-
stilbestrol and diethylstilbestrol dipropionate tablets (Table IV). Po-
tential interference by reducing sugars in the tablets was eliminated by
alcohol extraction prior to analysis. Interference studies of some common
ingredients in diethylstilbestrol dipropionate formulations revealed no
reduction of 1. The compounds studied included phenobarbital, tetra-
caine, benzocaine, sulfathiazole, sulfathiourea, and nitroglycerin.
Pharmaceutical catecholamines oxidized by I are not likely to be in di-
ethylstilbestrol dosage forms.

Direct spectrophotometric determination of oily diethylstilbestrol
dipropionate dosage forms is unreliable because of the high absorptivity
of the oily vehicles (1, p. 475). However, neither sesame and olive oils nor
ethyl oleate showed measurable absorptivity at 485 nm when tested as
0.8% (w/v) in heptane-alcohol. In addition, no formazan was observed
when such solutions were reacted with I under the standard assay con-
ditions. These results encouraged direct estimation of diethylstilbestrol
dipropionate dosage forms by the proposed tetrazolium reaction (Table
1V). Concordant results were obtained when the oily dipropionate for-
mulations were analyzed directly by I or were preliminarily freed from
their vehicles by the NF X1V procedure (10). However, relatively higher
values than the claimed diethylstilbestrol dipropionate contents were
shown by some intense yellow batches. Correction for intrinsic absorption
of such samples was made by determining their initial absorptivity at 485
nm.

REFERENCES

(1) “The Qualitative Analysis of Drugs,” D. C. Garrat, Chapman-Hall,
London, England, 1964, p. 470.

(2) “The Egyptian Pharmacopoeia,” University Press, Cairo, Egypt,
1953, p. 257.

(3) S. Gottleib, J. Am. Pharm. Assoc., Sci. Ed., 37, 147 (1948).

(4) D. Gry, Dan. Tidsskr. Farm., 23,139 (1949).

(5) T.T.Cocking, Analyst, 68, 144 (1943).

(6) D.Banes, J. Assoc. Off. Agr. Chem., 44, 323 (1961).

(7) M. Tubis and A. Bloom, Ind. Eng. Chem., Anal. Ed., 14, 309
(1942).

(8) J.D.Duerr and B. A. Pappas, J. Am. Pharm. Assoc., Sci. Ed., 48,



13 (1959).
(9) F.L.Warren, F. Goulden, and A. M. Robinson, Biochem. J., 42,

151 (1948).

(10) “The National Formulary,” 14th ed., Mack Publishing Co.,
Easton, Pa., 1975, p. 205.

(11) “The United States Pharmacopeia,” 19th rev., Mack Publishing
Co., Easton, Pa., 1975, p. 142.

(12) “British Pharmacopoeia 1973,” University Printing House,
Cambridge, England, 1973, p. 443.

(13) J. E. Sinsheimer and E. F. Salim, J. Anal. Chem., 37, 566
(1965).

(14) E.F. Salim, P. E. Manni, and J. E. Sinsheimer, J. Pharm. Sci.,

53, 391 (1964).

(15) N. M. Omar and N. A. El-Rabbat, ibid., 67, 779 (1978).

(16) R. Kuhn and D. Jerchel, Ber., 74, 949 (1941).

(17) W.J. Mader and R. R. Buck, Anal. Chem., 24, 666 (1952).

(18) D. Banes, J. Am. Pharm. Assoc., Sci. Ed., 42, 669 (1953).

(19) A. M. Mattson and C. O. Jensen, Anal. Chem., 22, 182 (1950).

(20) H. M. Hashmi, A. S. Adel, A. V. Viegas, and 1. A. Ahmad, Mi-
krochim. Acta, 3,457 (1970).

(21) P.S. Vassileva-Alexandrova and P. S. Shismanor, Anal. Chem.,
47,1432 (1975).

(22) R.E.Graham, E. R. Biehl, and C. T. Kenner, J. Pharm. Sci., 66,
965 (1977).

Tissue Distribution and Metabolism of Drugs V:
Effect of Secretin and Pancreozymin on Drug Transport in

Rabbit Pancreas

MASATO ARAKAWA *§, KATSUHIKO OKUMURA *, and RYOHEI HORI**

Received April 10, 1979, from the *Institute of Pharmaceutical Sciences, Hiroshima University School of Medicine, Hiroshima 734, Japan, and

the !Department of Pharmacy, Kyoto University Hospital, Sakyo-ku, Kyoto 606, Japan.

1979.

Abstract O The effect of secretin and pancreozymin on the tissue dis-
tribution and penetration of drugs in the rabbit pancreas was studied to
clarify hormonally regulated drug distribution. Drugs with high liquid
solubility were distributed easily within the pancreas even during secretin
or pancreozymin treatment, and these hormones had little effect on drug
distribution from the blood to the pancreas. However, secretin increased
the concentration ratio of dimethadione in the pancreatic juice (J) to
plasma unbound dimethadione (Pf), probably because the pancreatic
juice during secretin infusion is alkaline relative to the control. Secretin
had no effect on the J/Pf of isonicotinamide and sulfanilamide. Secretin
decreased the J/Pf of drugs with low lipophilicity or large molecular
weight because the penetration rates of these drugs from cell water to
pancreatic juice were not rapid enough to reach equilibrium. Pancreo-
zymin was unable to change the J/Pf of any drug tested. These results
suggest that the barrier between the blood and the pancreas or the barrier
between the pancreas and the pancreatic juice is unchanged by secretin
or pancreozymin.

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

Drug distribution has received increasing attention
during recent years because such knowledge concerning
the blood, organs, and tissues is needed to provide optimal
treatment or protection from adverse reactions. Previous
papers reported tissue distribution and penetration of
drugs in the pancreas (1), lungs, (2, 3), and testes (4).

It was suggested that the lipid barrier in the pancreas
plays a dominant role in drug distribution from the blood
to the pancreas and that the lipid barrier and the molecular
sieve barrier have independent roles in transport from the
pancreas to the pancreatic juice. In these experiments,
pancreatic juice secretion was stimulated by secretin
infusion to maintain a constant juice flow. However, the
pancreatic barriers could be changed by endogenous hor-
mones that regulate pancreatic secretion during food di-
gestion.
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The purpose of this study was to determine experi-
mentally whether secretin and pancreozymin, typical
peptide hormones that stimulate pancreatic juice flow and
bicarbonate or enzyme secretion, affect drug distribution
and penetration in the pancreas. Some model drugs that
exhibit remarkable lipophilicity, molecular size, and pKa
were selected as discussed previously (1).

EXPERIMENTAL

Materials—Secretin!, 3110 CHR U2?/mg, was used. Pancreozymin?,
dimethadione, isonicotinamide, isonicotinic acid, sulfanilamide, sulfanilic
acid, sulfisoxazole, and procainamide hydrochloride were obtained
commercially. All other chemicals were analytical grade.

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

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

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

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

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

1 Supplied by Eisai Co. Ltd., Tokyo, Japan.

2 Crick, Harper and Raper Unit.

3 Boots Pure Drug Co. Ltd., Nottingham, England.

4 Since pancreozymin is less stable than secretin, a higher dose was used.
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Table 1—Effect of Secretin and Pancreozymin on Pancreatic
Drug Distribution

(Panc/
Drug {(Panc/P1) controta {Panc/Pf)secretin Pf);:‘;\l::é:zymin
Procaina- .20 £ 0.32 (4) 1.18 £ 0.32 (4) —
mide
Sulfanila-  0.99 £+ 0.16 (3) 0.95 + 0.12 (5) 0.89 £ 0.08 (3)
mide
Dimetha- (.50 £ 0.01 (3) 0.55 £ 0.05 (5) 0.563 £ 0.02 (5)
dione
Sulfisox-  0.50 £ 0.03 (4) 0.58 + 0.04 (7) 0.51 £ 0.02 (4)
azole
Sulfanilic  0.21 £ 0.01 (3) 0.25 £ 0.02 (4) —
acid

@ Panc/Pf indicates the concentration ratio of drug in the pancreas to unbound
drug in the plasma. These data were obtained 2 hr after the constant drug infusion
and represent the mean £ SEM, with the number of animals in parentheses.

according to the procedure described previously (1). The protein content
of the pancreatic juice was measured by the Lowry method (6), and the
calcium level in the biological fluids was analyzed by the o-cresol-
phthalein-edetate sodium method with a minor modification (7).

RESULTS AND DISCUSSION

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

Intracellular pH decreases following secretin infusion and C-di-
methadione (an acidic compound) in male rats and the decrease in the
dimethadione distribution have been explained by the pH-partition
theory (8). In the present study, no significant difference was detected
in dimethadione distribution when the pancreas was stimulated by se-
cretin. The pH change of the pancreatic juice during secretin infusion
has been reported as 0.09, from pH 6.86 to 6.77 (8). When the values of
0.53 mi/g for the intracellular water space and 0.22 ml/g for the extra-
cellular water space were adopted®, the ratio of the secretin-stimulated
pancreatic drug level to the control drug level was >0.93. This value is
so low that it was difficult to detect by the methods used.

Secretin increased the pancreatic juice flow by 2.8 times, and pan-
creozymin increased the protein and calcium secretion by 6 times. Fur-
thermore, significant decreases were detected in the physiological calcium
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Figure 1~ [sonicotinamide concentration profile. Key: O, total plasma
drug concentration; ®, plasma free drug concentration; and B, secretin
infusion period. Open and hatched columns denote drug concentration
in the pancreatic juice and in the pancreas, respectively.

5 Uinpublished data.
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Figure 2—Dimethadione concentration profile. Key: O, total plasma
drug concentration; @, plasma free drug concentration; and R, secretin
infusion period. Open and hatched columns denote drug concentration
in the pancreatic juice and in the pancreas, respectively.

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

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

The values were calculated from the data obtained during the control
period (45-75 min) and during secretin infusion (90-120 min). With
isonicotinamide and sulfanilamide, whose molecular sizes are compara-
tively small, the J/Pf concentration ratios were almost unity and hardly
were affected by secretin infusion (Fig. 1 and Table II). Dimethadione,
whose molecular size and lipophilicity resemble those of isonicotinamide,
exhibited significant concentration ratio increases (J/Pf) with secretin
treatment (Fig. 2 and Table I1).

Isonicotinic acid, which possesses structural units similar to isonico-
tinamide and has lower lipophilicity, showed smaller J/Pf ratios during
secretin infusion than those of the controls (Fig. 3 and Table 1I). Almost
the same results were obtained with sulfanilic acid, which has lower li-
pophilicity than sulfanilamide. Sulfisoxazole and procainamide, com-
pounds with large molecular size compared with sulfanilamide and di-
methadione, showed smaller J/Pf ratios during secretin infusion.
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Figure 3—Isonicotinic acid concentration profile. Key: O, total plasma
drug concentration; @, plasma free drug concentration; and 8, secretin
infusion period. Open and hatched columns denote drug concentration
in the pancreatic juice and in the pancreas, respectively.



Table II—Effect of Secretin on Drug Permeation into
Pancreatic Juice

Table III—Effect 2 of Pancreozymin on Drug Permeation into
Pancreatic Juice

Percent Percent
Drug (J/PD) ecretin®  (I/Pfcontrol  Change®?  Statistics® Drug (J/Pf) ;e_;r;;;g‘mmb (J/Pf)secretin Change*
Dimethadione 1.83 1.41 +31+6(3) p<0.05 Dimethadione 1.72 1.49 15+ 4(3)
Isonicotinamide 0.91 0.92 -2+ 2(3) NS Sulfanilamide 1.04 1.04 0+4(3)
Sulfanilamide 1.08 1.23 -124+2(4) p <0.05 Sulfisoxazole 0.09 0.10 -104+£9(3)
Isonicotinic acid 0.17 0.29 -40+8(3) p<0.05 . .
Sulfanilic acid 0.03 0.08 -58+6(3) p <001 9 Data were not significant. The statistical test on the ¢-test of percent change.
Sulfisoxazole 0.14 0.35 ~57£7(3) p <001 ;See fk;)otngéeda of TableII. ¢ I;ercent ch(z:gge (&;rz:ls calcukated from the individual
o . ’ : . ) ta obtain uring secretin infusion period and during the secretin—pancreozymin
Procainamide 0.09 019  -51+6(3) p <001 "

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

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

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

coinfusion period. Data are presented with the standard error of the mean (SEM)
and with the number of animals in parentheses.

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

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

A model of salicylic acid transfer from salivary gland cells into saliva
by slower diffusion via lipid solvation was proposed (10, 11). Salicylic acid
diffusion from cell water to saliva was not rapid enough to reach equi-
librium, thus decreasing the salivary flow rate, which increased the sa-
liva-to-plasma unbound salicylic acid concentration ratio by about
one-third; dimethadione movement was rapid enough to reach equilib-
rium prior to excretion. In a study of the penetration of six water-soluble
chemicals in bile, the permeation rate of small molecules was unchanged
during bile flow stimulation while the penetration rate of large molecules
decreased as bile flow increased (12). Based on these findings, it is spec-
ulated that the molecular sieve barrier and the lipid barrier exist inde-
pendently even in secretin treatment. The effects of pancreozymin
infusion on the permeation of dimethadione, sulfanilamide, and sulfi-
soxazole from the blood to the pancreatic juice are shown in Table III by
the transport ratio (J/Pf) during pancreozymin treatment and during
the control experiment.

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

Keyphrases O Spironolactone—distribution coefficients, in vitro human
serum protein binding, 7a-carboxymethyl analog O Protein binding—
spironolactone, 7a-carboxymethyl analog, in vitro human serum 0O
Distribution coefficients—spironolactone, 7«-carboxymethyl analog,
phosphate buffer with n-octanol or chloroform

The spirolactones are steroidal aldosterone antagonists
clinically used to produce potassium-sparing diuresis. The
spirolactones have been studied extensively because of
their considerable biotransformation (1), potential carci-
nogenicity (2), and ability to induce hepatic detoxification
of chemicals (3-5). The pharmacodynamic properties of
spirolactones vary because of their differing structure-
activity relationships and physicochemical properties (6).
At least 19 spirolactones have been investigated (6, 7).

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

EXPERIMENTAL

Materials—Spironolactone! (I) was tritiated® randomly and used
without further purification. Tritiated 7a-carboxymethyl spirolactone?
(II), human serum albumin?, and human v-globulin® were used as re-
ceived. Other solvents and reagents were of analytical grade of purity.

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

2 Catalytic exchange method, 95.5% assay by radiochromatogram, specific activity
4.27 mCi/mg, New England Nuclear, Boston, Mass.

18C-25152, mol. wt. 400.53, tritiated in the 1- and 2-positions, 95.76% assay by
rﬁdiochmmatogram, specific activity 83.20 mCi/mg, G. D. Searle & Co., Chicago,
111

1 Lot 34G-8120, mol. wt. 69,000, Sigma Chemical Co., St. Louis, Mo.
5 Lot 113C-1010, Sigma Chemical Co., St. Louis, Mo.
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Procedures—Ten solutions of I and II in the 50-500-ng/ml range were
prepared in 0.1 M phosphate buffer at pH 7.4 and saturated previously
with n-octanol or chloroform.

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

P = (counts in n-octanol phase/counts in aqueous phase) (Eq. 1)

log P chloroform = 1.12 103 Pr.octanol — 1.343 (Eq. 2)

Eight solutions of I and II in the 50-1300-ng/ml range were prepared
in 0.1 M phosphate buffer at pH 7.4. Human serum albumin solutions
(1,2, 3, 4, and 5% w/v) and a human v-globulin solution (1.16% w/v) also
were prepared in the phosphate buffer. Exactly 1.0 ml of the sample so-
lution was introduced into one side of a dialysis cell® separated by a cel-
lulose membrane?, and 1.0 ml of protein solution was placed into the
opposite half. After the cells were incubated for 24 hr at 37°, measured
volumes of the sample and protein solutions were mixed with 10 ml of
Bray’s solution, and the mixtures were counted on a liquid scintillation
spectrometer for 5 min. The percent of I or Il bound to albumin or
v-globulin was determined from:

percent bound = [(counts in protein) — (counts in sample solution)]

counts in protein l
x 100 (Eq.3)

DISCUSSION

The distribution coefficients of I and II are reported in Table 1. There
is a considerable discrepancy between the values for I and IT in this study
and those determined previously (7). The I value determined in chloro-
form was 17% greater than the theoretical I value in chloroform calculated
from Eq. 2 using the experimental value for the distribution coefficient
of I in n-octanol. However, the reported value (7) for the distribution
coefficient of I in n-octanol is 289% larger than the corresponding present
study value. Similarly, the experimental value for the distribution coef-
ficient of II in chloroform was 210% greater than the corresponding
theoretical value, whereas the reported value (7) for the distribution
coefficient of I in n-octanol is 449% greater than the value determined
from this study.

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

6 Precision Scientific Co., Ann Arbor, Mich.

7 Model 3320, Packard Instrument Co., Downers Grove, I1i.

8 Constructed of Plexiglas, Technilab Instrument Inc., Pequannock, N.J.

9 Nominal pore size of 4.8 nm, impermeable to molecules with mol. wt. > 6000,
Technilab Instrument Inc., Pequannock, N.J.
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prepared in 0.1 M phosphate buffer at pH 7.4 and saturated previously
with n-octanol or chloroform.

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

P = (counts in n-octanol phase/counts in aqueous phase) (Eq. 1)
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spectrometer for 5 min. The percent of I or Il bound to albumin or
v-globulin was determined from:
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The distribution coefficients of I and II are reported in Table 1. There
is a considerable discrepancy between the values for I and IT in this study
and those determined previously (7). The I value determined in chloro-
form was 17% greater than the theoretical I value in chloroform calculated
from Eq. 2 using the experimental value for the distribution coefficient
of I in n-octanol. However, the reported value (7) for the distribution
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Table I—Distribution Coefficients of I and II Determined in 0.1
M Aqueous Phosphate Buffer at pH 7.4 versus n-Octanol and
Chloroform

Experimental Values,
mean = SEM, %

Reported Calculated
Values for Values® for

Compound  n-Octanol Chloroform  n-Octanol Chloroform
1 15639 £ 15.3 151+ 1.7 598.4% 12.9¢
II 15.9 £ 0.7 3.1+£03 87.34 1.0¢

e From Eq. 2. ® Antilog of log P = 2.777; Ref. 7. < Antilog of log P = 1.11, calcu-
lated from Eq. 2. ¢ Antilog of log P = 1.941; Ref. 7. ¢ Antilog of log P = 0.001, cal-
culated from Eq. 2.

Table II—Binding of I and II to Human Serum Albumin and
Human y-Globulin.

Protein Binding,
mean £ SEM, % Binding Difference, %°
Com- Albumin, Globulin, Albumin, Globulin,
pound 4% 1.16% Total 4% 1.16%  Total
I 66.5+0.4 183 +0.,5 84.7+04 — — —
II 457+£05 11.84+0.5 57.56+0.5 -31.2 -354 -32.1

a {(percent II — percent I)/percent I] X 100.

Table III—Comparison of Protein Binding Values for I and 1I

Protein Binding, %

Compound  Present Study® Reference 7° Reference 10¢
1 84.7 94.2 91.1,98.2
11 57.5 73.5 —

2 Based on the sum of binding by 4% human serum albumin and 1.16% human
v-globulin. ¥ Ultrafiltration method. ¢ Lower value was obtained via equilibrium
dialysis, and higher value was obtained vig ultrafiltration; both were determined
in human plasma at 550 ng of I/ml.

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

The values for percent protein binding determined in this study and
those reported earlier (7, 10) are listed in Tables II and II1. No binding
of I or II to the dialysis membrane was demonstrated. The significant
disagreement of the present results with those reported earlier may be
attributed to at least the following factors:

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

701
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Figure 1—Percent increase of I (0) and II (A) bound to human serum
albumin with increasing albumin concentration.
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Figure 2—Scatchard plot of v/Dg versus v for I over the 53.3-1278.0-
ng/mlrange (1.3-30.1 X 10-"M) in 4.0% (w/v) (5.8 X 10=* M) human
serum albumin at pH 7.4 and 37°.

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

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

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

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

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

¥/Df=K(n — ) (Eq. 4)
1.651
1.50}
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Figuré 3—Scatchard plot of /D¢ versus v for II over the 50.4-
1006.0-ng/ml range (1.3-25.1 X 10~7 M) in 4% (w/v) (5.8 X 10~* M)
human serum albumin at pH 7.4 and 37°.
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where v is the ratio of the concentration of albumin-bound spirolactone
to that of albumin, Dy is the concentration of unbound spirolactone at
dialysis equilibrium, K is the binding constant at equilibrium, and n is
the number of a single type of binding sites. The previous investigators
(7) apparently obtained linear plots of /Dy versus + for several spiro-
lactones. The concentrations of spirolactone used (7) appear to have been
~30-800 times higher than the peak serum concentrations of I and its
metabolites detected in human males given a 200-mg oral dose (10).

The ohserved absence of linearity, together with the complexity of the
Scatchard plots for I and II. strongly suggests diverse protein-ligand
binding characteristics. Such deviations were reported to be due to co-
operative ligand interaction, multiple-contact binding sites, or non-
equivalent binding sites (20). Inspection of the Scatchard plots reveals
several points of inflection, as well as both concave and convex curvatures
at varying concentrations of bound I and II. Such patterns generally are
the results of different types of binding sites, each exhibiting cooperative
character. Furthermore, individual binding sites for I and I may overlap
and also may contribute to the diverse binding pattern observed. Al-
though no absolute conclusion can be drawn regarding which phenome-
non dominates the binding pattern of I and II for human serum albumin,
a single model of independent, equivalent binding is not applicable for
the spirolactones studied.
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Abstract O Lidocaine disposition kinetics were studied in the pregnant
ewe following 0.5-, 1.0-, and 2.0-mg/kg iv bolus doses and in the non-
pregnant ewe following a 1.0-mg/kg iv bolus dose. Arterial blood was
assayed for lidocaine by GLC. The blood lidocaine concentration-time
curves were computer fitted to a two-compartment open model. In the
pregnant ewe, the total body clearance of lidocaine (38 ml/min/kg) re-
mained constant with increasing dose and was correlated linearly with
preinjection cardiac output. The apparent volume of distribution of the
central compartment apparently increased with increasing dose. The
half-life of the postdistributive phase and the volumes of distribution
at steady state and during the postdistributive phase increased as the
dose was increased from 0.5 to 1.0 mg/kg. These observations suggest
dose-related distribution of lidocaine in the pregnant ewe. The total body
clearance of lidocaine in the pregnant ewe was not different from that
in the nonpregnant ewe after 1.0-mg/kg doses; however, the volumes of
distribution of the central compartment at steady state and during the
postdistributive phase and the half-life of the postdistributive phase were
greater in the pregnant ewe. The greater total body clearance for lidocaine
in sheep as compared to humans is consistent with the greater hepatic
blood flow in sheep; calculated hepatic extraction ratios for sheep are
similar to hepatic extraction ratios for humans.

Keyphrases O Lidocaine—pharmacokinetics, pregnant and nonpreg-
nant sheep 0 Pharmacokinetics—lidocaine, pregnant and nonpregnant
sheep O Anesthetics—lidocaine, pharmacokinetics, pregnant and non-
pregnant sheep

Few literature reports describe drug disposition kinetics
in the pregnant individual, but drug pharmacokinetics
during pregnant and nonpregnant states may differ
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markedly. Alterations in drug disposition kinetics could
be related to maternal changes, including blood and/or
tissue binding of the drug, changes in the rates or distri-
bution of blood flow, and drug metabolism changes. More
importantly, drug kinetics during pregnancy may be al-
tered by the addition of the fetal-placental unit with its
inherent abilities to distribute, bind, metabolize, and clear
drugs.

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

EXPERIMENTAL

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

Polyethylene catheters were placed into the femoral artery and femoral
vein and advanced to the abdominal aorta and inferior vena cava, re-
spectively. The femoral artery catheter was used for continuous blood
pressure and heart rate monitoring, and the femoral vein catheter was
used for lidocaine administration. A central venous catheter was inserted
via percutaneous puncture into the external jugular vein and positioned
in the right atrium. This catheter was used for the injection of indocya-
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where v is the ratio of the concentration of albumin-bound spirolactone
to that of albumin, Dy is the concentration of unbound spirolactone at
dialysis equilibrium, K is the binding constant at equilibrium, and n is
the number of a single type of binding sites. The previous investigators
(7) apparently obtained linear plots of /Dy versus + for several spiro-
lactones. The concentrations of spirolactone used (7) appear to have been
~30-800 times higher than the peak serum concentrations of I and its
metabolites detected in human males given a 200-mg oral dose (10).

The ohserved absence of linearity, together with the complexity of the
Scatchard plots for I and II. strongly suggests diverse protein-ligand
binding characteristics. Such deviations were reported to be due to co-
operative ligand interaction, multiple-contact binding sites, or non-
equivalent binding sites (20). Inspection of the Scatchard plots reveals
several points of inflection, as well as both concave and convex curvatures
at varying concentrations of bound I and II. Such patterns generally are
the results of different types of binding sites, each exhibiting cooperative
character. Furthermore, individual binding sites for I and I may overlap
and also may contribute to the diverse binding pattern observed. Al-
though no absolute conclusion can be drawn regarding which phenome-
non dominates the binding pattern of I and II for human serum albumin,
a single model of independent, equivalent binding is not applicable for
the spirolactones studied.
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Abstract O Lidocaine disposition kinetics were studied in the pregnant
ewe following 0.5-, 1.0-, and 2.0-mg/kg iv bolus doses and in the non-
pregnant ewe following a 1.0-mg/kg iv bolus dose. Arterial blood was
assayed for lidocaine by GLC. The blood lidocaine concentration-time
curves were computer fitted to a two-compartment open model. In the
pregnant ewe, the total body clearance of lidocaine (38 ml/min/kg) re-
mained constant with increasing dose and was correlated linearly with
preinjection cardiac output. The apparent volume of distribution of the
central compartment apparently increased with increasing dose. The
half-life of the postdistributive phase and the volumes of distribution
at steady state and during the postdistributive phase increased as the
dose was increased from 0.5 to 1.0 mg/kg. These observations suggest
dose-related distribution of lidocaine in the pregnant ewe. The total body
clearance of lidocaine in the pregnant ewe was not different from that
in the nonpregnant ewe after 1.0-mg/kg doses; however, the volumes of
distribution of the central compartment at steady state and during the
postdistributive phase and the half-life of the postdistributive phase were
greater in the pregnant ewe. The greater total body clearance for lidocaine
in sheep as compared to humans is consistent with the greater hepatic
blood flow in sheep; calculated hepatic extraction ratios for sheep are
similar to hepatic extraction ratios for humans.

Keyphrases O Lidocaine—pharmacokinetics, pregnant and nonpreg-
nant sheep 0 Pharmacokinetics—lidocaine, pregnant and nonpregnant
sheep O Anesthetics—lidocaine, pharmacokinetics, pregnant and non-
pregnant sheep

Few literature reports describe drug disposition kinetics
in the pregnant individual, but drug pharmacokinetics
during pregnant and nonpregnant states may differ
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markedly. Alterations in drug disposition kinetics could
be related to maternal changes, including blood and/or
tissue binding of the drug, changes in the rates or distri-
bution of blood flow, and drug metabolism changes. More
importantly, drug kinetics during pregnancy may be al-
tered by the addition of the fetal-placental unit with its
inherent abilities to distribute, bind, metabolize, and clear
drugs.

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

EXPERIMENTAL

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

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

Estimated Constants and Coefficients of Variation®

Measures of Fit

Dose, A, a, B, B, Correlation
mg/kg Subject ug/ml min~! ug/ml min~! r2 Coefficient
0.5 1 1.21 (0.286) 0.553 (0.174) 0.190 (0.192) 0.0169 (0.154) 0.997 0.989
2 1.71 (0.195) 0.549 (0.125) 0.130 (0.150) 0.0174 (0.109) 0.999 0.997
3 0.993 (0.165) 0.445 (0.112) 0.161 (0.111) 0.0187 (0.118) 0.999 0.971
4 1.42 (0.114) 0.331 (0.078) 0.166 (0.081) 0.0130 (0.092) 1.000 0.993
5 1.24 (0.162) 0.385 (0.102) 0.111 (0.123) 0.0176 (0.108) 1.000 0.985
Average 1.31 (0.183) 0.453 (0.124) 0.152 (0.133) 0.0167 (0.120)
1.0 1 3.02 (0.225) 0.415 (0.174) 0.181 (0.166) 0.0128 (0.203) 0.999 0.994
2 1.07 (0.197) 0.282 (0.140) 0.159 (0.127) 0.0125 (0.168) 0.999 0.987
3 1.69 (0.113) 0.531 (0.072) 0.317 (0.061) 0.00954 (0.084) 0.998 0.993
4 1.73 (0.294) 0.282 (0.221) 0.144 (0.208) 0.0107 (0.411) 0.998 0.993
Average 1.88 (0.212) 0.378 (0.141) 0.201 (0.124) 0.0114 (0.217)
2.0 4.31 (0.150) 0.368 (0.097) 0.616 (0.114) 0.0161 (0.093) 1.000 0.965
2 1.80 (0.171) 0.131 (0.121) 0.329 (0.111) 0.00797 (0.163) 0.998 0.936
3 2.44 (0.121) 0.199 (0.078) 0.566 (0.081) 0.0100 (0.095) 0.999 0.967
4 4.49 (0.157) 0.337 (0.097) 0.435 (0.124) 0.0170 (0.106) 1.000 0.957
5 2.45 (0.089) 0.205 (0.058) 0.443 (0.063) 0.0160 (0.049) 1.000 0.990
Average 3.10(0.140) 0.248 (0.090) 0.478 (0.098) 0.0134 (0.094)

2 Numbers in parentheses are coefficients of variation.

Table II—Estimates of Pharmacokinetic Constants for Individual Nonpregnant Ewes

Estimated Constants and Coefficients of Variation®

Measures of Fit

A, «, B, g, Correlation
Subject ug/ml min~1 ug/ml min~! re Coefficient
1 3.34 (0.208) 0.473 (0.146) 0.136 (0.174) 0.0200 (0.110) 1.000 0.907
2 7.20 (0.187) 0.625 (0.099) 0.330 (0.123) 0.0126 (0.143) 1.000 0.985
3 2.16 (0.100) 0.216 (0.058) 0.395 (0.076) 0.0199 (0.050) 1.000 0.994
Average 4.23 (0.177) 0.438 (0.109) 0.287 (0.109) 0.0175% (0.095)

2 Numbers in parentheses are coefficients of variation. ¢ Statistically significant (p < 0.05) difference between nonpregnant and pregnant ewes (Table ) using the

Student ¢ test.

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

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

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

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

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

I Cardio-Green, Hynson, Wescott and Dunning, Baltimore, Md.

2 Radiometer BMS3 MK2 blood micro system with PHM71 MK2 acid-base
analyzer, London Co., Cleveland, Ohio.

3 érass model 7 polygraph with Statham pressure transducers, Quincy, Mass.

4 Xylocaine, Astra Pharmaceutical Products, Inc., Worcester, Mass.

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

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

C = Ae 4 Be~ft (Eq. 1)

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

Ine2=lna+ninC (Eq. 2)

where g2 is the variance corresponding to the mean drug concentration,
C, for a group of subjects at a given time following injection and a and
n are constants. If n = 1, an appropriate weighting factor is the reciprocal
of the plasma drug concentration; if n = 2, the squared reciprocal of the
plasma drug concentration may be used. Linear regression of In 2 as a
funetion of In C for the data in this study resulted in n values of 1.39 (r
= 0.970), 1.59 (r = 0.923), and 1.76 (r = 0.890) for the 0.5-, 1.0-, and
2.0-mg/kg doses in the pregnant ewes, respectively, and of 1.68 (r = 0.986)
for the 1.0-mg/kg dose in the nonpregnant ewes. Because the n values
approach two, each plasma concentration data point was weighted with
its squared reciprocal.

Tables I and II contain estimates of the pharmacokinetic constants
(A, @, B, and 3 ) for each subject and values for the criteria used to assess
the data fit from each subject to Eq. 1. The criteria were: the coefficient
of variation of the estimated pharmacokinetic constants (standard de-
viation of the estimate/estimated constant), the coefficient of determi-
nation [r2 = Z(obs? — Zdev?2)/Zobs?], and the correlation coefficient
relating the equation-predicted and observed lidocaine concentrations.
The coefficients of determination and correlation coefficients approached

5 Using a CDC 6400 computer.
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Table ITI—Pharmacokinetic Parameters in Pregnant Ewes following Intravenous Bolus Lidocaine Hydrochloride Administration

(Means + SD)
Cardiac t/2 t/2 Total Body

Dose, Weight, Output, (a), M, Clearance, Ve, Vs Vs, k1o, k12, kai,
mg/kg n kg liters/min ~ min min ml/min/kg  liter/kg  liters/kg liters/kg min~! min~! min~!
0.5 5 61.1 7.0 1.6¢ 42.2% 38 0.31¢ 1.69% 2.24% 0.124 0.282¢ 0.063
+7.3 +1.5 +0.3 +6.5 +8 +0.06 +0.14 +0.24 +0.033 +0.075 +0.020
1.0 4 70.4 7.9¢ 2.0 61.8 42 0.48 2.73 3.63 0.094 0.244 0.052
+13.4 +2.1 +0.6 +8.6 +13 +0.16 +0.45 +0.80 +0.041 +0.106 +0.028
2.0 5 65.9 6.1 3.2 59.2 34 0.54 2.16 2.83 0.074 0.142 0.044
+14.3 +1.7 +14 +19.4 +7 +0.20 +0.55 +0.69 +0.039 +0.059 +0.012

@ Statistically significant difference (p < 0.05) between the 0.5- and 2.0-mg/kg doses using the Student ¢ test. > Statistically significant difference (p < 0.01) between

the 0.5- and 1.0-mg/kg doses using the Student ¢ test. ¢ Three studies.

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

The values for A, «, B, and 8 were used to calculate (6) pharmacoki-
netic parameters for the two-compartment open model (Scheme I):

D
\

kll
central ]
compartment k,, peripheral
\74 compartment
(4
klO
Scheme [

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

RESULTS
The computer-determined estimates of A, a, B, and 8 for all pregnant

animals within each dosage group were averaged and used to generate
curves indicating the blood lidocaine concentration change with time

5.00+

0.204

0,10

] C=310e025. 0486700
0.05
) C=188 67038140200

0.02+

ARTERIAL LIDOCAINE CONCENTRATION, ug/mi

C=131e7043! 415007

0.01 T T T T 3
30 60 90 120 150

MINUTES
Figure 1—Arterial blood lidocaine concentration—time curves following
intravenous bolus lidocaine hydrochloride administration at three doses
to pregnant ewes. The equations indicate the averaged computer esti-
mates for A, a, B, and § used to generate each curve.
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following intravenous bolus dosing to pregnant ewes (Fig. 1). The equa-
tions in Fig. 1 indicate the average values of A, a, B, and {3 for each dosage
group. Table III shows the means and standard deviations for physio-
logical data and the pharmacokinetic parameters calculated from 4, «,
B, and 8 for the three doses in the pregnant ewes.

As the lidocaine dose increased, the slope of the a-phase (distributive
phase) of the blood concentration-time curve increased (Fig. 1), as in-
dicated by the increase in the a-phase half-life [t/2 (a), Table III]. Al-
though the mean a-phase half-lives for the three doses did not all differ
significantly from each other, the a-phase half-life following the 0.5-
mg/kg dose differed significantly (p < 0.05) from that following the

2.0-mg/kg dose. The curves in Fig. 1 also indicate different slopes for the

8-phases (postdistributive phase) of the blood concentration-time curves.
These differences are reflected in the 8-phase half-lives [¢/2 (3)] in Table
II1. The B-phase half-life following the 0.5-mg/kg lidocaine dose differed
significantly (p < 0.01) from that following the 1.0-mg/kg dose.

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

Each of the three volumes of distribution for lidocaine showed statis-
tically significant (p < 0.05) positive correlations with body weight and,
therefore, were weight normalized for inclusion in Table III. The mean
apparent volume of distribution for the central compartment, V., fol-
lowing the 0.5-mg/kg dose differed significantly (p < 0.05) from that
following the 2.0-mg/kg dose. The apparent volume of distribution of

o] .

TOTAL BODY CLEARANCE, liters/min

4.0 6.0 i 8.0 ’ 10.0
CARDIAC QUTPUT, liters/min

Figure 2—Correlation between cardiac output and total body clearance
of lidocaine following administration of 0.5, 1.0, and 2.0 mg of lidocaine

hydrochloride/kg to pregnant sheep.



Table IV—Individual Pharmacokinetic Parameters in Nonpregnant and Pregnant Ewes following a 1.0-mg/kg Intravenous Bolus

Dose of Lidocaine Hydrochloride

Cardiac ti/2 tie Total Body
Weight, Output, (o), B, Clearance, Ve, Vea Vs, k1o, k12, kai,
Subject kg liters/min min min mi/min/kg liter/kg  liters/kg  liters/kg min~! min~! min~!
Nonpregnant
1 51.0 —0 1.5 34.7 63 0.25 1.60 3.12 0.251 0.204 0.038
2 75.6 6.5 1.1 55.0 23 0.12 1.28 1.83 0.200 0.398 0.039
3 80.2 10.2 3.2 34.8 29 0.34 1.01 1.45 0.085 0.100 0.050
Mean 68.9 8.4 1.9 41.5% 38 0.24¢ 1.304 2.13¢ 0.179 0.234 0.042
SD +15.7 +2.6 +1.1 +11.7 +22 +0.11 +0.30 +0.88 +0.085 +0.151 +0.007
Pregnant
1 60.2 5.8 1.7 54.2 47 0.32 2.47 3.68 0.149 0.243 0.036
2 60.9 8.0 2.5 55.5 52 0.71 3.28 4.19 0.074 0.173 0.048
3 71.6 —a 1.3 72.7 24 0.43 2.28 2.49 0.055 0.394 0.092
4 89.0 9.9 2.0 64.8 45 0.47 2.91 4.17 0.096 0.165 0.032
Mean 70.4 7.9 2.0 61.8 42 0.48 2.74 3.63 0.094 0.244 0.052
SD +13.4 +2.1 +0.6 +8.7 +12 +0.16 +0.45 +0.80 +0.041 +0.106 +0.028

¢ Not determined. ® Statistically significant (p < 0.05) difference between nonpregnant and pregnant ewes using the Student ¢ test. © Statistically significant (p <
0.10) difference between nonpregnant and pregnant ewes using the Student ¢ test. ¢ Statistically significant (p < 0.01) difference between nonpregnant and pregnant

ewes using the Student ¢ test.

lidocaine at steady state, V,;, relates the amount of lidocaine in the body
to the blood lidocaine concentration at steady state; the apparent volume
of distribution of lidocaine during the postdistributive phase, Vg, relates
the amount of lidocaine in the body to the blood lidocaine concentration
at any time during the postdistributive, 3, phase (6). Mean values for
these apparent volumes of distribution also are found in Table II1. Both
the apparent volume of distribution at steady state and the apparent
volume of distribution during the postdistributive phase following the
0.5-mg/kg dose differed significantly (p < 0.05) from the corresponding
volumes following the 1.0-mg/kg dose.

Table III shows that the lidocaine elimination rate constant, k3o, de-
creased as the dose increased; however, the mean elimination rate con-
stants for each dose did not differ significantly from one another. The
rate constants for lidocaine transfer between the central and peripheral
compartments also are found in Table III. As the lidocaine dose was in-
creased, both intercompartmental rate constants, ky2 and kg, de-
creased.

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

5.00

ARTERIAL LIDOCAINE CONCENTRATION, pug/mt

30 60 90 120 150
MINUTES
Figure 3—Arterial blood lidocaine concentration-time curves following
intravenous bolus administration of 1.0 mg of lidocaine hydrochloride/kg
to pregnant and nonpregnant ewes. The equations indicate the averaged
computer estimates for A, a, B, and B used to generate each curve.

in the nonpregnant ewe with those in the pregnant ewe (Table [V) shows
that the 3-phase half-lives differed significantly (p < 0.05) between the
two groups. Although the volumes of distribution and clearances in this
limited sample of nonpregnant ewes did not correlate with weight, the
values for these parameters were weight normalized for comparison with
the pregnant animal group. The volume of distribution at steady state
in the nonpregnant animal differed significantly (p <0.01) from that in
the pregnant animal. In addition, the apparent volume of distribution
of the central compartment and during the postdistributive phase dif-
fered significantly between the two groups but at a lower level of signif-
icance (p < 0.10).

DISCUSSION

The use of the two-compartment open model (Scheme 1) to describe
lidocaine disposition in the pregnant ewe implies linearity of lidocaine
disposition kinetics as a function of dose. The total body clearance for
lidocaine (Table III) remained relatively constant as the intravenous
bolus dose was increased from 0.5 to 2.0 mg/kg. Also, the area under the
blood lidocaine concentration-time curve, AUC, showed a statistically
significant (r = 0.921, p < 0.001, Fig. 4) linear correlation with the
weight-normalized dose, D, according to:

AUC = L (D) (Eq. 3)
Clr
where Clr represents total body clearance. The regression line passed
through the vertical axis near zero (—2.0 min X mg/liter), and the recip-
rocal of the slope (total body clearance) was 38 ml/min/kg.

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

The dose-related increase in the apparent volume of distribution of
the central compartment could be a result of the hemodynamic effects
of lidocaine. Lidocaine is known to increase cardiac output in humans
(at arterial lidocaine concentrations of 4-7 ug/ml) and in dogs (8-10),
presumably by a central nervous system (CNS) effect evoked through
the sympathetic nervous system. Following a bolus lidocaine injection,
transient high lidocaine levels in the CNS could produce a brief, dose-
related increase in cardiac output. Resulting tissue perfusion increases
would promote more rapid tissue uptake of lidocaine and, therefore, an
apparent dose-related increase in the volume of distribution of the central
compartment. The effect of lidocaine on cardiac output and, hence, on
tissue uptake would be brief and would not significantly alter lidocaine
elimination; therefore, total body clearance of lidocaine remained un-
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Figure 4—Correlation between dose and area under the blood lidocaine
concentration-time curve following administration of 0.5, 1.0, and 2.0
mg of lidocaine hvdrochloride/kg to pregnant sheep.

changed with dose (Table 111). The brevity of the effect of lidocaine on
cardiac output is supported by cardiac output measurements at 5 min
following bolus lidocaine® injection; these cardiac output measurements
were not different from the control values shown in Table II1.

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

The observation of a dose-related increase in the apparent volume of
distribution of the central compartment (and a concomitant decrease
in kjpand k12) in pregnant sheep is consistent with trends reported de-
scribing lidocaine disposition kinetics in normal human volunteers (10).
In that study, the apparent volume of distribution of the central com-
partment increased (0.44-0.48 liter/kg), the elimination rate constant
k1o decreased (0.24-0.22 min™!), and the intercompartmental rate con-
stant ko decreased (0.066--0.041 min~!) as the intravenous bolus dase
was increased (50-100 mg). An increase in the apparent volume of dis-
tribution of the central compartment in normal humans is consistent with
a probable transient increase in cardiac output following a bolus lidocaine
dose. In addition, this volume increase is consistent with a decrease in
the percent of lidocaine bound in plasma as blood lidocaine levels in-
crease. [n humans, plasma lidocaine binding decreases from 75% at 0.4
ug/ml to 58% at 5 ug/ml (11). The mean extrapolated zero-time lidecaine
concentrations in normal humans, 1.80 and 2.79 pg/ml following bolus
doses of 50 and 100 mg, respectively (10), are in the concentration range
where significant plasma binding changes occur. Thus, although phar-
macokinetic parameters may not show statistically significant differences
as the dose is increased, dose-related trends in pharmacokinetic pa-
rameters may offer increased insight into the drug disposition ki-
netics.

In addition to possible dose-related nonlinearities in the «-phase of
lidocaine disposition, Table IIT shows evidence for dose-related kinetics
during the 8- or postdistributive phase in pregnant ewes. Following the

6 D. C. Bloedow, D. H. Ralston, and J. C. Hargrove, unpublished results.
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0.5-mg/kg dose, the 3-phase half-life (42.2 min) differed significantly from
that (61.8 min) following the 1.0-mg/kg dose. The 3-phase half-life [t/
2(3)] is related to the total body clearance, Clr, and to the apparent
volume of distribution during the postdistributive phase, Vg, according
to:

0.693Vg

Clp
Since the total body clearance of lidocaine in the pregnant ewe does not
appear to change with dose, Eq. 4 indicates that an increase in the 8-phase
half-life of lidocaine may be a function of an increase in the apparent
volume of distribution. This concept is consistent with the significant
change in the volume of distribution during the postdistributive phase
(2.24-3.63 liters/kg, Table III) as the lidocaine dose was increased from
0.5 to 1.0 mg/kg. A better indication of dose-related distribution changes
is a comparison of the apparent volumes of distribution at steady state
following different doses. This parameter is not dependent on elimination
processes as is the apparent volume of distribution during the postdis-
tributive phase. The change in the volume of distribution of lidocaine
at steady state from 1.69 to 2.73 liters/kg as the dose was increased from
0.5 to 1.0 mg/kg was significant. Thus, the data indicate that dose-related
changes in the apparent volume of distribution of lidocaine in the preg-
nant ewe may influence the biological half-life.

Lidocaine disposition kinetics in the nonpregnant ewe differed from
the lidocaine disposition kinetics in the pregnant ewe (Table 1V) at a
1.0-mg/kg dose. Figure 3 indicates that the initial lidocaine levels fol-
lowing a 1.0-mg/kg bolus dose were higher in the nonpregnant ewe, but
that during the 3-phase the blood levels in the nonpregnant ewe de-
creased more rapidly than in the pregnant ewe. These blood level changes
are reflected in the pharmacokinetic parameters in Table IV. The lower
apparent volume of distribution of the central compartment in the
nonpregnant ewe resulted in higher initial blood lidocaine levels in the
nonpregnant animal following a bolus dose based on body weight. In
addition, the lower 3-phase half-life in the nonpregnant ewe, 41.4 versus
61.8 min in the pregnant ewe, reflected the more rapid decline in blood
lidocaine levels during the 3-phase in the nonpregnant animal following
a bolus dose.

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

The values for total body clearance of lidocaine in the pregnant sheep
(38 ml/min/kg as determined by the method illustrated in Fig. 4) and in
the nonpregnant sheep (38 ml/min/kg, Table IV) were considerably
greater than the total body clearance reported for lidocaine in humans
(9-14 ml/min/kg) (2, 10). In humans, the total body clearance of lidocaine
increases as the cardiac output and, therefore, the hepatic blood flow
increase (12, 13). In the pregnant sheep, the total body clearance alsa
increased as the cardiac output (Fig. 2) and, presumably, the hepatic
blood flow increased. Hepatic blood flow in normal humans is about 21
ml/min/kg (1.5 liters/min in a 70-kg human), and hepatic blood flow in
pregnant and nonpregnant ewes is about 65 and 55 ml/min/kg, respec-
tively (14). Thus, the hepatic blood flow in the ewe is sufficient to account
for the comparatively higher total body clearance of lidocaine in
sheep.

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

t/24B) =

(Eq. 4)

_Clr(i =)
q

where Cl7 is the total body clearance of drug, f is the drug fraction ex-
creted unchanged from the body, and & is the hepatic blood flow. Use
of Eq. 5 for hepatic lidocaine extraction in the pregnant ewe is based on
the assumptions that: (a) renal excretion is the only nonmetabolic ex-
cretory pathway for lidocaine, (b) the dose fraction excreted unchanged
in the urine [0.014 (16)] in normal adult sheep is the same as that for
pregnant ewes, (¢) lidocaine metabolism occurs only in the liver, and (d)
hepatic blood flow [65 ml/min/kg (14)] does not change significantly
following the lidocaine injection. Cardiac output in the pregnant sheep
measured 5 min following injection of 0.5, 1.0, or 2.0 mg of lidocaine/kg®

E (Eq. 5)



did not change significantly from control values; presumably, hepatic
blood flow behaves similarly. The extraction ratio for lidocaine in the
pregnant sheep was 0.57 using Eq. 5. Similar assumptions and calcula-
tions for the nonpregnant sheep [@ = 55 ml/min/kg (14)] yielded an ex-
traction ratio of 0.69. These values are similar to the extraction ratio
(~0.68) reported for lidocaine in humans (17).

The results of these studies provide evidence for subtle dose-related
lidocaine kinetics in pregnant sheep. Further studies on lidocaine binding
in ovine plasma and on cardiac output and blood flow distribution during
the initial lidocaine distributive phase in sheep are necessary to sub-
stantiate the reasons for the apparent nonlinearity of lidocaine disposi-
tion.
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Abstract O A variety of nonnitrogenous oxygenated compounds gave
false-positive alkaloid reactions with Dragendorff’s spray reagent. These
compounds reacted positively if the oxygen function and the 8-carbon
bonded to the oxygen had high electron density. Thus, aldehydes, ke-
tones, lactones, ethers, esters, epoxides, and peroxides with an ethylene
bond or free alkyl groups at the 3-carbon gave a positive reaction, pro-
vided that the availability of electrons at the oxygen and the 8-carbon
was not altered by electron withdrawal or hydrogen bonding. Carbonyl,
ether, and ethylene functions were shown by IR evidence to be involved
in coupling. Nitrogen-free, alkaloid-like acetone artifacts were obtained
by interaction with fixed alkali and with acids. These compounds were
postulated to be «,8-unsaturated aldol condensation products of acetone.
Interaction with ammonia in addition yielded nitrogenous alkaloid-like
artifacts.
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artifacts—nonnitrogenous, alkaloid-like compounds, interference with
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0O Dragendorff’s reagent—false-positive alkaloid reaction with non-
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Of the numerous reagents described for the detection
of alkaloids (1), only a few have reliable sensitivity (2). All
of these reagents suffer from nonspecificity. Many ni-
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with several of these reagents similarly to alkaloids (3-8).
Some nonnitrogenous compounds react similarly to alka-
loids in giving crystalline salts with acids (8).

BACKGROUND

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

Farnsworth et al. (3) determined that any nonnitrogenous compound
having conjugated carbonyl or lactone functions would react in a manner
typical of alkaloids. The range of compounds that produce a false-positive
reaction is greater than is generally realized (27), and compounds such
as the common plant sterols and triterpenes are readily detected by
Dragendorff’s spray.
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with several of these reagents similarly to alkaloids (3-8).
Some nonnitrogenous compounds react similarly to alka-
loids in giving crystalline salts with acids (8).

BACKGROUND

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

Farnsworth et al. (3) determined that any nonnitrogenous compound
having conjugated carbonyl or lactone functions would react in a manner
typical of alkaloids. The range of compounds that produce a false-positive
reaction is greater than is generally realized (27), and compounds such
as the common plant sterols and triterpenes are readily detected by
Dragendorff’s spray.
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Table I—Compounds Tested in the Present Study that Reacted Positively with Dragendorff’s Spray Reagent

Column A: Compounds with Conjugated
Carbonyl or Lactone Functions

Column B: Compounds Lacking any Conjugated
Carbony! or Lactone Function

Compound Reaction® Compound Reaction®
With carbonyl or lactone as only reactive function Nonconjugated aldehydes and ketones
Conjugated aldehydes and ketones Isobutyraldehyde +++
Acrolein +++ Menthone ++
Crotonaldehyde +++ Camphor ++
Furfural +++ Acetonylacetone +
Cinnamic aldehyde +++ Nonconjugated lactones
Citral ++ Picrotoxin (picrotoxinin) ++
Carvone +++ Arctiin +++
3-Hydroxybenzaldehyde +(£) Isolipidiol +
Acetophenone +++ Judeicin +
Benzophenone ++ «-f3-Unsaturated alcohols (their ethers and esters)
Chalcone +++ Geraniol +(+)
Benzil ++ Geranyl acetate +
Progesterone + Linalyl acetate +
Testosterone + Phenols, phenolic ethers, and esters
Cortisone ++ Eugenol +++
Conjugated lactones Acetyleugenol +++
Coumarin +++ Anethole +
Umbelliferone + Guaiacol +(z)
Digitoxin +++ Thymol +(+)
Digoxin +++ Acetylated thymol +
%r‘;)lp));inthm i+ «,f3-Unsaturated (or aromatic) acids and their esters
u. 0 . - . " .
Romenesios e Gmamicad e
... LactoneS.a.c . + Phenyl salicylate +
With additional reactive ether or ester functions Methyl salicylat.
Piperonal +++ oLy, sancylate +
Veratraldehyd Tt Veratric acid . . +++
eratraldenyde Alcohols (their ethers and esters) with branching at
Anisaldehyde ++4 3-carbon
X?:tlyll;ted vanillin Ig-i) Primary isobutanol +
3-Butoxybenzaldehyde ++ Elgk?:;atry){ ;Sg(gﬁé}g acetate Iii
K.h‘ellm. +++ Isoamyl alcoho) +
Visnagin . et Isoamyl acetate +++
Methoxsalen (xanthotoxin) +++ Isoamyl ether ++
Bergapten +++ Menthyl acetate ++
I‘mpera‘wrm 4 Bornyl acetate +
Santonin +++ Isobornyl acetate +
Xanthumin t+ d Acetylated 8-amyrin ++
Rotenone o (+++)%  Migcelianeous compounds
Total withanolides® +++ Cineole ++
Withaferin A +++ Ascaridole +++
A Cog steroid lactone from Withania somnifera’ (+)/ Digitonin ++
Acetylated rutin +++ Di%s enin +++
Acetylated quercitin ++ 9 3—.Dgihydro-4-pvr0ne +
Acetylated kaempferol glucoside ++ Ethyl-2-cyclohexanone carboxylate T4+
Acetylated hyperoside + Cannabinoids# . +
Acetylated quercitin glucuronide +(%) a !
Acetylated quercitin pentoside +
Acetylated chrysophanic acid +
Acetylated sennidins A + B +
3-Glycyrrhetinic acid +(£)

a Key: +, faint reaction; ++, typical reaction; and +++, immediate typical reaction. ® The total -olide fraction of Acokanthera spectabilis, isolated by a reported method
(291, showed at least four Dragendorff-positive componeats on TLC. ¢ A conjugated ketolactone isolated from Senecio aegyptius (38). ¢ Some compounds that gave
a typical orange-red color with the fresh reagent gave a typical bluish color with old reagent (e.g., cortisone and rotenone). ¢ The lactonic fraction of Withania somnifera,
freed from any contaminating alkaloids, showed at least six Dragendorff-positive spots. / Isolated from the roots and reported to give a positive reaction with Dragendorff’s
reagent. £ Extracted from Cannabis and chromatographed by reported methods 133, 34).

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

}Dr. A. A, Omar, Department of Pharmacognosy, Faculty of Pharmacy, Alex-
andria University, Alexandria, Fgypt, personal communication.
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camphor, cineole, ascaridole, and arctiin lack the minimal structural
features determined by Farnsworth et al. (3).

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

EXPERIMENTAL

Test Compounds—The compounds were obtained from commercial
sources. Some natural products were provided by investigators or sepa-
rated by TLC from plant materials, crude drugs, or preparations. Lo-
calization of these compounds was achieved through reliance on reported
Ry values in specified TLC systems and the use of specific chromogenic
reagents (32-35), and no quantitation was attempted.

Acetylated Compounds—Acetylation of the test compounds was
effected by pyridine-acetyl chloride or acetic anhydride-sulfuric acid.
Chloroform extracts of the acetylated compounds were washed thor-
oughly with 2% HCI and water or with 2% NaHCO; and water, respec-
tively.



Table II—Compounds Reported by Farnsworth et al. (3) to React Positively with Dragendorff’s Spray Reagent

Column A: Compounds with Conjugated
Carbonyl or Lactone Structure

Column B: Compounds Lacking any Conjugated
Carbonyl or Lactone Function

Compound Reaction® Compound Reaction®
Ten 4-methoxy-a-pyrones ++++ Eugenol ++++
Four coumarins ++++  Hydroxycitronellol ++++
Four furanocoumarins ++++  Menthyl salicylate ++++
Three y-pyrones ++++  Phenyl salicylate +++
Khellin ++++  Salieylic acid ++
Chalcone ++++  Benzyl acetate ++
B-Methoxychalcone +4++4+  Camphor ++
cis-1,4-Diphenyl-2-butene-1,4-dione ++++  Cineole (eucalyptol) ++
trans-1,4-Diphenyl-2-butene-1,4-dione ++++  Methyl salicylate ++
Acrolein ++++  Aspirin +
Amyl cinnamate ++++  Anethole +
Cinnamaldehyde ++++  Cinnamic acid +
Digitoxin ++++  Geraniol +
Menadione +++4+  Guaiacol +
Ouabain ++++  Hydroquinone +
Triketohydrindene hydrate ++++4+  Phloroglucinol +
Piperonal ++ Resorcinol +
Quinone + Terpineol +
Vanillin + Thymol +

@ Key: ++++, immediate persistent reaction with Dragendorff’s reagent; +++, immediate, slight, persistent reaction; ++, immediate reaction, fading within 24 hr;

and +, positive reaction only after 24 hr.

Table III—Reactions of Compounds with Alkaloidal Reagents

Test Compounds®

NACP HACP FACP RuAc QuAc KmAc ChAc RhAc Meth Imp Sant
Reagent®  FIF2 FIF2 FiFe FiFz FIT2 F1F2 FiF2 FiF2 FIF2 FiFz TFiF2
Drag. sp. + + + - + - + - + - + - + - - = + - + - + -
Drag.pt. + + + - + - - - - - + - - - - - + - + - - -
Mayer’s + + + - + - + - + - + - - - - - + - + - - -
Wagner’s + + + - + - + - + - + - - - - - + - + - + -
STA + 4+ + - + - + - + - + - - - - - + - + - - -
Kraut’s + + + - + - - - + - + - - - - - + - + - - -
R. salt + + + - + - - - + - + - + - + - + - + - - -

@ Key: Drag. sp., Dragendorff’s spray reagent (Munier—Macheboeuf modification) (13); Drag. pt., Dragendorff’s precipitation reagent (16); STA, silicotungstic acid;

and R. salt, Reinecke salt.  Key: NACP

, ammonia-catalyzed acetone condensation products; HACP, acid-catalyzed acetone condensation products; FACP, fixed alkali-

catalyzed acetone condensation products; RuAc, acetylated rutin; QuAc, acetylated quercitin; KmAc, acetylated kaempferol; ChAc, acetylated chrysophanic acid; RhAc,
acetylated rhein; Meth, methoxsalen; Imp, imperatorin; Sant, santonin; F1, fraction 1 (initial chloroform extract from acid medium); and F2, fraction 2 (purified chloroform

extract from alkaline medium), as described under Experimental.

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

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

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

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

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

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

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

Partition of Test Compounds and Preparations—The purified total
cardenolide fraction of Acokanthera spectabilis (29), the alcoholic extract
of L. dentata, certain acetylated flavonoids [rutin, quercitin, kaempferol,
hyperoside (3-D-galactoside hemipentahydrate), and quercitin glucu-
ronide], the fixed alkali-catalyzed acetone condensation products, the
acid-catalyzed acetone condensation products, the ammonia-catalyzed
acetone condensation products, santonin, methoxsalen (xanthotoxin),
and imperatorin were subjected to partition between acid-base and or-
ganic solvents. A concentrated alcoholic solution of the material was taken
in dilute hydrochloric acid, the acidic solution was extracted with two
portions of chloroform (fraction 1), and the aqueous phase was alkalinized
with ammonia solution and reextracted with two portions of chloroform
(fraction 2). Both fractions were tested with Dragendorff’s spray and
precipitation reagents, Mayet’s reagent, Wagner’s reagent, silicotungstic
acid solution, Reinecke salt solution, and Kraut’s reagent.

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

RESULTS AND DISCUSSION
Of the many organic compounds tested, only positively reacting

compounds are given in Table I. Compounds reported by Farnsworth et
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al. (3) to give a positive reaction are given in Table II after being cate-
gorized according to whether they conform to the structural requirements
determined by these investigators.
The structures of 86 positively reacting compounds (Table I) and some
of the 55 compounds reported by Farnsworth et al. (3) (Table II) were

R

studied. Many of the compounds were conjugated aldehydes, ketones,
and lactones, thus fulfilling the minimal structural requirement indicated
by Farnsworth et al. (3). These compounds are listed in column A of
Tables I and I1. Many other compounds lack these structural features
{column B of Tables 1 and II).

Compounds of column B (Table I) have no common structural feature
that correlate them to compounds of column A. While some have carbonyl
or lactone functions (the first eight compounds), they lack conjugation

C to these functions. All other compounds of column B lack carbonyl or
o N LK lactone functions. Thus, neither these features nor the conjugation is
(=C—C—0 /C—C—O necessary for the reaction.
C All of the positively reacting compounds are oxygenated, and the
111 v oxygen represents a site of high electron density—uiz., carbonyl, lactone,
CH,
CH._, CH, CH, CH,— CH, b
~ * * —CH./
“\CH—CHO CE—cH, SCH—CH,OR “SCH—cHor ~ CH—GTCHOR
cH” cu,” \/ cH,” cH~ !
4 X} 0 3 3 CHJ
\Y VI VII VIII IX
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: “J
% 0 0
* XV
H CH:!
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OH
HO
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0 OCH, R, OCHJO

XLVIII

ether, ester, epoxide, and peroxide. This observation suggested that: (a)
it may not be the carbonyl function per se but instead the high availability
of its electrons that accounts for the reaction, and (b) other oxygen
functions of comparably high electron density may react similarly. This
suggestion has been realized by the strong positive reactions of some
conjugated ethers and esters (Table I) and the positive reaction of some
a,3-unsaturated alcohols and acids. The existence of the «,8-unsatura-
tion in these compounds would increase substantially the electron density
at the oxygen function (I and I1), rendering it sufficiently basic to form
coordinate complexes with Lewis acids (alkaloidal reagents).

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

Many compounds that lack «,8-unsaturation (to the oxygen) react
positively (Tables I and II). Nonetheless, in almost all of these com-
pounds, the 3-carbon (denoted by an asterisk) bears one or more free alky!
groups. The electron-repelling methyl groups increase the electron
density at the 3-carbon, resulting in the same effect as does a,3-unsat-
uration. In V-XV, the effect of the free alkyl groups is demonstrated; the
arrowheads in the structural formulas of these compounds qualitatively
represent the electron-repelling effect of these groups.

These observations were significant in establishing III or IV as the

OH
XLIX L

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

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

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

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

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

The reaction of compounds that fulfilled the essential requirement was
affected by other functions that altered the electron density at the oxygen
or the 8-carbon. Thus, when the 8-carbon was involved in an aromatic
structure or a conjugated double bond system, electron-repelling sub-
stituents enhanced the reaction, e.g., pyrocatechol (=) {cf., guaiacol (£)
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Scheme [—Possible acid-catalyzed, fixed alkali-catalyzed, and ammonia-catalyzed acetone condensation products with alkaloid-like behavior.

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

The strong reactions given by 3-butoxybenzaldehyde, piperonal, ver-
atraldehyde, eugenol, and acetyleugenol in contrast to the negative re-
actions given by benzaldehyde, 3-hydroxybenzaldehyde, and vanillin
mean that the reaction of the former five compounds should not be at-
tributed wholly to the conjugated carbonyl structure but should partially
be attributed to their conjugated ether and/or ester functions. The same
also applies to conjugated carbonyl compounds and lactones with addi-
tional reactive ether, ester, or carbonyl functions: XXXIII, vanillin;
XXX1V, 3-butoxybenzaldehyde; XXXV, piperonal; XXXVI, veratral-
dehyde; XXXVII, anisaldehyde; XXXVIII, yangonin; XXXIX,
methysticin; X1, dihydromethysticin; XLI, psoralen (furocoumarin) (R,
= Ry = H), bergapten (R; = OCH3), methoxsalen (Ry = OCHjy), imper-
atorin (Rg = isoamyleneoxy), and isopimpinellin (R; = Ry = OCHj);
XLII, furochromones khellin (R = OCH3) and visnagin (R = H); XLIII,
santonin; XLIV, xanthumin; XLV, meliternatin; XLVI, meliternin;
XLVII, ternatin; XLVIII, rotenone; XLIX, withaferin A; and L, glycyr-
rhetinic acid.

The IR spectra of khellin, imperatorin, and veratric acid provided
evidence that both the carbony! and ether functions in these compounds
are involved in the reaction. The strong band assigned to the carbonyl
function (1655-1620 ¢cm™! in khellin, 1710-1650 cm™! in imperatorin,
and 1685-1655 cm™! in veratric acid) were distorted and split in the
spectra of the corresponding coupled compounds. More pronounced
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changes were observed in the region of the ether and aralkyl ether
stretching vibration; thus, the strong bands at 1085 ¢cm~! in khellin and
1090 cm~1! in imperatorin were split into doublets of medium intensity
in the spectra of the coupled compounds. The band at 1095 cm™! with
veratric acid appeared only as a shoulder in the spectrum of the coupled
_compound. The bands between 1000 and 979 cm~! (-C—=CH deforma-
tion) also were affected, i.e., weakened and shifted toward a higher fre-
quency in the spectra of the coupled compounds.

The reactivity of compounds with the essential structure was elimi-
nated almost completely by hydroxyl groups in their structures. The
hydroxyl groups competed for the oxygen function of the essential
structure, through inter- and/or intramolecular hydrogen bonding. This
competition may explain the contrast in the reaction of acetophenone

“(+++) versus p-hydroxyacetophenone (—), coumarin (+++) versus

umbelliferone (+), anisaldehyde (+++) versus vanillin (&), digitoxin
(+++) and strophanthin (++) versus ouabain (G-strophanthin) (+),
menadione (++++) versus 3-hydroxymenadione (—), and santonin
XLIH (+++) and xanthumin XLIV (+++) versus lipidiol XXXI (-)
and isolipidiol ().

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

Briggs and Locker (8) reported that XLV-XLVII, three alkylated
hydroxyflavones, gave precipitates with the usual alkaloid reagents and
gave crystalline salts with acids. This alkaloid-like behavior was attrib-
uted to the fact that each molecule was completely alkylated. However,



Farnsworth (4) stated that the reaction was due to the conjugated car-
bonyl function and that other flavonoids would react similarly. The
present work shows both of these reports to be partially correct; despite
the conjugated carbonyl nature, flavonoids do not show alkaloid-like
behavior unless they are almost completely alkylated.

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

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

Upon wet packing a column of silica gel with benzene-acetone-am-
monia and keeping it overnight prior to the application of any material,
discoloration of the column was observed?2. Draining and evaporating the
brown solvent mixture yielded a brown residue, which gave typical al-
kaloid reactions with Dragendorff’s spray reagent as well as with other
alkaloid precipitants. Neither benzene nor the plant material but instead
acetone and/or ammonia apparently were responsible for the production
of the alkaloid-like artifacts because both were common factors.

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

Acid-catalyzed, fixed alkali-catalyzed, and ammonia-catalyzed acetone
condensation products gave a strong positive reaction with Dragendorff’s
spray reagent. TLC revealed three main, qualitatively identical Dra-
gendorff-positive spots in acid-catalyzed and fixed-alkali-catalyzed ac-
etone condensation products at R, 0.78, 0.67, and 0.55 on silica gel in
chloroform-methanol (93:7) and at Ry 0.65, 0.53, and 0.42 on silica gel
in chloroform-methanol-acetic acid (89:10:1), respectively. The am-
monia-catalyzed acetone condensation products revealed at least seven
spots, including three identical to those of the acid-catalyzed and fixed
alkali-catalyzed condensation products. The additional four spots were
at low Ry values: 0.32, 0.21, 0.11, and 0.00 in chloroform-methanol and

0.26, 0.45, 0.05, and 0.00 in chloroform-methanol-acetic acid. An eighth

spot, Ry 0.50 in chloroform-methanol and 0.46 in chloroform-metha-
nol-acetic acid, gave a typical pink color.

Obviously, the spots common in the acid-catalyzed, fixed alkali-cata-
lyzed, and ammonia-catalyzed acetone condensation products were of
nonnitrogenous compounds. This conclusion indicates the compounds
to be aldol condensation products of acetone. Scheme I shows the possible
reaction products of acetone with acids, fixed alkalis, and ammonia.
Compounds LIII-LVI are «,8-unsaturated ketones that fulfill the
structural requirement of the false reaction. The additional low Ry spots
in the ammonia-catalyzed acetone condensation products were assumed
to be amino compounds (LVII-LXI) that arise from the condensation
of ammonia with the reactive «,3-unsaturated ketones LIII-LV. This
assumption was favored by the positive nitrogen test given by the am-
monia-catalyzed acetone condensation products. Further evidence for
the postulated reaction sequence was the development of the additional
low Ry spots, absent from the acid-catalyzed and fixed alkali-catalyzed
condensation products, when the latter two were kept with concentrated
ammonia solution overnight.

From the results of the partition experiments (Table I1I), nonnitro-
genous Dragendorff-positive plant constituents apparently do not in-
terfere with alkaloid detection and isolation if necessary partition puri-
fication steps are performed. The nitrogenous acetone-ammonia reaction
products react typically as alkaloids and interfere seriously with alkaloid
detection and/or isolation.
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Abstract O The hydrolysis kinetics of a series of N-Mannich bases of
carboxamides, thivamides, and other NH-acidic compounds were studied
to assess their suitability as prodrugs for various drugs. The pH-rate
profiles for the compounds were determined at 37° and were accounted
for by assuming the spontaneous decomposition of both free and pro-
tonated Mannich bases. The reaction rate for the free base increased
sharply with increasing steric effects of the amine component of the
N-Mannich bases and also with increasing acidity of the amide compo-
nent. N-Mannich bases may be potentially useful prodrugs for NH-acidic
compounds such as various amides, imides, and ureides and for
amines.

Keyphrases O Prodrugs— N-Mannich bases of amides, ureides, amines,
and imides, hydrolysis kinetics O Hydrolysis kinetics—N-Mannich base
prodrugs of amides, ureides, amines, and imides 0 Amides—N-Mannich
base derivatives as prodrugs, hydrolysis kinetics O Amines—N-Mannich
hase derivatives as prodrugs, hydrolysis kinetics O Imides—/N-Mannich
base derivatives as prodrugs, hydrolysis kinetics 0 Ureides—N-Mannich
base derivatives as prodrugs, hydrolysis kinetics 0 N-Mannich bases—
derivatives of amides, amines, imides, and ureides, potential as prodrugs,
hydrolysis Kinetics

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

BACKGROUND

As a part of studies (4-8) to identify potentially useful bioreversible
derivatives of difticult-to-derive chemical entities and drug molecules,
it was found that N-Mannich bases may be potentially useful prodrugs
for NH-acidic compounds such as various amides, imides, and ureides
and for amines.

N-Mannich bases of amides, imides, and various other NH-acidic
compounds are known (7-10), and several drug substances bearing an
NH-acidic group have been moditied by N-aminomethylation and tested
as potential medicinal agents, e.¢£., hydantoins (11, 12), barbituric acids
(13), sulfonamides (14), and succinimides (15, 16). However, almost no
information on the stability and reactivity of such derivatives in aqueous
solution is available. A recent study (17) of the degradation kinetics of
rolitetracycline, a highly water-soluble N-Mannich base formed by
condensation of the carboxamide group in tetracycline with formaldehyde
and pyrrolidine (18), showed that the compound readily decomposed in
aqueous solution to yield tetracycline, formaldehyde, and pyrrolidine
quantitatively. The degradation half-life at pH 7.4 and 35° was 43 min,
indicating the potential of N-Mannich bases as prodrugs, at least for
carboxamides.

Based on this observation, numerous N-Mannich bases of various
amides and other NH-acidic compounds were prepared. The decompo-
sition kinetics of the compounds were studied in aqueous solution over
a broad pH range to elucidate their stability and to assess their suitability
as prodrugs for various drugs.
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EXPERIMENTAL

The compounds (Table 1) were prepared by heating formaldehyde, the
amine (or the amine hydrochloride), and the amide in water—ethanol
solutions according to standard literature procedures (7, 9, 10, 19). Several
compounds were obtained as the hydrochloride (19).

All kinetic experiments were carried out in aqueous buffer solutions
at 37.0 £ 0.1°. Hydrochloric acid, acetate, phosphate, borate, and car-
bonate buffers were used; the total buffer concentration was 0.1 M except
in experiments where buffer effects were studied specifically. A constant
ionic strength (u = 0.5) was maintained for each buffer by adding a cal-
culated amount of potassium chloride. The initial concentration of the
N-Mannich bases in the buffers was in the 1074-5 X 1073 M range.

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

RESULTS AND DISCUSSION

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

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

ky
B —— products
Scheme |

k
BH* —z*products
Scheme [1

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

kohsiBlr = k1[B] + ko[BHY) (Eq. 1)

where k; and ky are the apparent first-order rate constants for the
spontaneous degradation of B and BH?*, respectively.
By introducing into Eq. 1 the identities:

K,
B] = ——|B]» iq. 2
[B] = = IBly (Fg. 2
and:
ay
BH*]=——[B Eq. 3
[BH*] aH+Kn[ I (Eq.3)

t Zeiss PMQ 11 equipped with a thermostated cell compartment.

0022-3549/ 80/ 0100-0044$01.00/ 0
© 1980, American Pharmaceutical Association



Table I—-Rate Data for Decomposition of Various N-Mannich Bases in Aqueous Solution (g = 0.5; 37°) #

Compound ky, min~! ko X 104, min™! pKa® t1/2¢, min
N-(Diethylaminomethyl)benzamide 0.52 1.1 7.7 4.0
N-(Ethylaminomethyl)benzamide 0.0084 0.9 7.5 190
N-(Methylaminomethyl}benzamide 0.0026 04 75 600
N-(Benzylaminomethyl)benzamide 0.0020 3.0 64 380
N-(Cyclohexylaminomethyl)benzamide 0.026 1.1 7.6 70
N-(Piperidinomethyl)benzamide 0.051 0.4 7.8 47
N-(Morpholinomethyl)benzamide 0.0005 6 56 1400
N-(Isobutylaminomethyl)benzamide 0.019 1.0 7.5 82
N-(Piperidinomethyl)niacinamide 0.17. 1.0 7.5 8
N-(Morpholinomethyl)trichloroacetamide 0.72 ND 4.1 1.0
N-(Piperidinomethyl)trichloroacetamide 35 ND 6.5 0.02
N-(Piperidinomethyl)thiobenzamide 13 ND 6.6 0.06
N-(Morpholinomethyl)-p-toluenesulfonamide ND4 1.5 X 104 ND¢ <0.02
N-(Morpholinomethyl)-N’-acetylthiourea 0.91 ND 4.7 0.8
N-(Piperidinomethyl)methylurea ND ND ND 5

2 NI = not determined. ¢ Kinetically determined values; for some compounds, pKa values also were determined titrimetricaily and agreed with the kinetically obtained

values. ¢ Hydrolysis half-lives at pH 7.4 and 37°. 4 k;K, = 1.9 X 1072 M/min.

where K, is the apparent ionization constant of the protonated N-
Mannich bases and ap is the hydrogen-ion activity, the expression for
knhs is:

k[Ka kzaH
ag+ K, ay+ K,

The lines in Fig. 1 were constructed from Eq. 4 and the rate constants
and pKa values given in Table 1. Although Eq. 4 and, consequently,
Schemes I and 11 adequately describe the observed degradation kinetics,
other kinetically equivalent reactions can account for the observed
kobs-pH relationship.

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

k()hs = (Eq 4)

!
-

-2

LOG kgps, min™!

.
2

|
4 6 12

pH

Figure 1—The pH-rate profiles for the decomposition of various N-
Mannich bases in aqueous solution at 37°. Key: A, N-(benzylami-
nomethyl)benzamide; ®, N-(isobutylaminomethyl)benzamide; O,
N-(diethylaminomethyl)benzamide; A, N-(morpholinomethyl)tri-
chloroacetamide; 0, N-(piperidinomethyl)trichloroacetamide; and ®,
N-(morpholinomethyl)-p-toluenesulfonamide.

Mannich bases of benzamide, an excellent linear correlation existed be-
tween log k1 and Charton’s steric parameter, v (21), for alkylamino groups
(Fig. 2). The only deviation observed was for the benzylamine derivative
and may have been due to the lower pKa value for the corresponding
Mannich base as compared with the other compounds (Table I).

The data also show that for the same amine component, the N-Man-
nich base decomposition rate increased sharply with increasing acidity
of the parent amide. Thek; values of the piperidine derivatives increased
in the order benzamide < niacinamide < thiobenzamide < trichloro-
acetamide, which is also the order of amide acidity. The difference in
acidity among these amides was reflected in the pKa values for the
Mannich bases with piperidine (T'able I), and a linear correlation can be
shown to exist between log k1 and the pKa values for these N-Mannich
base derivatives. For the most acidic amide of the compounds studied,
p-toluenesulfonamide (pKa 10.3), k1 was too high to be determined. A
high k, value also was observed for morpholine derivatives of other acidic
compounds such as succinimide, phenytoin, and barbital.

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

Reaction Mechanism—Although insufficient experimental evidence

o—
y = 230x -350 6
n=5
r =0.992
-1
s
E; L/ 05
x )
(&
o 3/
4—2% o)
1 /2
O
/ )
-3}
1 1 N
[+] 0.5 1.0 1.5

v

Figure 2—Plot of log k, against Charton’s steric substituent parameter

“for alkylamino groups for N-Mannich bases of benzamide

(CeH3;CONHCHR). Key: 1, R = methylamino, 2, R = benzylamino; 3,
R = ethylamino; 4, R = isobutylamino,; 5, R = cyclohexylamino; and 6,
R = diethylamino. Compound 2 was excluded from the correlation
plot.
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0 R. 0 R,
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R.CNHCH.NR, == R,CNHCH.NR, + H"

H

¢ R. 0 R.

I ) Il - |
R/C—NH—-CH —NR, — R,CNH + CH,=NR

L (J" +

/{4 mrl
0 R,
I

R,CNH, HOCH.NR.

|

HCHO 4+ R.RNH
Scheme 111

exists for a firm mechanistic scheme for the degradation, a plausible
mechanism that agrees with the observed data is given in Scheme 111. The
rate-determining step involves unimolecular N-C bond cleavage with
formation of an amide anion and an immonium cation. In subsequent
fast steps, a solvent molecule transfers a proton to the amide anion and
a hydroxide ion to the immonium lon, giving carbinolamine, which rapidly
dissociates (22, 23) to formaldehyde and amine. In accord with this
mechanism, the large steric effects exhibited by the amine alkyl groups
may be explained as hindrance of amine solvation (cf., 24), resulting in
increasing nucleophilicity with increasing steric hindrance and, hence,
increasing the lability of the N~C bond. The possible formation of N-
(hydroxymethyllamides in a rate-determining step does not seem likely
since these compounds degraded much slower than the corresponding
N-Mannich bases in separate experiments.

CONCLUSION

The present study shows that N-Mannich bases can be considered as
potentially useful prodrugs of amides and various other compounds con-
taining acidic NH-groups. By appropriate selection of the amine com-
ponent, it should be feasible 1o obtain prodrugs with varying physico-
chemical properties such as the cleavage rate, aqueous solubility, and
lipophilicity. Transformation of an amide into an N-Mannich base in-
troduces a readily ionizable moiety, which may allow the preparation of
derivatives with greatly increased aqueous solubilities at slightly acidic
pH values where the stability is sufficiently high. For example, mor-
pholine derivatives possess good aqueous solubility2.

Finally, N -Mannich bases also can be considered as prodrug candidates
for primary and secondary amines. The pKa of amines decreases con-

? H. Bundgaard and M. Johansen. unpublished results.
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siderably by N-amidomethylation. [With benzamide, the decrease is ~3
pKa units (¢f., Table I)]. Therefore, a potentially useful purpose for
transforming amino compounds into N-Mannich base transport forms
would be to increase the lipophilicity of the masked amines at physio-
logical pH by depressing the ionization of the conjugate acid forms.
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Abstract O The metabolism of tocainide, an experimental antiar-
rhythmic drug, was studied in humans. Urinary excretion of unchanged
drug was 28-55% in 24 hr after oral dosing. Urine hydrolysis with hy-
drochloric acid or 8-glucuronidase increased tocainide recovery to 55—
79%. Saccharo-1,4-lactone inhibited the 8-glucuronidase-mediated to-
cainide recovery increase. Adjustment of urine to pH 13 produced a
compound identified as 3-(2,6-xylyl)-5-methylhydantoin. Evidence
suggests that it was derived from the same metabolite that formed the
additional tocainide after acid or B-glucuronidase treatment. Tocainide
carbamoyl O-B-D-glucuronide is the structure proposed for the metab-
olite. The suggested pathway for its formation involves the addition of
carbon dioxide to the amino nitrogen of tocainide followed by uridine
diphosphate glucuronic acid conjugation.

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

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

EXPERIMENTAL

Chemicals—Tocainide (1), 3',4’,5'-trideuterotocainide, and 2-ami-
nobutyro-2',6’-xylidide (I11) were prepared as the hydrochloride salts
by standard methods! (9).

Synthesis of 3-(2,6-xylyl)-5-methylhydantoin (IV) was carried out
using a modification of a literature method (10). DL-Alanine ethyl ester
hydrochloride was treated with phosgene in toluene to produce ethyl
«-isocyanatopropionate, which then was treated with 2,6-xylidine. Cy-
clization was accomplished by treating the intermediate with 5 N NaOH.
The crude product was purified by high-pressure liquid chromatography
(HPLC). Compound 1V was obtained as colorless crystals, mp 138.5-
140.5°; NMR? (CDCly): 6 1.47 (d, J = 6.5 Hz, CHy), 2.19, 2.17 (25, 2CH3),
4.16 (q, J = 6.5 Hz, CH), and 7.16 (broad s, 3 aromatic, NH); electron-
impact mass spectrometry?: 218 (M*), 203 (M — CHj), 157, 148, 147 (base
peak), 132, 119, 113 (hydantoin ring), 105 (2,6-dimethylphenyl), 91, 77,
70, and 44; IR* (KBr1): Apax 3235 (NH), 1775 (C=0), 1703 (C==0), 1407,
1324, 1178, and 771 (3 adjacent H’s) cm™1.

Heptafluorobutyrylimidazole®, mollusk 8-glucuronidase (lyophilized;

<0.7% arylsulfatase), and saccharo-1,4-lactone® were obtained from.

commercial sources. All other reagents were spectral or HPLC grade.

U E. W. Byrnes, P. D. McMaster, H. 8. Feldman, G. H. Kronberg, B. H. Takman,
and P. A. Tenthorey, to be published.

2 NMR spectra were recorded on a Perkin-Elmer model R-20 with tetrameth-
vlsilane as the internal standard.

3 }"il)e(‘tmn—impacl mass spectra were obtained on a quadrupole Finnegan
1015-D.

4 IR spectra were obtained on a Perkin-Elmer 25 grating IR spectrometer.

5 Pierce Chemical Co., Rockford, I1I.

6 Calbiochem, La Jolla, Calif.
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Mass Spectrum®—GLC-mass spectrometry conditions were: glass
column, 1.8 m X 2 mm i.d., 3% JXR on 100-120-mesh Gas Chrom Q7
carrier gas, helium at 30 ml/min; injector temperature, 250°; column
temperature, programmed from 150 to 250° at 8°/min; separator tem-
perature, 250°, transfer line temperature, 225°; ion source temperature
125°; vacuum, 5 X 108 torr; ionization energy, 70 ev; emission current,
0.3 mamp; and electron multiplier, 2.5 kv.

Determination of Tocainide in Biological Fluids—Samples were
extracted using an aliquot of urine or plasma, 1 ml of the internal stan-
dard (111, 5 ug/ml), 1 ml of 1 N NaOH, distilled water to bring the solution
to a total volume of 5 ml, and 5 ml of methylene chloride. The solution
was mixed for 10 min and centrifuged at 2000 rpm, and the aqueous layer
was discarded. The organic layer was transferred to a clean tube. Hep-
tafluorobutyrylimidazole, 20 ul, was added for derivatization, and the
sample was evaporated to dryness in a 45° water bath. The dry residue
was washed with 2 ml of methylene chloride and 1 ml of 0.1 N NaOH. The
aqueous layer was discarded, and the methylene chloride was evaporated.
Ethyl acetate, 20 ul, was added, and 1 ul was injected into a gas-liquid
chromatograph equipped with a flame-ionization detector®,

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

The monoheptafluorobutyryl derivative was stable for 24 hr. The GLC
conditions were: glass column, 1.8 m X 2 mm i.d., 3% OV-17 on 80-100-
mesh Gas Chrom Q7 or 3% PC-3210 Ultraphase on 80-100-mesh Chro-
mosorb WHP5; and carrier gas, helium at 30 ml/min. The injector, col-
umn, and detector temperatures were 250, 205, and 275°, respectively,
for the OV-17 column and 220, 165, and 210° for the PC-3210 column.

In addition, tocainide and IV were assayed by HPLC. The liquid
chromatograph consisted of a high-pressure pump!9, a valve and a 25-ul
loop injector!?, a 30 X 0.39-cm octadecylsilane reversed-phase column'?,
and a variable-wavelength detector!® set at 205 nm. The mobile phase
consisted of 25% acetonitrile in 0.05 M NaClO, at pH 4.0 with a 2-ml/min
flow rate.

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

7 Applied Science Laboratories, State College, Pa.

8 Varian 2700, Palo Alto, Calif.

9 Varian 3700 with a 83Ni-detector, Palo Alto, Calif.

10 Model M6000A, Waters Associates, Milford, Mass.
11 Model CV-6-uHPa-N60, Valco Valve, Houston, Tex.
12 yBondapak C,s, Waters Associates, Milford, Mass.
13 Model SF 770, Schoeffel, Westwood, N.J.
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Table —Tocainide Recovery before and after Hydrolysis

Daily Percent Tocainide Dose
Tocainide Released Released
Hydrochloride  Excreted by Acid by
Subject Dose, mg Unchanged Hydrolysis B-Glucuronidase

pse 3200 55 19 15
SKe 2400 48 31 30
MB¢ 2400 47 21 15
DI.» 300 37 23 —
NL« 1800 28 30 27
WCe 2400 42 16 28

@ (“hronic administration, 24-hr urine collection. ® Single dose, 24-hr urine col-
lection.

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

Isolation of IV from Urine—A urine aliquot was adjusted to pH 9
with sodium hydroxide and extracted five times with equal volumes of
methylene chloride to remove the tocainide. The pH was adjusted to 13
by the addition of sodium hydroxide, leading to the formation of IV.
Hydrochloric acid was used to return the pH to 9, and the sample was
extracted with methylene chloride. Preparative HPL.C!4 was used to
purify the crude IV. The other chromatographic conditions included a
1.0-ml injection loop'!, a 1.2-m X 0.95-cm porous silica column!® (37—
75-um particles), and a 1% ethanol in chloroform mobile phase. The
column was purged thoroughly with methanol each morning before
use.

Drug Administration—Twenty-four-hour urine collections were
obtained from five patients (two females and three males, ages 40-60)
undergoing long-term treatment with tocainide hydrochloride. Individual
oral doses ranged from 1.8 to 3.2 g/day in divided doses. A male volunteer
received a single 300-mg oral dose of tocainide hydrochloride following
an overnight fast. A second volunteer received a 300-mg dose as a 50:50
(w/w) mixture of tocainide and 3’,4',5'-trideuterotocainide. Twenty-
four-hour urine samples were collected from both volunteers.

Urine Hydrolysis—The acid hydrolysis involved mixing of 5.0 ml of
urine with 5.0 ml of 4 N HC], followed by incubation for 1 hr at 100°. An
aliquot was taken for tocainide analysis by GLC and HPLC after
cooling.

For the enzyme hydrolysis, a 1.0-ml urine aliquot adjusted to pH 4.0
with 0.5 N acetic acid was incubated with 3-glucuronidase (pH 4, 25,000
Fishman units) in a water bath at 37°. After 12 hr, an additional 25,000
units of B-glucuronidase was added, and the incubation was continued
for another 12 hr. Aliquots were assayed for tocainide as described. An
identical set of samples was subjected to enzyme hydrolysis with 2 mg
of saccharo-1,4-lactone, a specific inhibitor of 8-glucuronidase, added
with each addition of enzyme.

RESULTS AND DISCUSSION

Either acid hydrolysis or treatment with §-glucuronidase increased
the tocainide amount recovered from the urine (Table I). Based on the
five patients who received multiple tocainide doses, 44% of the oral dose
was excreted as free tocainide. An acid or 8-glucuronidase hydrolyzable
metaholite accounted for an additional 23% of the dose. The excretion

N

tocainide alkali
. ——
metabolite or heat

B-glucuronidase

+ saccharo-1,4-lactone
Scheme |

acid or
B-glucuronidase

J_

4 Model ALC 202/401, Waters Associates, Milford, Mass.
15 Porasil B, Waters Associates, Milford, Mass.
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Scheme II—Metabolic pathway for tocainide uridine diphosphate-
glucuronic acid conjugation.

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

The basis for elucidating the metabolite structure is described in
Scheme 1. There was essentially complete recovery of the free tocainide
with the five methylene chloride extractions at pH 9.0. These methylene
chloride extracts did not contain IV. The remaining aqueous phase was
adjusted to pH 13 and then readjusted to pH 9 prior to a methylene
chloride extraction. This methylene chloride extract contained a signif-
icant amount of IV but not tocainide. Typically, the urine tocainide
concentrations ranged from 200 to 600 ug/ml, and the IV concentrations
were approximately half of that. These concentrations indicated that [V
was formed at pH 13, that it could be extracted at pH 9, and that it was
not derived directly from tocainide.

Direct injection of urine onto the HPLC column confirmed the absence
of IV in the untreated urine. However, direct injection of urine, from
which free tocainide had been removed, onto the GL.C column resulted
in a peak for IV, demonstrating its thermal formation. After acid hy-
drolysis or 3-glucuronidase treatment of the urine, it was not possible
to generate IV at pH 13. Furthermore, after extraction of IV from the
alkaline urine, acid hydrolysis of the remaining urine did not yield ad-
ditional tocainide.

The synthetic IV and the IV isolated from urine had identical retention
times upon GLC analysis. Further confirmation of identity was obtained
by IR, NMR, mass spectral, mixed melting-point, and elemental analyses.
The mass spectrum of TV for the subject who had ingested tocainide with
3,45 -trideuterotocainide exhibited doublets with each ring fragment,
confirming that IV arose from ingested tocainide.

The formation of tocainide upon acid- or 8-glucuronidase-catalyzed
hydrolysis suggested that the metabolite was a glucuronide conjugate
of tocainide or of a labile compound that easily formed tocainide. The
presence of a glucuronide conjugate was confirmed when simultaneous
treatment with saccharo-1,4-lactone prevented enzyme-catalyzed to-
cainide release. For example, the tocainide concentrations in untreated
urine, 3-glucuronidase-treated urine, and urine treated with 8-glucuro-
nidase and saccharo-1,4-lactone were 199, 395, and 209 ug/ml, respec-
tively. This specific inhibitor of 8-glucuronidase was used since com-
mercial 8-glucuronidase preparations often contain other hydrolytic
enzymes. Also, preliminary electrophoretic studies!® indicated that the
metabolite was negatively charged at pH 4.6 and neutral at pH 2.2. The
metabolite on the electrophoretogram was identified by treatment with
alkali, resulting in 1V, and by acid hydrolysis, resulting in tocainide.

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

An extra carbonyl group clearly was present in IV that was not present
in tocainide. Compound 1V definitely was a product of the metabolite

16 Flectrophoretic studies were conducted as described previously {11) using a
HV-5000A power supply and FP-308 flat plate (Savant Instruments, Hicksville,
N.Y.).



since tocainide did not produce IV when treated with alkali or heat. The
explanation is that a carbonyl group is present in the metabolite between
the amino nitrogen and the glucuronide moiety.

A proposed reaction for metabolite formation in vivo is presented in
Scheme 1. Based on the proposed metabolite structure, the data can be
explained easily. Acid or enzyme hydrolysis initially would yield the
carbamic acid (V), which would then easily generate tocainide. A car-
bamic acid is in a constant and rapid equilibrium with an amine. A change
in the pH or the carbon dioxide-bicarbonate concentration can easily
shift the equilibrium. Conjugation of V with glucuronic acid produces
the proposed metabolite (VI), tocainide carbamoyl ()-8-n-glucuronide.
This structure also provides a reasonable explanation for the facile con-
version to [V by attack of the amide nitrogen on the carbonyl carbon with
displacement of the glucuronide moiety as a leaving group. The un-
charged species at pH 2.2 found in the electrophoretic studies also can
be explained since the inclusion of the carbonyl group would result in a
loss of basicity of the nitrogen atom.

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

In summary, a pathway for the conjugation of an amine has been
proposed. It was fortunate that tocainide carbamoyl O-8-D-glucuronide
yielded a characteristic degradation product (IV), Whether this pathway
applies to amines other than tocainide can be resolved only by further
research.

Secondary Products of Itanoxone
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itaconic anhydride and 2-chlorobiphenyl was studied. Five isomers cor-
responding to possible impurities were prepared and studied to perfect
a reliable and practical method to detect these impurities in itan-
axone.
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The Friedel-Crafts reaction between itaconic anhydride
and an aromatic derivative was reported (1-3). This re-
action was adapted to many aromatic substrates and led
to the synthesis of a chemical series with interesting
pharmacological properties (4, 5). Pharmacological and
toxicological studies yielded a new compound, 4-[4’-(2-
chlorophenyl)phenyl]-4-0x0-2-methylenebutanoic acid
(F 1379) (I), whose International General Designation is
itanoxone. Compound I is a powerful hypolipidemic and
hypouricemic agent (6-8).

The impurities that might be found in I were defined,
isolated, or synthesized. With both chemical and physi-
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cochemical data of secondary products and samples, a
detection method for these impurities in the end-product
was investigated.

BACKGROUND
The Friedel-Crafts reaction between itaconic anhydride and 2-chlo-

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

A proposed reaction for metabolite formation in vivo is presented in
Scheme 1. Based on the proposed metabolite structure, the data can be
explained easily. Acid or enzyme hydrolysis initially would yield the
carbamic acid (V), which would then easily generate tocainide. A car-
bamic acid is in a constant and rapid equilibrium with an amine. A change
in the pH or the carbon dioxide-bicarbonate concentration can easily
shift the equilibrium. Conjugation of V with glucuronic acid produces
the proposed metabolite (VI), tocainide carbamoyl ()-8-n-glucuronide.
This structure also provides a reasonable explanation for the facile con-
version to [V by attack of the amide nitrogen on the carbonyl carbon with
displacement of the glucuronide moiety as a leaving group. The un-
charged species at pH 2.2 found in the electrophoretic studies also can
be explained since the inclusion of the carbonyl group would result in a
loss of basicity of the nitrogen atom.

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

In summary, a pathway for the conjugation of an amine has been
proposed. It was fortunate that tocainide carbamoyl O-8-D-glucuronide
yielded a characteristic degradation product (IV), Whether this pathway
applies to amines other than tocainide can be resolved only by further
research.
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Abstract O Itanoxone synthesis by Friedel-Crafts reaction between
itaconic anhydride and 2-chlorobiphenyl was studied. Five isomers cor-
responding to possible impurities were prepared and studied to perfect
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The Friedel-Crafts reaction between itaconic anhydride
and an aromatic derivative was reported (1-3). This re-
action was adapted to many aromatic substrates and led
to the synthesis of a chemical series with interesting
pharmacological properties (4, 5). Pharmacological and
toxicological studies yielded a new compound, 4-[4’-(2-
chlorophenyl)phenyl]-4-0x0-2-methylenebutanoic acid
(F 1379) (I), whose International General Designation is
itanoxone. Compound I is a powerful hypolipidemic and
hypouricemic agent (6-8).

The impurities that might be found in I were defined,
isolated, or synthesized. With both chemical and physi-
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cochemical data of secondary products and samples, a
detection method for these impurities in the end-product
was investigated.

BACKGROUND
The Friedel-Crafts reaction between itaconic anhydride and 2-chlo-

robiphenyl gave I as the main product as reported previously (4, 5)
(Scheme I).
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Figure 1—Comparative thin-layer chromatograms of I, its isomers (111,
V, VI, and VII), and M, (a mixture of I and its isomers) (a), and VIII
and IX (hydrogenation products from 11 and I, respectively), and M,
{a mixture of VIII and IX) (b).
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Impurities may be due to the raw material, unspecific reaction, or I
degradation. The*raw material, 2-chlorobiphenyl, may contain 4-chlo-
robiphenyl as an impurity. 2-Chlorobiphenyl, synthesized from 2-
chloroaniline by a Gomberg-Bachmann-Hey reaction, must be analyzed
for the 4-chlorobiphenyl impurity before itanoxone synthesis. After the
Friedel-Crafts reaction with itaconic anhydride, 4-chlorobiphenyl gave
another itanoxone isomer [4-]4’-(4-chlorophenyl)phenyl]-4-oxo0-2-
methylenebutanoic acid, 11].

Secondary products are formed in the reaction since itaconic anhydride
is asymmetric. Although the acylation is selective (1-3), it could give
equally another derivative [4-{4’-(2-chlorophenyl)phenyl]-4-0xo0-3-
methylenebutanoic acid, I11].

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

Degradation products also may be present as impurities. In I and III,
the double bond can shift, as was found (1-3) with similar compounds.
Shifting the double bond of I to an adjacent carbon gave a more highly
conjugated isomer [4-[4’-(2-chlorophenyl)phenyl]-4-0x0-2-methyl-2-
butenoic acid, VJ.

Compound V exists as two geometrical isomers, Z and E. Theoretically,
the Z form is more stable in the cyclized form [5-[4'-(2-chlorophenyl)-
phenyl]-5-hydroxy-3-methyl-2,5-dihydrofuran-2-one, VI] (1-3, 9, 10).
Since Vlis a lactone, V can be regarded as the E-isomer. Compound VI
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was prepared by sunlight isomerization of V (1-3, 10). Analogous rea-
soning applied to I1I led to the postulation of a derivative 5-[4’-(2-chlo-
rophenyl)phenyl]-5-hydroxy-4-methyl-2,5-dihydrofuran-2-one (VII).

Compounds V and VII also may be obtained by Friedel-Crafts reaction
of 2-chlorobiphenyl with citraconic anhydride, as reported for similar
products (1-3, 10-12). This anhydride may be an impurity of itaconic
anhydride, but not when the latter compound is crystallized. The isom-
erization of 111 or VII to the open E form is more difficult, as was shown
(1, 11, 13) with similar compounds, and was not investigated. These de-
rivatives are isomers with the formula C;7H3C1Oj3; their presence in [
was not revealed by elemental analysis. These compounds, except IV,
were synthesized.

EXPERIMENTAL

General Methods—NMR spectra were recorded on a 60-MHz ap-
paratus' with tetramethylsilane as an internal reference; the chemical
shifts were expressed in § relative to tetramethylsilane. IR2 and UV?
spectra were obtained in a double-beam spectrometer. Melting points
were taken on a hot stage? and were not corrected. TLC utilized precoated
silica gel plates® with chloroform-methanol (85:15); after development
to 12-15 c¢m, the plate was exposed to 254-nm UV radiation or iodine
vapor for visualization (Figs. 1a and 15).

Synthesis of I—A solution of 47.3 g (0.25 mole) of 2-chlorobiphenyl
and 28 g (0.25 mole) of itaconic anhydride (rhombic bipyramidal prisms,
mp 68-69°) in 120 ml of methylene chloride was preheated to 30° and
placed in a 500-ml] round-bottom flask. The flask was fitted with a me-
chanical stirrer, a thermometer, a dropping funnel, and a reflux condenser
connected to a hydrochloric acid absorber. Freshly ground anhydrous
aluminum chloride (74 g, 0.55 mole) was added in portions. After boiling
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! Model R-24B, Hitachi Perkin-Elmer, Hitachi Ltd., Tokyo, Japan.
2 Model DK-2A, Beckman Instruments, GMBH, Miinchen 45, West Ger-
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3 Model 177, Perkin-Elmer Ltd., Beaconsfield, Buckinghamshire, England.
4 Kofler stage, C. Reichert AG, Wein XVII, Austria.
5 Silica gel 60 F 254 precoated plates, E. Merck, Darmstadt, West Germany.



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

The organic phase was separated and washed with water until the wash
water was neutral. It then was poured into a mixture of 200 ml of acetone
and 100 m! of 95% ethanol, which gave a first crop of crystals. These
crystals were filtered off and rinsed with acetone (yield of 43.7 g). The
mother liquor was evaporated to dryness, giving an oil (27 g) containing
some crystals. This oil was taken up in 100 ml of 95% ethanol, and a sec-
ond crop of crystals precipitated. These crystals were filtered ofi and
washed with acetone (yield of 4.7 g). The solution (A) was retained.

The crystals were combined and purified by recrystallization from
dioxane to give 46.5 g (62% yield) of I as small colorless needles, mp
212-214°; IR (potassium bromide): 1690 (COOH), 1675 (C=0), and 1610
(C=C aromatic) cm™!; UV (95% ethanol): Apax 267 (log € 4.24) nm; NMR
(dimethyl sulfoxide-deg): 6 4.1 (s, 2H, COCHy), 5.85 (d, 1H, J = 1.2 Hz,
trans-HC=CCOOH), 6.3 (d, 1H, J = 1.2 Hz, ¢is-HC=CCOOR), 7.3-7.9
(m, TH, COOH and aromatic protons), and 8.1 (d, 2H, J = 8 Hz, aromatic
protons ortho to C=0) ppm; TLC: R, 0.41.

Anal.—Cale. for C17H15Cl10x: C, 67.89; H, 4.35; Cl, 11.78. Found: C,
67.52; H, 4.30; Cl, 11.76.

Isolation of III-—Solution A was evaporated to dryness under reduced
pressure, and the residue was taken up in 250 ml of ether. The ethereal

solution was washed with water and then dried over anhydrous sodium

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

The insoluble matter was purified by recrystallization from boiling
isopropyl ether and gave 1.58 g (2.1% yield) of 111 as colorless crystals, mp
120°; IR (potassium bromide): 1705 (COOH), 1650 (C=0), and 1630 and
1605 (C=C) cm™*; UV (95% ethanol): Anax 269 (log € 4.15) nm; NMR
{chloroform-d and dimethyl sulfoxide-dg): 6 3.5 (s, 2H, CH,COOH), 5.75
(d, 1H, J = 0.6 Hz, trans-HC=CC=0), 6 (d, 1H, J = 0.6 Hz, cis-
HC=CC=0), 7.2-7.7 (m, 6H, aromatic protons), 7.9 (d, 2H, J = 10 Hz,
aromatic protons ortho to carbonyl), and 9.6 (s, 1H, COOH) ppm; TLC:
R/ 0.32.

Anal.—Cale. for C;;H13ClO4: C, 67.89; H, 4.35; Cl, 11.78. Found: C,
68.02; H, 4.18; Cl, 11.74.

Determination of Structure of III—Compound Il was hydroge-
nated to give a derivative [4-[4’-(2-chlorophenyl)phenyl|-4-0x0-3-
methylbutanoic acid, VIII], which also could be obtained unequivocally
by the action of citraconic anhydride on 2-chlorobiphenyl followed by
reduction by a literature method (12).

Hydrogenation of ITI—A solution of 300.7 mg (10 mmoles) of [T in
5 m] of ethanol was hydrogenated under normal pressure in the presence
of 30 mg of 10% palladium-on-charcoal. After the catalyst was removed,
the solvent was evaporated under reduced pressure, and the residue was
recrystallized from boiling benzene—cyclohexane (2:1) to give 172 mg (58%
yield) of colorless crystals, mp 139°; IR (potassium bromide): 1705
(COOH), 1680 (C==0), and 1605 (C=C aromatic) cm~!; UV (95% etha-
nol): Anax 266 (log € 4.23) nm; NMR (dimethyl sulfoxide-dg): 6 1.25 (d,
3H, Joq = 7 Hz, CHCH,3), 2.4 (q, 1H, Jpq = 6 Hz, Jp. = 16.5 Hz,
CH,COOH), 2.9 (q, 1H, J.q = 8 Hz, J., = 16.5 Hz, CH.COOH), 3.95 (m,
1H, CH4CH3y), 7.2-7.7 (m, 6H, aromatic), 8 (d, 2H, J = 10 Hz, aromatic
protons ortho to C=0), and 8.6 (s, 1H, COOH) ppm; TLC: R, 0.46.

Anal.—Cale. for C7H15C103: C, 67.44; H, 4.99; Cl, 11.71. Found: C,
67.64; H, 5.27; Cl, 11.61.

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

The usual workup with hydrochloric acid and crushed ice gave 28 g of

yellow-green crystals. When these crystals were recrystallized in boiling
isopropyl ether, 15.5 g (52% yield) of VII was obtained as colorless crystals,
mp 146°; IR (potassium bromide): 3280 (OH), 1740 (C==0 lactone), and
1640 (C=C) cm~1; UV (95% ethanol): Ayax 248 (log € 4.16) nm: NMR
(chloroform-d, dimethyl sulfoxide-dg): 6 1.9 (s, 3H, CHjy), 5.7 (s, 1H,
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CH=CCHs), and 7.8 (m, 9H, aromatic protons and OH) ppm; TLC: Ry
0.55.

Anal.—Cale. for C,7H,4C104: C, 67.89; H, 4.35; Cl, 11.78. Found: C,
67.41; H, 4.17; C1, 11.81.

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

The combined organic extracts were washed with 50 mi of 5 N HCl and
with water and then were dried over anhydrous sodium sulfate and
evaporated. The residue was purified with boiling benzene-cyclohexane
(2:1) and gave 2 g (45% yield) of VIII as colorless flakes, mp 139° (not
depressed by mixing with the sample prepared by hydrogenation of I1I);
IR (potassium bromide): 1705, 1680, and 1605 em™1; UV (95% ethanol):
Amax 266 (log € 4.24) nm; NMR (dimethyl sulfoxide-ds): 6 1.25, 2.4, 2.9,
3.95,7.2-7.7, and 8 ppm; TLC: Ry 0.46.

Anal.—Cale. for C,7H;5Cl03: C, 67.44; H, 4.99; Cl, 11.71. Found: C,
67.69; H, 5.09; Cl, 11.69.

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

After drying, the crystals were recrystallized from 15 volumes of boiling
isopropyl alcohol to give 3.5 g (70% yield) of V as yellow needles, mp 196°;
IR (potassium bromide): 1690 (COOH), 1665 (C=0), 1630 and 1610
(C=C), and 975 (trans-CH3C=C-H) cm~!; UV (95% ethanol): Ajnax 287
(log € 4.25) nm; NMR (dimethyl sulfoxide-dg): 6 2.15 (d, 3H, J = 1.4 Hz,
CH3) and 7.2-8.2 (m, 10H, other protons) ppm; TLC: R, 0.28.

Anal.—Cale. for Ci7H3ClO3: C, 67.89; H, 4.35; Cl, 11.78. Found: C,
68.06; H, 4.52; Cl, 11.59.

Isomerization of V to VI—Compound VI was obtained by sunlight
isomerization of V according to the procedure of Lutz et al. (1) as adapted
by Bowden and Henry (10). Compound V (15 g, 50 mmoles) was dissolved
in methanol-dioxane, and the solution was exposed to sunlight for 12 hr.
After the solvents were evaporated, the residue was purified by extraction
with anhydrous ether. Petroleum ether was added, and 12 g (80% yield)
of VI as colorless crystals precipitated, mp 130°; IR (potassium bromide):
3400 (OH), 1730 (C=0 lactone), and 1610 (C==C) cm~1; UV (95% etha-
nol): Amax 249 (log € 4.12) nm; NMR (dimethyl sulfoxide-dg): 8 2.0 (d, 3H,
J =1Hz,CHy),7(d, 1H,J = 1 Hz,=C-H), and 7.15-7.8 (m, 9H, aromatic
protons and COOH) ppm; TLC: Rf 0.26.

Anal.—Cale. for C7H3C10y: C, 67.89; H, 4.35; Cl, 11.78. Found: C,
67.64; H, 4.92; Cl, 11.62.

Synthesis of II—A solution of 20.6 g (0.1093 mole) of 4-chlorobiphenyl
and 12.26 g (0.1093 mole) of itaconic anhydride in 70 ml of anhydrous
methylene chloride was added with vigorous stirring to a suspension of
32.4 g (0.24 mole) of ground anhydrous aluminum chloride in 70 ml of
anhydrous methylene chloride. After 2 hr at room temperature, the re-
action mixture was refluxed for 3 hr and then left overnight at room
temperature. The mixture was hydrolyzed in the usual manner. The or-
ganic phase was separated and rinsed several times by shaking with water.
The solvent was removed under vacuum without heating.

The crystals obtained were rinsed with water until the wash water was
neutral and were allowed to dry in the air. They finally were recrystallized
from 11 volumes of boiling ethyl acetate to give 17 g (52% yield) of 1l as
pale-beige powdery crystals, mp 192°; IR (potassium bromide): 1700
(COOH), 1675 (C=0), and 1630 and 1610 (C==C) em~!; UV (95% etha-
nol): Appax 285 (log € 4.47) nm; NMR (dimethyl sulfoxide-dg): 6 4.05 (s,
2H, COCHo), 5.75 (s, 1H, trans-HC=CCOOH), 6.3 (s, 1H, cis-HC=
CCOOH), and 7.3-8.3 (m, 9H, other protons) ppm; TLC: R, 0.38.

Anal.—Cale. for C;7H3Cl104: C, 67.89; H, 4.35; Cl, 11.78. Found: C,
67.12; H, 4.55; Cl, 11.49.

Hydrogenation of I to 4-[4'-(2-Chlorophenyl)phenyl]-4-0x0-2-
methylbutanoic Acid (I1X)—A semisolution of 54 g (0.179 mole) of I in
1080 m} of dioxane containing 36 ml of acetic acid was treated with 2.7
¢ of 10% palladium-on-charcoal in a 3-liter erlenmeyer flask connected
to a hydrogen gas holder. After the apparatus was purged with nitrogen
and hydrogen, the stirrer was started and hydrogenation began after
induction for 40 min. The theoretical quantity of hydrogen was absorbed
in 6 hr. The gas holder was disconnected, the catalyst was removed by
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filtration through kieselguhr, and the filtrate was evaporated to dryness
and gave beige crystals.

The solid was recrystallized from boiling alcohol, and 34.2 g (63% yield)
of X was produced as brilliant-beige needles on cooling, mp 172°. When
IX was mixed with VIII, the melting point was depressed to 128-131°,
and TLC gave a spot with two parts (Fig. 15); IR (potassium bromide):
1700 (COOH), 1680 (C=0), and 1610 (aromatic C=C) em~1; UV (95%
ethanol): Apax 262.5 (log € 4.21) nm; NMR (dimethyl sulfoxide-dg): § 1.25
(d, 3H, J = 7 He, ~-CH3), 2.7-3.8 (m, 3H, -COCH,CHCOOH), 7.2-7.8 (m,
7H, aromatic protons and COOH), and 8 (d, 2H, J = 8 Hz, aromatic
protons ortho to the carbonyl) ppm; TLC: Ry 0.50.

Anal.—Calc. for C;7H5CIOx: C, 67.44; H, 4.99; Cl, 11.71. Found: C,

7.41; H, 5.10; Cl, 11.49.

DISCUSSION

Structure of ITI—The results of the experimental analysis confirmed
the structure of II1. The IR spectrum of I1I compared to that of I showed
a shift of the acidic carboxyl band toward the shortwave region, which
indicates that the carboxyl group was attached to an sp? carbon. More-
over, the shift of the ketonic carbonyl band toward the longwave region
suggested that this function was adjacent to a double bond. Furthermore,
the UV spectrum showed the presence of an abhsorption maximum at 269
nm (which excluded the existence of conjugation between the carbonyl
and the carboxyl groups’as in V).

In comparison with I, there also was a slight bathochromic effect (Amax
269 versus 267 nm), which indicated that IV was not present since in that
case there would have been a conjugation breakdown leading to a hyp-
sochromic effect. This observation was in agreement with the slight
bathochromic effect observed previously (14) in passing from «o-meth-
vipropiophenone or @-methylbutyrophenone to a-methylenepropio-
phenone. Finally, the NMR spectrum gave an identical picture for the
block representing the aromatic protons of I and of 111, which proved that
the two isomers had the para structure. Shielding was also noticeable for
the two signals of the ethylenic protons, but this shielding was especially
remarkable for the methylenic protons since the chemical shift passed
from & 4.1 for I to 6 3.5 for II1. Such a shift could be explained only by
chain isomerism. Its intensity made it possible to note the presence of
I in I1I and to calculate the percentage of it by integration (2~4% in the
sample obtained).

These results were confirmed by the conversion into the saturated
derivative. The saturated derivative was identical to an authentic sample
prepared unequivocally by chemical reduction of the hydroxylactone
(VII) formed by the reaction between citraconic anhydride and 2-chlo-
robiphenyl. The hydrogenated derivative (VIII) differs from its isomer
(IX) obtained by hydrogenating I (different IR and NMR spectra). The
melting point of a mixture of VIII and IX showed a distinct depression.
Upon TLC, the mixture of VIII and IX gave a stain consisting of two parts
(Fig. 1b). Therefore, the formation of this isomer showed that, contrary
to the opinion of several investigators (1-3, 13), opening of the itaconic
anhydride ring hy an aryl group does not give a single product but instead
leads to the formation of the two isomers in unequal proportions. NMR
carried out on a crude reaction mixture after hydrolysis, washing with
water, and solvent evaporation showed that the ratio by weight of I to 11
was ~80:20.

Structure of V—The method of formation of V showed that it is not
easy to purify I by converting it into the water-soluble alkali metal salt
followed by acidification after separating insoluble matter, unless the
conditions are chosen carefully. The isomer structure was deduced from
spectral analysis. The NMR spectrum agreed with a 4-aryl-4-oxo0-2-
methyl-2-butenoic acid. The presence of the doublet with 8 2.15,J = 1.4
Hz, was concordant with the values [8 2.2, 2.14, and 2.18 (average)] re-
ported (11, 12, 15) for similar aryl-substituted acids. With IR spectros-
copy. two absorption bands were found at 1690 (COOH) and 1665 (C=0)
cm~!, which showed that the compound had an open structure. The
stretching frequency observed at 975 em~1 is characteristic of =C-CHj
in the trans-CH3-C=C-H group (15, 16). As reported by various inves-
tigators (1, 3, 9-11), the trans-geometrical isomers of these acids are

On®)

Cl

CH,
CCH,CHCOOH
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0
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linked to the open form, the cis-isomer being stable only as the cyclized
hydroxylactone.

Structure of VII--The IR spectrum of VII showed the absence of a
ketonic carbony! group and the very strong absorption of the lactone
group at 1740 cm~!. In addition, the presence of a hydroxyl group was
indicated by an absorption band at 3280 em~!. The UV spectrum con-
firmed this result by the absence of conjugation between the aromatic
ring and the carboxyl group through the intermediary of the carbonyl
group excited by the double bond (A 248 nm). Finally, the NMR
spectrum agreed with the values of the signals given (10, 12).by analogous
compounds.

The NMR spectrum was close to that of the isomeric hydroxylactone,
VI. However, the signal relating to the ethylenic proton was more de-
pressed with VI (7.0 versus 5.8), which confirmed the position assigned
to the methy! group in these two compounds. The values of the chemical
shifts observed for the ethylenic protons in VI and VII were in good
agreement with those given by Bowden and Henry (10) in a review of
ring—chain tautomerism for the derivatives:

(1.23) (6.04)
H CH, CH, H
X—<: :)—;OLO X-——<: :)—;;io
OH OH

CONCLUSIONS

With the samples prepared as described and after comparative studies
of R values, specific absorptions in the UV range, and specific NMR
signals, a method was developed for detecting these impurities. The most
suitable method for routine analysis is TLC on silica gel using metha-
nol—chloroform (15:85) and developing to 15 cm. With these conditions,
four isomers exhibited sufficient Ry differences to permit their detection
in I (Fig. 1la). The respective R; values for I, II, III, V, VI, and VII were
0.41, 0.38, 0.32, 0.28, 0.26, and 0.55. Nevertheless, considering the close
Ry values for 1 and 1II, this method is not sufficiently accurate for the
determination of II; in this case, GLC of 2-chlorobiphenyl provides a
better control for the absence of Il in L.

The most frequent impurity is V, which can be formed even when
starting with pure I. Compound VI, formed with greater difficulty in the
solid state, is present to a lesser extent in industrial samples. Compounds
V and VI correspond to the evolution products of the I molecule, and their
absence in the starting material does not exclude their detection in the
finished pharmaceutical form. The other secondary products are man-
ufacturing impurities, which must be tested for in the starting material.
Their absence in the starting material is adequate to guarantee the quality
of the pharmaceutical form since they cannot be formed spontaneously
from .

Systematic tests have shown that this method makes possible the de-
tection of these main impurities in I concentrations as low as 0.2%. Levels
as low as 1% of V can be detected in I by NMR using a routine 60-MHz
apparatus. A standard range has been carried out in dimethyl sulfoxide-ds
with I containing increasing quantities of V (0.5, 1, 2, 3, 5, and 7.5%); at
1%, the signal at 6 2.1 ppm clearly was distinct from the background noise.
These UV or NMR physicochemical methods do not provide any ad-
vantage for detecting the impurities studied in comparison with TLC.
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Abstract O The whole plant of Enicostemma hyssopifolium (Willd.)
Verd. (Gentianaceae) was collected at different growth stages and was
shown to contain seven flavonoids: apigenin (I), genkwanin (II), isovitexin
(I11), swertisin (IV), saponarin (V), 5-O-glucosylswertisin (VI), and 5-
O-glucosylisoswertisin (VII). Compounds VI and VII previously were
unreported in nature. The yields of the flavonoids varied with the growth
stage. The biochemical and chemotaxonomic significance of these results
is appraised.

Keyphrases O Flavonoids—isolation from Enicostemma hyssopifolium,
identification O Medicinal plants—isolation of flavonoids from Eni-
costemma hyssopifolium, identification O Gentianaceae—isolation of
flavonoids from Enicostemma hyssopifolium, identification O Enico-
stemma hyssopifolium—isolation and identification of flavonoids

The genus Enicostemma (Gentianaceae) is monotypic;
the only recorded species is E. hyssopifolium (Willd.)
Verd. (synonymous with E. littorale Blume) (1). The plant
is found throughout India up to 450 m (1500 ft). Extracts
of the plant are used in Indian medicine to treat cardiac
dropsy, rheumatism, and certain mental disorders. Sig-
nificant antipsychotic (3), anti-inflammatory (4), and
anthelmintic (5) activities were reported for its major al-
kaloid, gentianine; the corresponding heteroside, swerti-
amarin, was reported to produce central nervous system
depressant (6) and cardiostimulant (7) activity.

The chemicals previously reported in this species were
monoterpene alkaloids (8-12), heterosides (6, 7, 10, 13, 14),
and a triterpene (14). This paper describes the isolation
and characterization of the flavonoids of this species. The
biochemical significance of the chemical constituent
changes during vegetation is appraised in light of its sep-
aration as a monotypic genus.

EXPERIMENTAL!

All solutions were dried with anhydrous sodium sulfate. Silica gel?
(60-120 mesh) was used for column chromatography. TLC was performed
on silica gel® with chloroform-acetic acid (98:2, Solvent 1) and n-buta-
nol-acetic acid—water (4:1:2, Solvent 2). Todine vapor and ferric chloride
solution were used for staining. Glucose was detected by partition paper

! Melting points were taken on a Kofler block in open capillaries and are uncor-
rected. UV spectra were determined on a Cary model 14 recording spectropho-
tometer. IR spectra were taken in Nujol using a Perkin-Elmer model 337 spectro-
photometer, and only the major bands are quoted. "H-NMR spectra were recorded
on an XL 100 instrument with tetramethylsilane as the internal standard. Mass
spectra were determined with an MS-9 or MS-50 spectrometer at 70 ev.

2 British Drug Houses, Poole, England.

3 Silica gel G, E. Merck, Darmstadt, West Germany.
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chromatography* using sodium metaperiodate-benzidine reagent for
staining (15).

Dried and milled whole plants of E. hyssopifolium5 at the flowering
stage (5.2 kg) were extracted continuously with light petroleum ether (bp
60-80°) in a soxhlet apparatus for 30 hr. The defatted plant material was

_extracted with ethanol for 30 hr. The petroleum ether extract contained

alkanes and alkanols and was not processed further. The alcoholic extract
was concentrated under reduced pressure and processed as shown in
Scheme I.

The relative percent yields of the individual compounds at various
stages of plant development are given in Table I. Determination of the
mixed minor entities was accomplished by preparative layer chroma-
tography of mixture extracts and absorptiometry of the layers after the
components in these layers were identified by the usual methods.

Treatment of Fraction A—Fraction A was dissolved in 250 ml of hot
ethyl acetate, the solution was concentrated, and a yellow solid (14.2 g)
was separated. The solid showed two major spots on TLC at Ry 0.68 and
0.74 (Solvent 2). The two components were separated by fractional
crystallization from methanol.

Swertisin (IV)—The sparingly methanol-soluble solid crystallized
from methanol-dioxane as cream-colored crystals (7.65 g), mp 240-242°,;
[l —9° (c 0.33, pyridine); UV: Apqy (ethanaol) 272 (log € 4.28) and 334
(4.38) nm; IR: vy 3360, 1668, and 1610 em~1; NMR (deuterodimethyl
sulfoxide): 6 7.88 (2H, d, J = 9 Hz, H-2',6"), 6.80 (2H, d, J = 9 Hz, H-3,5},
6.54 (1H, s, H-8), 6.50 (1H, s, H-3), 4.78 (1H, broad, glucosyl H-1), and
3.98 (3H, methoxyl). The hexaacetate, formed with acetic anhydride and
pyridine under reflux, crystallized from alcohol as colorless needles, mp
150-151°; mass spectrum: m/e 698 (M1, relative intensity 8%), 656 (22),
639 (12), 597 (20), 537 (12), 463 (80), 421 (98), 313 (100), 297 (6Q} and 139
(20).

Methylation with ethereal diazomethane gave swertisin-4',5-di-O-
methyl ether, mp 298-300°. Acetylation of the di-O-methyl ether with
acetic anhydride and pyridine under reflux afforded swertisin-di-O-
methyl ether tetraacetate, mp 128-129°; mass spectrum: m/e 642 (M*,
5%), 583 (100), 582 (22), 523 (8), 341 (55), 325 (62), 294 (5), and 139 (5).
The physical and spectral properties of the parent compound and its
derivatives were indistinguishable from those of swertisin (16, 17).

Isovitexin (I11I)—After separation of swertisin, the methanol mother
liquor was concentrated and diluted with acetone. It was kept at ordinary
temperature overnight, and a yellow solid precipitated. Repeated crys-
tallization of the solid from acetone-methanol gave isovitexin (18, 19)
as yellow needles (6.4 g}, mp 229-230°; []& +15.4° (¢ 0.37, ethanol); UV:
Amax (ethanol) 272 (log € 4.45) and 338 (4.42) nm; IR: vpax 3300 (broad),
1662, 1628, 1600, and 1588 cm~!; NMR (deuterodimethyl sulfoxide): 6
7.95 (2H, d, J = 9 Hz, H-2',6"),6.95 (2H, d, J = 9 Hz, H-3',5), 6.72 (1H,
s, H-3),6.54 (1H, s, H-8), and 4.70 (1H, broad, glucosyl H-1); mass spec-
trum: m/e 414 (M — 18, 20%), 396 (8.5), 378 (14), 295 (18), 283 (100}, and
165 (20). The 4',5,7-tri-O-methyl ether tetraacetate, prepared as de-

4 Whatman No. 50.

5 The plants were collected from the Banaras Hindu University Campus area
12 times during June and August of 1973-1976. Voucher specimens have been
preserved at the Pharmaceutical Chemistry Research Laboratory, Department of
Pharmaceutics, Banaras Hindu University.
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The genus Enicostemma (Gentianaceae) is monotypic;
the only recorded species is E. hyssopifolium (Willd.)
Verd. (synonymous with E. littorale Blume) (1). The plant
is found throughout India up to 450 m (1500 ft). Extracts
of the plant are used in Indian medicine to treat cardiac
dropsy, rheumatism, and certain mental disorders. Sig-
nificant antipsychotic (3), anti-inflammatory (4), and
anthelmintic (5) activities were reported for its major al-
kaloid, gentianine; the corresponding heteroside, swerti-
amarin, was reported to produce central nervous system
depressant (6) and cardiostimulant (7) activity.

The chemicals previously reported in this species were
monoterpene alkaloids (8-12), heterosides (6, 7, 10, 13, 14),
and a triterpene (14). This paper describes the isolation
and characterization of the flavonoids of this species. The
biochemical significance of the chemical constituent
changes during vegetation is appraised in light of its sep-
aration as a monotypic genus.

EXPERIMENTAL!

All solutions were dried with anhydrous sodium sulfate. Silica gel?
(60-120 mesh) was used for column chromatography. TLC was performed
on silica gel® with chloroform-acetic acid (98:2, Solvent 1) and n-buta-
nol-acetic acid—water (4:1:2, Solvent 2). Todine vapor and ferric chloride
solution were used for staining. Glucose was detected by partition paper

! Melting points were taken on a Kofler block in open capillaries and are uncor-
rected. UV spectra were determined on a Cary model 14 recording spectropho-
tometer. IR spectra were taken in Nujol using a Perkin-Elmer model 337 spectro-
photometer, and only the major bands are quoted. "H-NMR spectra were recorded
on an XL 100 instrument with tetramethylsilane as the internal standard. Mass
spectra were determined with an MS-9 or MS-50 spectrometer at 70 ev.
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chromatography* using sodium metaperiodate-benzidine reagent for
staining (15).

Dried and milled whole plants of E. hyssopifolium5 at the flowering
stage (5.2 kg) were extracted continuously with light petroleum ether (bp
60-80°) in a soxhlet apparatus for 30 hr. The defatted plant material was

_extracted with ethanol for 30 hr. The petroleum ether extract contained

alkanes and alkanols and was not processed further. The alcoholic extract
was concentrated under reduced pressure and processed as shown in
Scheme I.

The relative percent yields of the individual compounds at various
stages of plant development are given in Table I. Determination of the
mixed minor entities was accomplished by preparative layer chroma-
tography of mixture extracts and absorptiometry of the layers after the
components in these layers were identified by the usual methods.

Treatment of Fraction A—Fraction A was dissolved in 250 ml of hot
ethyl acetate, the solution was concentrated, and a yellow solid (14.2 g)
was separated. The solid showed two major spots on TLC at Ry 0.68 and
0.74 (Solvent 2). The two components were separated by fractional
crystallization from methanol.

Swertisin (IV)—The sparingly methanol-soluble solid crystallized
from methanol-dioxane as cream-colored crystals (7.65 g), mp 240-242°,;
[l —9° (c 0.33, pyridine); UV: Apqy (ethanaol) 272 (log € 4.28) and 334
(4.38) nm; IR: vy 3360, 1668, and 1610 em~1; NMR (deuterodimethyl
sulfoxide): 6 7.88 (2H, d, J = 9 Hz, H-2',6"), 6.80 (2H, d, J = 9 Hz, H-3,5},
6.54 (1H, s, H-8), 6.50 (1H, s, H-3), 4.78 (1H, broad, glucosyl H-1), and
3.98 (3H, methoxyl). The hexaacetate, formed with acetic anhydride and
pyridine under reflux, crystallized from alcohol as colorless needles, mp
150-151°; mass spectrum: m/e 698 (M1, relative intensity 8%), 656 (22),
639 (12), 597 (20), 537 (12), 463 (80), 421 (98), 313 (100), 297 (6Q} and 139
(20).

Methylation with ethereal diazomethane gave swertisin-4',5-di-O-
methyl ether, mp 298-300°. Acetylation of the di-O-methyl ether with
acetic anhydride and pyridine under reflux afforded swertisin-di-O-
methyl ether tetraacetate, mp 128-129°; mass spectrum: m/e 642 (M*,
5%), 583 (100), 582 (22), 523 (8), 341 (55), 325 (62), 294 (5), and 139 (5).
The physical and spectral properties of the parent compound and its
derivatives were indistinguishable from those of swertisin (16, 17).

Isovitexin (I11I)—After separation of swertisin, the methanol mother
liquor was concentrated and diluted with acetone. It was kept at ordinary
temperature overnight, and a yellow solid precipitated. Repeated crys-
tallization of the solid from acetone-methanol gave isovitexin (18, 19)
as yellow needles (6.4 g}, mp 229-230°; []& +15.4° (¢ 0.37, ethanol); UV:
Amax (ethanol) 272 (log € 4.45) and 338 (4.42) nm; IR: vpax 3300 (broad),
1662, 1628, 1600, and 1588 cm~!; NMR (deuterodimethyl sulfoxide): 6
7.95 (2H, d, J = 9 Hz, H-2',6"),6.95 (2H, d, J = 9 Hz, H-3',5), 6.72 (1H,
s, H-3),6.54 (1H, s, H-8), and 4.70 (1H, broad, glucosyl H-1); mass spec-
trum: m/e 414 (M — 18, 20%), 396 (8.5), 378 (14), 295 (18), 283 (100}, and
165 (20). The 4',5,7-tri-O-methyl ether tetraacetate, prepared as de-

4 Whatman No. 50.

5 The plants were collected from the Banaras Hindu University Campus area
12 times during June and August of 1973-1976. Voucher specimens have been
preserved at the Pharmaceutical Chemistry Research Laboratory, Department of
Pharmaceutics, Banaras Hindu University.
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Scheme [—Isolation of flavonoids of E. hyssopifolium

scribed, was identified by melting-point, mixed melting-point, and co-
TLC analyses as the di-O-methyltetraacetate derivative of IV.

Treatment of Fraction B-—The ethyl acetate mother liquor was
evaporated. The residue was dissolved in chloroform and chromato-
graphed over silica gel (30 X 3 cm). Elution was carried out with benzene,
benzene-chloroform (1:1), and chloroform (1 liter each), and 100-ml
fractions were collected.

Glenkwanin (11)—On evaporation, the middle benzene—chloroform
eluates (fractions 14-17) afforded genkwanin (20) as yellow needles (0.37
), mp 285-286°; R; 0.48 (Solvent 1); UV: Apax (ethanol) 268 (log € 4.40)
and 337 (4.47) nm; IR: vax 3250, 1660, 1600, 1592, and 1498 cm™!; mass
spectrum: m/e 284 (M*, 100%), 256 (5), 255 (22), 254 (5), 167 (18), 166
(19), 138 (10), 128 (20), 118 (12), and 95 (11). The diacetate, prepared with
acetic anhydride and pyridine under reflux, crystallized from ethanol
as colorless needles, mp 195-198°. Correspondence of these properties
with those reported previously (20-22) established the identity as II.

Apigenin (I'—The chloroform eluates were combined and evaporated.
The residue crystallized from aqueous pyridine to give apigenin as yellow
needles (0.46 ), mp 340-343° dec.; R; 0.3 (Solvent 1); UV: Ayax (ethanol)
265 (log € 4.44) and 336 (4.48) nm. 4°,5,7-Tri-O-methyl ether, prepared
with dimethy! sulfate and potassium carbonate in anhydrous acetone
under reflux for 40 hr, crystallized from ethanol as light-yellow needles,
mp 153°; NMR (deuterochloroform): 6 7.91 (2H, d, J = 9 Hz, H-2',6'),
6.94 (2H, d, J = 9 Hz, H-3',5"), 6.70 (1H, s, H-3), 6.48 (1H, d, J = 3 Hz,
H-8),6.22 (1H, d, J = 3 Hz, H-6), and 4.0-3.98 (9H, methoxyl protons);
mass spectrum: m/e 312 (M™*, 100%), 297 (22), 295 (10), 269 (22), and 254
(11). The melting point and spectral properties of the flavone and its
permethyl ether were indistinguishable from those reported for apigenin
(20, 21).

Treatment of Fraction C and Isolation of Saponarin (V)—The
aqueous filtrate was extracted with ethyl acetate (5 X 1 liter), and the
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Table I—Flavoneids of E. hyssopifolium during Growth @
(Relative Percent Yield)

2-3 6-8 Flowering  Fruiting
Flavone Weeks Old Weeks Old Stage Stage
1 44 20 3 5
11 32 28 2 4
111 - 12 35 -
18Y - 7 42 -
\Y% - 14 + 8
VI - + 5 40
Vil - - + 24
Unidentified 24 17 12 19
phenolic
constituents
Yield, % 0.08 0.22 0.37 0.30

2 n = 3; + denotes 1-2%; — denotes absence.

ethyl acetate extract was worked up in the usual fashion to give a brown
concentrate (200 ml). It was diluted with 200 ml of ether, and swerti-
amarin (6) was precipitated as a brown gum. The ethyl acetate-ether
mother liquor was evaporated to give a dull-yellow solid (0.28 g), which
showed two major spots on TLC at Ry 0.42 and 0.7 (Solvent 2). Trituration
of the residue with hot methanol gave 0.1 g of swertisin as the sparingly
methanol-soluble solid.

After separation of swertisin, the methanol mother liquor was evapo-
rated to give a hygroscopic solid (0.11 g), mp 228-231°; Ry 0.4 {Solvent
2); [a]B —8.5° (c 0.45, water) and —73.4° (¢ 0.55, pyridine); UV: Apax
(ethanol) 270 and 335 nm; NMR (deuterodimethyl sulfoxide): 6 7.95 (2H,
d,J = 8Hz H-2'6"),6.98 (2H, d,J = 8 Hz, H-3',5'), 6.92 (1H, s, H-8), 6.68
(1H, s, H-3), 4.95 (1H, broad, O-glucosyl H-1), and 4.8 (1H, d, J = 10 Hz,
C-glucosyl H-1). Treatment with acetic anhydride and pyridine afforded
a decaacetate, which crystallized from hexane-methylene chloride as a
glassy solid, mp 142-144°. The physical and spectral properties of the
compound and its acetate derivative were identical to those reported for
saponarin (20, 23).

Treatment of Fraction D—The aqueous mother liquor was con-

. centrated at 30° under reduced pressure to about 25 ml and kept at 0°

for ~2 weeks, during which time a light-yellow solid precipitated. The
solid was collected by filtration and dissolved in ethyl acetate-di-
oxane.

Swertisin-5-0-B-0-glucoside (VI)—On concentration and cooling,
the ethyl acetate-dioxane solution gave an amorphous solid, which
crystallized from methanol-dioxane as ivory-colored needles (0.93 g),
mp 200-202°; R, 0.32 (Solvent 2); [a]%a =-77° {c 0.73, pyridine); UV: Ayax
(ethanol) 271 (log € 4.26) and 335 (4.30) nm; UV: Anax (ethanol-0.2% so-
dium acetate) 262 sh, 268, and 388 nm; IR: v,,, 3300 (broad), 1668, 1662,
1630, 1612, 1295, 1255, 1020, and 838 cm~!; NMR (deuterodimethyl
sulfoxide): 6 7.98 (2H, d, J = 8.5 Hz, H-2'6/), 6.95 (2H, d, J = 8.5 Hz,
H-3',5’), 6.82 (1H, s, H-8), 6.38 (1H, s, H-3), 5.0 (1H, broad, O-glucosyl
H-1),4.80 (1H, d,J = 10 Hz, C-glucosyl H-1), 3.94 (3H, methoxyl!), and
3.35 (complex multiplet, 12 glucosyl protons plus water); 13C-NMR
(deuterodimethyl sulfoxide): 8 161.40 (C-2), 103.07 (C-3), 182.30 (C-4),
156.90 (C-5), 90.88 (C-6), 161.42 (C-7), 104.8 (C-8), 159.86 (C-9), 109.57
(C-10), 121.08 (C-1"), 128.46 (C-2'), 116.08 (C-3'), 164.05 (C-4’), 116.02
(C-5), 128.46 (C-6), 56.28 (methoxy!-C), and 56.0~100.5 (12 lines, C,0-
glucosyl-C) (24).

Anal.—Calc. for CogH30015-H0: C, 53.67; H, 5.43. Found: C, 52.99;
H, 5.86.

Hydrolysis of VI with Emulsin—Compound VI, 52 mg, was dissolved
in 20 ml of pH 5 aqueous buffer (0.5 M sodium acetate adjusted to pH
& with acetic acid) to which 20 mg of powdered emulsin® was added. The
mixture was kept at ambient temperature overnight. The reaction
product was concentrated and subjected to paper chromatography? along
with glucose, rhamnose, and glucuronic acid. Only glucose was detected
as the sugar component in the hydrolyzed product. The aglucone was
extracted with ethyl acetate, the solvent was removed, and the residue
was crystallized from methanol-dioxane. Direct comparison of the
aglucone by melting-point, mixed melting-point, and co-TLC analyses
with swertisin established that they were identical.

Methylation of VI—Compound VI, 48 mg, was methylated by repeated
addition of ethereal diazomethane daily for 7 days. After the usual
workup, the methyl ether was obtained as a light-yellow solid.

¢ Sigma Corp.
7 Whatman No. 1.



Isovitexin-4’,7-di-O-methyl Ether—The methyl ether of VI was dis-
solved in 20 ml of 10% aqueous acetic acid and kept at ambient temper-
ature overnight. The solvent was removed under high vacuum, and a
straw-colored residue was obtained. It was triturated with hot methanol.
The methanol solution was concentrated and afforded 38 mg of a mi-
crocrystalline solid, mp 268-270°; Ry 0.42 (Solvent 2); UV: A,y (ethanol)
268 (log € 4.28) and 324 (4.36) nm; UV: Ay (ethanol-aluminum chloride)
278, 300, and 345 nm (indicating the presence of a C5-OH group); mass
spectrum: m/e 460 (M™, 3%), 445 (7), 442 (100), 431 (7), 430 (8), 422 (3),
417 (5), 311 (34), 296 (17), 281 (24), and 179 (7). The physical and spectral
properties of the compound suggested its identity as isovitexin-4',7-
di-O-methyl ether.

Isovitexin-4’,5,7-tri-O-methyl Ether Tetraacetate—Further meth-
ylation of isovitexin-4’,7-di-O-methyl ether with excess ethereal diazo-
methane followed by acetylation with acetic anhydride and pyridine on
a steam bath for 4 hr afforded isovitexin-tri-O-methyl ether tetraacetate,
mp 127-129° (25); mass spectrum: m/e 642 (M*, 3%), 583 (100), 541 (2),
523 (10), 481 (8), 463 (18), 421 (12), 408 (2), 341 (68), 339 (44), 31 (22), 294
(2), 179 (2), and 139 (25).

Permethylation of VI—The diglucoside, 24 mg, in 5 ml of N,N-di-
methylformamide was treated with 1 ml of methyl iodide and 60 mg of
sodium hydride under nitrogen. After 1 hr at ambient temperature, the
reaction mixture was diluted with 50 ml of water and extracted with
chloroform. The chloroform layer was worked up in the usual fashion,
and the chloroform concentrate was subjected to preparative layer
chromatography with Solvent 1 as the developer. The blue fluorescent
zone at Ry 0.5 under a shortwave UV lamp was cut out and eluted with
chloroform. Evaporation of the solvent from the chloroform solution gave
a pale-yellow gum, which crystallized from benzene as yellow needles,
mp 168-171°; mass spectrum (no M* was observed, only fragment ions
were recorded): m/e 516 (relative intensity 12%), 501 (22), 485 (20), 469
(8), 341 (100), 311 (5), 101 (55), and 88 (47).

Treatment of Fraction E—Fraction E was extracted with n-butanol
(4 X 250 ml). The residue from the butanol extract was dissolved in ethyl
acetate and subjected to preparative layer chromatography on polyamide®
plates (20 X 20 cm) with methanol-acetic acid-water (90:5:5) as the de-
veloper.

Isoswertisin-5-0-B-D-glucoside (VII)—The zone at Ry 0.4 was eluted
with methanol, and the solvent was evaporated. The residue crystallized
from methanol-dioxane as light-yellow microcrystals (0.1 g), mp 212-
215°; Ry 0.37 (Solvent 2); [a]& —91° (c 0.51, pyridine); UV: Apax (ethanol)
270 (log € 4.23) and 336 (4.26) nm; UV: Ay ax (ethanol-0.2% sodium ace-
tate) 262 sh, 268, and 390-395 nm; IR: vp4, 3300 (broad), 1665, 1610, 1502,
1362, 1295, 1258, 1212, 1196, 1035, and 842 cm~!; NMR (deuterodimethyl
sulfoxide): 6 7.92 (2H, d, J = 8.5 Hz, H-2",6"), 6.95 (2H, d, J = 8.5 Hz,
H-3',5"), 6.34 (1H, s, H-6/H-3), 6.32 (1H, s, H-3/H-6), 5.0 (1H, broad,
O-glucosyl H-1), 4.78 (1H, d, J = 10 Hz, C-glucosyl H-1), 3.92 (3H,
methoxyl), and 3.50 (complex multiplet, 12 glucosyl protons plus
water).

Anal.—Calc. for C2gH32015-H20: C, 53.67; H, 5.43. Found: C, 53.18;
H, 5.82.

Hydrolysis of VII—Compound V11, 23 mg, was hydrolyzed with 10 mg
of emulsin as described when glucose was detected as the only glucone
moiety present. The aglucone, mp 295-298°, showed UV: Apax (ethanol)
272 (log € 4.17) and 335 (4.30) nm, identical to that reported for iso-
swertisin (17). It afforded a hexaacetate, mp 128-131°.

Methylation of VII—Compound VII, 22 mg, was methylated with
excess ethe_al diazomethane. After the usual workup, the methyl ether
was obtained as an amorphous solid (21 mg).

Vitexin-4’,7-di-O-methyl Ether—The methyl ether of VII was hy-
drolyzed with acetic acid as described, and vitexin-4',7-di-O-methyl ether
was obtained as yellow microcrystals (9 mg), mp 260-262°; UV: Apax
(ethanol) 270 (log € 4.27) and 324 (4.22) nm; UV: Apax (ethanol-aluminum
chloride) 277, 300, 345, and 383 nm.

Vitexin-4',5,7-tri-QO-methy! Ether Tetraacetate—Further methyl-
ation of vitexin-4’,7-di-O-methyl ether with ethereal diazomethane and
subsequent acetylation afforded vitexin-4’,5,7-tri-O-methyl ether tet-
raacetate (26), mp 220-221°; mass spectrum: m/e 642 (M*, 100%), 583
(8), 541 (12), 523 (18), 481 (5), 463 (4), 341 (35), 339 (11), 311 (28), 294 (6),
179 (5), and 139 (10). The mass fragmentation data of this compound are
consistent with those reported for vitexin-4/,5,7-tri-O-methyl ether tet-
raacetate (16).

Permethylation of VII—Compound VII was permethylated as de-
scribed for V1. The derivative crystallized from acetone-benzene as a

8 Powder D, Riedel, Haen AG.

I:
II:
II1:
1v:
V:
VI
VIIL:

, R, = R, = glucosyl
, =R, =glucosyl, R, =CH,,R, = H
, = R, =glucosyl, R,=CH,, R, = H

LR

light-brown solid, mp 122-125°; mass spectrum (no M* was observed,
only fragment ions were recorded): m/e 516 (relative intensity 80%), 486
(5), 341 (100), 327 (22), 311 (8), 101 (70), and 88 (68). The mass spectral
data were consistent with those reported (27) for the permethyl ether of
vitexin-5-0-glucoside.

RESULTS AND DISCUSSION

Seven flavonoids (22) were isolated from the whole plants of E. hys-
sopifolium at different vegetation periods by solvent extraction and
column and preparative layer chromatography. These compounds, api-
genin (I), gerkwanin (II), isovitexin (III), swertisin (IV), saponarin (V),
swertisin-5-0-8-D-glucoside (VI), and isoswertisin-5-0-f-D-glucoside
(VII), were characterized by chemical transformation and the UV, IR,
NMR, and mass spectra of the compounds and their methyl ether and
acetate derivatives. The structural elucidation of the two new compounds
(VI and VII) that were not encountered before in nature or prepared
synthetically is described.

Flavonoid VI—Compound VI (CgzgH300,5-H;0), mp 200-202°,
showed UV absorption maxima in neutral ethanol and in the presence
of the usual shift reagents (21), characteristic of 4',5,7-trioxygenated
flavones with a free 4’-hydroxyl group (21). The 100-MHz PMR spectrum
of the compound in deuterodimethyl sulfoxide exhibited signals due to
12 glucosy! protons, one aromatic methoxyl proton, two glucose anomeric
protons, and six aromatic protons ascribable to C-3,C-8, and C-2,3',-
5,6'-H (21). Its 13C-NMR spectrum, interpreted on the basis of two recent
reports of the 13C-spectra of hydroxy-methoxy flavones (27, 28), also was
consistent with this assignment.

On hydrolysis with emulsin, the compound gave IV and glucose.
Methylation with ethereal diazomethane and subsequent acid hydrolysis
afforded isovitexin-4",7-di-O-methyl ether, which showed a mass spec-
trum consistent with this structure (16, 18). Likewise, the mass spectrum
of the permethyl ether of the parent compound produced fragment ion
peaks characteristic of 6-C,0-diglucosyl flavones (29). Based on these
observations, the flavonoid was identified as 5-O-8-D-glucopyrano-
syl-6-C-B-D-glucopyranosyl genkwanin (V1).

Flavonoid VII—Compound VII (CegH320,5-H20), mp 212-215°,
showed a close similarity in its UV absorption spectra in neutral ethanol
and in the presence of the usual shift reagents (21) with those of V1. In
the 100-MHz PMR spectrum, a significant difference from that of V1 was
discernible in the A-ring proton singlet, which appeared near the signal
due to Cs-H. Therefore, the A-ring proton was assigned to C¢-H. The
downfield shift was due to the glucosyloxy function at C-5. On hydrolysis
with emulsin, it afforded isoswertisin and glucose. Methylation with
ethereal diazomethane followed by acid hydrolysis under mild conditions
yielded vitexin-4’,7-di-O-methyl ether. The permethyl ether of the parent
compound produced fragment ion peaks in its mass spectrum that are
characteristic of 8-C,0-diglucoside flavones (29). Based on these obser-
vations, the compound was identified as 5-O-B-D-glucopyrano-
syl-8-C-B-D-glucopyranosyl genkwanin (VII).

The glycoflavones (III-VII) were absent in the seedling stage (2-3
weeks) of the plant. At this stage, only the free flavones (I and II) were
detected in the roots, stalks, and leaves of E. hyssopifolium. From the
onset of maturity (6-8 weeks), biosynthesis of the C-glycoflavones (ITI
and IV) started. At the flowering stage, the free flavones were largely
replaced by these entities. At the fruiting stage, 111 and IV were repre-
sented by the C,0-diglycoflavones (V-VII). However, at this stage, I and
II reappeared as minor entities. .

Since previous results of biosynthetic experiments suggested that

‘C-glycosylation of flavones takes place at the chalcone stage (30), it

seemed plausible that elaboration of the free flavones (I and I} in E.
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hyssopifolium was interrupted during the early growth of its stalk and
leaves and substituted by the synthesis of the C-glycoflavones (11T and
1V). Toward the end of vegetation, synthesis of the free flavones revived,
while the C-glycoflavones were further O-glycosylated to afford V-VII.
This time lag in the ()-glycosylation is surprising because O-glycosides
are less toxic to plants than the free phenols (31); the reaction, therefore,
was expected at an early stage of plant growth but was not observed in
E. hyssopifolium. However, a similar ontogenic variation in the content
of tree xanthones and of xanthone-()-glycosides was reported recently
in Swertia angustifolia (32).

Another noteworthy feature of E. hyssopifolium, whose certain
chemical characters, e.g., monoterpene alkaloids, heterosides, and fla-
vonoids, are similar to those of Gentiana species (12), is the apparent
complete absence of xanthones. Xanthones occur almost ubiquitously
in Gentiana species (33, 34). From the chemotaxonomic point of view,
this observation is significant since K. hyssopifolium was known previ-
ously as Gentiana verticillata Linn. but later was separated from the
Glentiana genus on other taxonomic grounds (1). The chemical results
reported in this paper support this separation of E. hyssopifolium as a
monotypic species.
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Abstract O A simple and rapid method for the absorption rate calcu-
lation for drugs exhibiting linear pharmacokinetics is proposed. The
method employs the novel instantaneous midpoint-input principle,
which assumes that all drug absorbed during a given interval, regardless
of the complexity of the absorption kinetics, is absorbed instantaneously
at the midpoint of the interval. The drug amount absorbed is calculated
by comparing the net plasma level resulting from the absorption during
that interval with the plasma drug level obtained after intravenous dosing
at the midpoint of the absorption interval. The method does not assume
any compartments or models commonly used in pharmacokinetic studies.
In examples with markedly different pharmacokinetic properties, the
new method yielded accurate results almost identical to those obtained
with the standard Wagner-Nelson and Loo-Riegelman methods. The
method often is accurate to two to four significant figures in absorption
rate calculations. For first-order absorption, the new method appears
to be less subject to the influence of timing of the first blood sample.
Theoretically, information on only a small portion of the intravenous
plasma level-time profile is sufficient for the analysis. Data on plasma
levels shortly after intravenous dosing and the terminal biological half-life
are not always needed. Thus, the method might be particularly useful
for drugs with long or uncertain biological half-lives. Theoretically, the
method also can be applied to urine or saliva data. The method assumes
the same drug disposition kinetics between the intravenous and ab-
sorption studies.

Keyphrases O Drug absorption—compartment- and model-indepen-
dent calculation for drugs with linear pharmacokinetics 0 Pharmaco-
kinetics, linear—compartment- and model-independent drug absorption
calculation O Absorption—compartment- and model-independent cal-
culation for drugs with linear pharmacokinetics [ Instantaneous mid-
point-input principle—drug absorption, linear pharmacokinetics

Calculation of the drug absorption rate from various
dosage forms or administration routes is important in
biopharmaceutical and pharmacokinetic studies. Many
methods for calculating the absorption rate have been
reported or reviewed (1-17). The original Wagner—Nelson
(1) and Loo-Riegelman (2) methods have been the most
widely and successfully used numerical methods in the
past decade.

BACKGROUND

The original Wagner—Nelson method (1) is based on the linear one-
compartment open model for drug disposition. Since the disposition ki-
netics of almost all drugs can be described more accurately by multi-
compartment models (2, 18), its use in many cases can be viewed only as
an approximation. Precautions for using this method were discussed
previously (2-4).

The Loo-Riegelman method (2) can be used for drugs exhibiting linear
multicompartment properties. The method was derived based on mul-
ticompartment models in which drug elimination was assumed to take
place exclusively from the central compartment (2). Although such an
assumption probably is correct for most drugs, for some drugs various
degrees of elimination probably also can take place in the tissue or pe-
ripheral compartments. However, it was shown subsequently that such
an assumption is not necessary for the correct calculation of absorption
rates (10, 15). In addition, the pharmacokinetic parameters of the drug
in the body are assumed to remain the same during intravenous and ab-
sorption studies (2). For intrasubject variation in the terminal biological
half-life during intravenous and oral studies, a new elimination rate
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constant from the central compartment must be used. This new rate
constant is calculated based on the assumption that the central com-
partment volume and the intercompartmental first-order transfer rate
constants remain the same (19).

Three approximations are made in the derivation of the final equations
used in the original Loo-Riegelman method:

1. The linear trapezoidal rule method is used to estimate the area
under the plasma level-time curve for the calculation of the drug amount
eliminated from the body during a time interval. Such an approximation
method also is employed in the Wagner—Nelson method. The accuracy
of the linear trapezoidal rule method for calculating the area under the
curve was discussed (15, 20, 21). An improper blood sampling schedule
during absorption might result in significant errors in the estimate of the
plasma area and, hence, the absorption rate calculation.

2. The plasma level is assumed to change linearly with time in the
calculation of the drug distribution rate from the central compartment
to the tissue or peripheral compartment. Again, various degrees of under-
or overestimation probably occur if an improper blood sampling schedule
is employed.

3. The two-term Taylor expansion series is used as a substitution for
the exponential term in the equation. Such an approximation occasionally
may result in serious errors. As a result, a three-term Taylor expansion
series (4) or one without the Taylor series (16) was recommended.

Despite the assumptions and approximations for solving the absorption
differential equation, the method has yielded excellent results (16).

This article reports a new, simple, compartment- and model-inde-
pendent method for the rapid calculation of the absorption rate of drugs
exhibiting linear pharmacokinetics. No assumptions regarding specific
pharmacokinetic models or the drug elimination site from the body are
necessary. Although the development of this method is empirical, it
generally is highly accurate when properly used and might be satisfactory
for many pharmacokinetic studies. Such use is analogous to the empirical
use of the linear trapezoidal rule method for estimation of the area under
the curve (20, 21).

THEORETICAL

It was shown (22, 23) that the plasma drug concentration after the
constant intravenous infusion period for the one-compartment open
model system can be approximated by assuming that the entire infused
dose is injected instantaneously into the body as a bolus dose at the
midpoint of the infusion period. Errors in such an approximation are
negligible or insignificant when the infusion period to biological half-life
ratios are low (22). For example, the error is ~0.1% when the ratio is
0.25.

In absorption studies, the plasma drug concentration of the first blood
sample shortly after dosing, C%,,, also might be approximated satisfac-
torily by assuming that all drug absorbed up to the first sampling time,
t1, is absorbed instantaneously at the midpoint of the absorption period
(i.e., 0.5¢1). The drug amount absorbed into the general circulation up
to t; then can be calculated by comparing the C5,, value with the theo-
retical plasma drug concentration, Cjys,,, at the midpoint of the ab-
sorption period (i.e., 0.5t;) after an intravenous bolus dose. The drug
amount absorbed between the first (¢1) and second (¢2) blood sampling
periods can be estimated by the same principle after correction for the
plasma level contribution, Cj,,, at t5 from the drug absorbed prior to ¢;.
Again, to calculate C3,,, all drug absorbed prior to ¢, is assumed to be
absorbed instantaneously at 0.5¢;. This can be done as follows: C5,; =
fraction of dose absorbed during the first absorption period X C¥,-051,),
where C[(;,,-05:,) is the theoretical plasma concentration at (¢, — 0.5¢)
when the same extravascular dose is given intravenously as a bolus. The
same principle then can be used to calculate the drug amounts absorbed
during other sampling intervals. The known or estimated absorption lag
time should be corrected for the calculation of absorption periods.
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Table I —Comparisons of the Absorption Rates Calculated by the Loo-Riegelman Method and the New Method for Example 1

Cumulative Fraction Absorbed

Hours Cpe Cpt Reported® ~ Calculated? Theoretical® Calculated’
0.5 3.0 3.36 0.165 0.1654 0.1853 0.1852
1.0 5.2 5.48 0.316 0.3167 0.3364 0.3357
1.5 6.5 6.717 0.437 0.4378 0.4594 0.4587
2.0 7.30 7.48 0.540 0.5401 0.5596 0.5584
2.5 7.60 7.83 0.618 0.6184 0.6412 0.6404
3.0 1.75 7.92 0.687 0.6865 0.7077 0.7077
3.5 7.70 7.85 0.742 0.7410 0.7619 0.7619
4.0 7.60 7.68 0.790 0.7882 0.8060 0.8060
5.0 7.10 7.19 0.854 0.8529 0.8713 0.8711
6.0 6.60 6.64 0.901 0.8990 0.9146 0.9143
7.0 6.00 6.10 0.926 0.9245 0.9433 0.9430
9.0 5.10 5.16 0.958 0.9575 0.9750 0.9747

¢ Based on data reported in Ref. 2. ® Based on data generated by the first-order input equation using Eq. A8 in the Appendix where K = 0.41 hr™1. < Based on data
reported in Refs. 2 and 4. ¢ Based on the new method. ¢ Based on (1 ~ e ~Xat), where K, = 0.41 hr~}. / Based on the newly generated Cp data shown in Column 3 of this

table and the new method for absorption rate calculations.

The proposed method also can be described mathematically:
= Lo
f] C;;IOA-')U

where f1 is the dose fraction absorbed up to ¢, expressed in terms of the
fraction of the intravenous bolus dose. If the same dose is used in both
intravenous and oral absorption studies, then the f; value will equal ex-
actly the fraction of the oral dose absorbed into the general circulation
up to ¢1. The dose fraction absorbed during each subsequent period can
be calculated by:

(Eq. 1)

o 0
C 12 CPPI

fg = -‘P—w——""—‘ (Eq 2)
CpO.S(tz—-m
fa= .;”3 . (ifj’lgpl + C;nz) (Eq. 3)
Cpo.sua—lz)
n=1
‘;lln - ; C;;Pi
fo= o = (Eq. 4)
CpO 5(tn_-ln—l_)

The Cjp,; value for the calculation of absorption in each period (Eq.
1,2, or 4) is different, although the same symbol is used in these equations.
For example, for the calculation of f, in Eq. 4, the values are: Cjp,, =
F1C -0t Chpz = [2CBun-05n-050 Cpps = [3Chiun-0512-05t3 and
(”;)pn—l = /n—lcl;;,un—as:n-z-o.stn-n-

EXPERIMENTAL

Since this method was developed empirically, its validity must be ex-
amined using many examples with different disposition kinetic charac-
teristics under various conditions such as first-order and zero-order ab-
sorptions.

Example 1—Loo and Riegelman (2) discussed a detailed theoretical
example to illustrate the application of their method for a two-com-
partment open model system. Their absorption profile was reanalyzed
using the proposed method. Close agreement between the two methods
would support the applicability of the new method. Based on their mi-
croscopic rate constants (2) and other relevant data, the following biex-
ponential plasma level equation may be obtained if the entire dose is
injected instantaneously into the general circulation:

Cp = 12.370684t 4 7 857000725

where ¢ is in hours.

(Eq. 5)

Table II—Comparisons of Absorption Rates of Sulfisoxazole
Calculated by the Proposed Method with the Theoretical Values
following First-Order Absorption Kinetics

Cpe, Cumulative Dose Fraction Absorbed
Hours mg/liter Calculated Theoretical®
0.5 65.58 0.2925 0.2928
1.0 98.20 0.4994¢ 0.5000
1.5 113.29 0.6457 0.6464
2.0 118.95 0.7491¢ 0.7499
25 119.45 0.8222 0.8232

4@ Plasma levels after absorption study. ® Based on (1 — ¢ ~Ka?), where K, = 0.693
hr=!, © With the assumption that the first blood sample was obtained at 1.0 hr, the
calculated dose fraction absorbed would be 0.4977. ¢ With the assumption that the
first blood sample was obtained at 2 hr, the calculated dose fraction would be
0.7:349.
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The first-order absorption rate constant used in their simulation was
0.41 hr~'. Some detailed absorption rate calculations based on this new
method are illustrated in the Appendix, and the analysis results are
summarized in Table 1.

Example 2—The following mean biexponential equation was obtained
after a bolus intravenous injection of 2000 mg of sulfisoxazole to seven
normal subjects (24):

Cp = 108.43e~1-393 4 152.13¢~01% (Eq. 6)

where C, is in micrograms per liter and ¢ is in hours.

Theoretical plasma drug concentrations at various times using a
first-order absorption rate constant of 0.693 hr~! were generated in part
with a programmable calculator. The dose used for absorption simulation
also was 2000 mg. The plasma level data up to 2.5 hr after dosing are
summarized in Table I1.

The absorption simulation data generated throughout this discussion
are based on a compartment- and model-independent approach. This
approach is in contrast with the more commonly used compartmental
approach. The general equation of the plasma level profile after a first-
order input with an initial one-unit dose into a system where drug dis-
position kinetics following the intravenous bolus injection of the same
unit of dose can be described by a polyexponential equation (Cp, = 27,
A;e~Kit) is shown in the Appendix.

Example 3-—~The following mean biexponential equation was obtained
after a bolus intravenous injection of 615 mg of ampicillin to nine subjects
(25):

Cp = 120.4e240t 4 12,12¢7039¢ (Eq.7)

where Cp, is in milligrams per liter and ¢ is in hours.

The plasma level profile (Table III) during the early absorption phase
was generated based on an initial dose of 615 mg and a first-order ab-
sorption rate constant of 2.0 hr™1,

Example 4—The mean plasma level profile following the intravenous
rapid injection of 10 mg of diazepam to four subjects (26) can be expressed
by the following triexponential equation:

Cp = 0.23e7462 4 (.15e7041¢ 4 (.062¢ 00225 (Eq. 8)

where Cp, is in milligrams per liter and t is in hours.

Based on the same intravenous dose absorbed with a first-order rate
constant of 0.693 hr~!, the plasma level data during the first 2.5 hr after
dosing are summarized in Table IV.

Example 5—The drugs described in Examples 1-4 were infused at
a unit intravenous bolus dose (the same intravenous dose used individ-
ually in each example) per hour to the same subjects. Theoretical plasma

Table III—Comparisons of Absorption Rates of Ampicillin
Calculated by the New Method with Theoretical Values
following First-Order Absorption Kinetics

Co1, Cumulative Dose Fraction Absorbed
Hours mg/liter Calculated Theoretical®
0.25 39.27 0.3898 0.3935
0.50 46.99 0.6263 0.6321
1.0 35.02 0.8510 0.8647

@ Plasma levels after absorption study. ® Based on (1 — ¢~¥at), where K, = 2.0
hr-L



Table IV—Comparisons of Absorption Rate Analysis of Diazepam (Three-ComPartment Model) Calculated by Two Methods with the
Theoretical Values following First-Order Absorption Kinetics (K, = 0.693 hr~?)

Fractional Absorption Rate

Cpe, during Each Study Period Cumulative Dose Fraction Absorbed
Hours mg/liter Theoretical® Calculated® Theoretical? Calculated® Calculated®
0.5 0.082204 0.2928 0.3050 0.2928 0.3050 0.2767
4.17) (4.17)/ (~5.55)/
1.0 0.1106 0.2072 0.2085 0.5000 0.5135 0.4874
(0.63) 2.7) (—2.53)
1.5 0.1223 0.1464 0.1451 0.6464 0.6586 0.6339
(—0.89) (1.89) (—1.95)
2.0 0.1253 0.1035 0.1018 0.7499 0.7604 0.7388
(—1.64) (1.4) (—1.74)
2.5 0.1233 0.0733 0.07189 0.8232 0.8323 0.8132
(—1.92) (1.1) (-1.22)
1.0 0.1106 0.5000 0.5361¢ 0.5000 0.5361% 0.4497¢
(7.22) (7.22) (—10.1)

¢ Plasma levels after absorption study. ¢ Calculated from Column 5 of this table. ¢ Based on the new method. ¢ Based on (1 — e~Ka?). ¢ Based on Loo-Riegelman method.
f Percent over- or underestimation of the absorption of the new method as compared to theoretical results. £ Based on the first blood sample collected 1 hr after

dosing.

level data at various times after the beginning of infusion were generated
by the programmable calculator based on a compartment- and model-
independent equation (see Appendix).

RESULTS AND DISCUSSION

The results of the absorption rate calculation using the standard
Loo-Riegelman method (2, 4) and the proposed method for Example 1
are summarized in Table 1. The values for cumulative dose fractions
absorbed from 0.5 to 9.0 hr after dosing obtained from the two methods
were essentially identical (up to three significant figures for some data).
Since absorption was assumed to follow first-order kinetics with a rate
constant, K, of 0.41 hr™!, the cumulative dose fraction, F;, absorbed at
various times can be determined theoretically by:

Fy=1—e¢Kat

(Eq.9)

These theoretical values are summarized in Table I; compared to them,
the absorption rates calculated by the two methods were underestimated.
Recalculation of theoretical plasma level data based on Eq. A2 in the
Appendix revealed slight discrepancies between the reported values (2,
4) and the newly generated values (Table I). Using these new plasma level
data and the proposed absorption rate calculation, the calculated cu-
mulative dose fractions (Table I) absorbed at various times were essen-
tially identical (identical values up to four significant figures for data at
3, 3.5, and 4 hr) to the theoretical values. These results were encouraging
during early evaluation of the new method.

The total area under the plasma level-time curve from Eq. 5 calculated
by the integration method was essentially identical to the total area from
the absorption study reported (4) (126.46 versus 126.44), indicating the
correctness of Eq. 5. In the absorption rate analyses, 97.5% of the dose
theoretically was absorbed at 9 hr after dosing.

The results of the absorption study on sulfisoxazole (Example 2), which
exhibited two-compartment properties, are summarized in Table II. The

Table V—Comparisons of Results of Absorption Rate
Calculations Based on the Loo-Riegelman Method and the New
Method for Example 1 if Only One Plasma Level at Various
Times after Absorption Study Is Used

Fraction Absorbed
Time for Based on Theoretical
First Loo-Riegelman Based on Fraction
Sample, hr Cp Method New Method  Absorbed
1 5.484 0.3283 0.3351 0.3364
(—2.37)e (-0.357)¢
2 7.481 0.5172 0.5521 0.5596
(—7.58) (—1.34)
3 7.921 0.6135 0.6900 0.7077
(-13.3) (—2.50)
4 7.681 0.6529 0.7723 0.8060
(-19.0) (—4.18)
5 7.191 0.6613 0.8179 0.8713
(—24.1) (—6.13)
6 6.638 0.6534 0.8392 0.9146
(—28.6) (—8.24)

@ Percent deviation from the theoretical value.

excellent accuracy of the new method also was demonstrated in this ex-
ample. The first blood sample, obtained 1 or 2 hr after dosing, gave cal-
culated fractions of the dose absorbed of 0.4977 and 0.7349, respectively.
These values compared well with the corresponding theoretical values:
0.5000 and 0.7491.

The results for ampicillin (Example 3) are shown in Table II1. This drug
was selected due to its relatively large contribution of the distribution
phase (21.5% of the total area, AUC ). A high degree of accuracy also was
observed with the new method.

The results of the absorption rate analysis of diazepam in Examplg 4
are summarized in Table IV. Despite its three-compartment character-

-istics, errors of the absorption rate estimate for each sampling period and

the cumulative absorption calculated by the new method were insignif-
icant, except for the first 0.5-hr point where absorption was overestimated
by 4.17%. The overestimation for the 0.5-1.0-hr period was only 0.63%,
and the underestimations for the next three sampling periods were <2%
(Table IV). The accuracy of the new method was improved considerably
if the first blood sample was obtained at an earlier time. For example, the
overestimation was reduced to only 1.48% when the 0.25-hr plasma level
(0.05382 mg/liter) was used for calculation.

The Loo-Riegelman method without the Taylor expansion series also
was employed to calculate the diazepam absorption rate discussed in
Example 4. The results are summarized in Table IV. The Loo-Riegelman
method underestimated absorption up to 0.5 hr by 5.55%, which was
slightly greater (based on absolute percent) than the 4.17% underesti-
mation based on the new method. In this example, the new method always
overestimated the cumulative absorption values (up to 2.5 hr) while the
Loo-Riegelman method always underestimated them. However, the
absolute percentages of over- or underestimation by these two methods
were practically the same (Table IV). The accuracy of both methods for
calculating the diazepam absorption rates was demonstrated by the fact
that, at 2.5 hr after dosing when 82.32% of the dose had been absorbed,
the new method overestimated the absorption by 1.1% while the Loo-
Riegelman method underestimated it by 1.22% (Table IV).

The new method also had essentially the same accuracy as the Wag-
ner-Nelson method on theoretical compounds with one-compartment
characteristics.

These results clearly demonstrate the accuracy and applicability of
the new simple method for the calculation of absorption rates of com-
pounds with markedly different pharmacokinetic properties under
first-order absorption. In Examples 1 and 4, both the new method and

Table VI—Results of the Zero-Order Absorption Rate Analysis
of a Hypothetical Drug in Examples 1 and 5 Calculated by the
New Method

Fraction of Unit

Cumulative Theoretical  Intravenous Dose

Fraction of Absorbed Calcu-
Unit Intravenous lated by
Hours Cp Dose Absorbed New Method
0.25 4.786 0.2500 0.2500
0.50 9.095 0.5000. 0.5003
0.75 14.85 0.7500 0.7506
1.00 16.54 1.0000 1.0004
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Table VII—Results of the Zero-Order Absorption Rate Analysis of Sulfisoxazole and Ampicillin Calculated by the New Method and

the Loo-Riegelman Method

Theoretical
Cumulative
Fraction of

Fraction of Unit Intravenous Dose Absorbed
Calculated by

Cp, Unit Intravenous Calculated by Loo-Riegelman
Drug Hours mg/liter Dose Absorbed New Method Method
Sulfisoxazole 0.5 112.9 0.5000 0.5036 0.4976
(0.72)« (—0.49)¢
1.0 201.9 1.0000 1.0062 0.9970
(0.62) (—0.303)
1.5 277.0 1.5000 1.5077 1.4968
(0.513) (—0.216)
2.0 343.5 2.0000 2.0091 1.9971
(0.455) (—0.146)
Ampicillin 0.25 25.52 0.2500 0.2533 0.2454
(1.32) (—1.85)
0.50 40.56 0.5000 0.5065 0.4932
(1.30) (—-1.36)
0.75 49.76 0.7500 0.7597 0.7425
(1.29) (—-1.00)
1.00 55.65 1.0000 1.0127 0.9925
(1.27) (—0.75)

2 Percent difference from the theoretical value.

the standard Loo-Riegelman method yielded essentially the same results,
indicating the similar accuracy of both methods.

In absorption rate studies, the first blood sample occasionally is not
collected soon after dosing. Evaluation of the effect of the time of the first
blood sample on the accuracy of the new method was important. This
effect was evaluated thoroughly using the data in Example 1. Results of
comparisons using the first plasma level at 1, 2, 3, 4, 5, or 6 hr are sum-
marized in Table V. This example shows that the new method is much
less subject to the influence of the timing of the first sample. For example,
with samples at 4, 5, and 6 hr, the new method gave underestimations in
absorption of 4.18, 6.13, and 8.24%, respectively, while the Loo-Riegelman
method gave underestimations of 19.0, 24.1, and 28.6%, respectively. For
diazepam (Example 4), the new method resulted in a 7.22% overestima-
tion, and the Loo-Riegelman method (without the Taylor expansion
series) yielded a 10.1% underestimation if the first sample at 1 hr was
used. The results for the new method are encouraging since the majority
of drug absorption kinetics reported in the literature appear to follow the
first-order process. Frequent blood sampling and the use of interpolated
plasma level data between adjacent observed points were recommended
for obtaining greater accuracy when applying the Loo-Riegelman method
Lo oral data (15).

The accuracy of the new method under zero-order absorption was
evaluated also. Extremely accurate (identical up to three or four signif-
icant figures in many cases) results were obtained for the hypothetical
drug discussed in Example 1, ampicillin, and sulfisoxazole (Tables VI
and VII). For sulfisoxazole and ampicillin, the results from the Loo-
Riegelman method without the Taylor approximation were equally ac-
curate (Table VII). For diazepam, which exhibited triexponential decay
after intravenous dosing, the new method overestimated the absorption
(Table VIII) in the first 2.5 hr of simulation. The overestimation was the
greatest (6.5%) in the first 0.5 hr of study and decreased gradually (only
1.2% between 2.0 and 2.5 hr). The overestimation was reduced to only
2.2% when the first blood sample was taken at 0.25 hreafter the beginning
of the zero-order absorption. Considering the variability in the biological
system and the accuracy of the dose administered and the plasma levels
analyzed, these overestimations can be regarded as insignificant. How-
ever, the Loo-Riegelman method yielded more accurate results in this
example (Table VIII). For example, it resulted in only a 3.43% underes-
timation when the first sample at 0.5 hr was used for calculation.

The oral absorption kinetics of sulfadimethoxine in a steer were re-
ported previously (16). The steer, 190.68 kg, was given an initial oral dose
of 12.5 g; blood samples were collected at 4, 8, 12, and 24 hr after dosing.
Approximately 5 months later, the same animal, weighing 266.8 kg, re-
ceived a rapid intravenous injection of 17.502 g. The plasma level profile
after intravenous injection was described by a triexponential equation,
which corresponded to a three-compartment open model (16). The ab-
sorption rates were calculated by the Loo-Riegelman method with and
without the Taylor approximation.

Since the body weights of the steer during the oral and intravenous
studies were different, an approximation assuming that the intercom-
partmental distribution rate constants remained constant during the two
studies was made (16). In other words, intercompartmental clearances
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were assumed to increase with increasing body weight, as reflected by
changes in the volume of distribution. In applying the proposed method
for the absorption rate calculation to this example, only the coefficients
of the triexponential plasma level decay equation were inversely corrected
for the body weight change (i.e., the volume of the central or initial
compartment was proportional to the body weight). Thus, the C,, profile
after a 1.0-g intravenous bolus dose at the time of the oral study can be
expressed by:

Cp = 16.00e 911 + 52810055t 4 15 36¢ 00580 (Eq. 10)
when C, is in milligrams per liter and ¢ is in hours.

The results of the absorption rate analysis using the new method and
the Loo-Riegelman method without the Taylor approximation were
sitmilar and encouraging (Table IX); the difference in the cumulative
absorption at 24 hr was only 1.56%. The facts that the absorption rate
appeared to follow approximately the first-order process (16) and that
the first sample was collected only 4 hr after dosing may partially explain
why the cumulative absorption at 4 hr calculated by the new method was
8.17% higher than that obtained with the Loo-Riegelman method (in view
of the data in Table V). The validity of the new method in the flip-flop
absorption condition also was confirmed.

The results of the extensive example analyses clearly demonstrate that
the new method might be potentially useful for absorption rate calcula-
tions. Iis simplicity is shown clearly in the Appendix. In contrast to the
standard Loo-Riegelman method, the present method does not require
the assumption of any pharmacokinetic compartmental model and the
calculation of microscopic compartmental constants. Such calculations
would be complicated in the classical three-, four-, or five-compartment
mammillary model systems (27, 28). The volume of the central com-
partment (the initial volume of distribution) also is not needed.

Furthermore, the plasma level profile shortly after intravenous dosing
theoretically does not need to be known in the new method. For example,
the intravenous plasma data before 0.25, 0.75, and 0.125 hr were not
necessary in the absorption rate calculations in Examples 1, 2, and 4,
respectively. This feature of the new method may be important since drug
disposition kinetics immediately or shortly after intravenous dosing often
are much more complicated than commonly assumed or understood in
conventional pharmacokinetic studies (29). In addition, the apparent
value of the volume of the central compartment and the apparent number
of compartments in the multicompartment analysis often may be subject
to the influence of the frequency and timing of the blood sampling
schedule in intravenous studies (30).

Moreover, the new method requires an accurate plasma level profile
in the intravenous study for only a short period. For example, the intra-
venous data up to only 8.75 hr were required for the absorption rate cal-
culation in Example 1. The terminal biological half-life of this hypo-
thetical compound is 9.56 hr. For sulfisoxazole in Example 2, the intra-
venous data up to 2.25 hr were sufficient for the absorption rate calcu-
lation. The terminal half-life of the drug in this example is 5.78 hr.
Therefore, if the individual or mean pharmacokinetic parameters (i.e.,
the disposition function discussed in the Appendix) between the intra-



Table VIII—-Comparisons of the Zero-Order Absorption Rate
Analysis of Diazepam in Examples 4 and 5 Calculated by the
Loo-Riegelman Method and the New Method

Table IX—Comparisons of Absorption Rate Calculations of
Sulfisoxazole in a Steer by the Loo-Riegelman Method and the
New Method

Cumulative Fraction of
Unit Intravenous Dose Absorbed

Co, Calculated by Calculated by Loo—
Hours mg/liter Theoretical New Method Riegelman Method
0.5 0.1435 0.5000 0.5325 0.4829
(6.50)¢ (—3.43)°
1.0 0.2337 1.0000 1.0472 0.9875
(4.72) (—1.25)
1.5 0.3092 1.5000 1.5558 1.4897
(3.72) (—0.686)
2.0 0.3758 2.0000 2.0629 1.9908
(3.15) (—0.457)
2.5 0.4351 2.5000 2.5690 2.4912
(2.76) (—0.352)
0.250  0.08520 0.25000 0.2555 0.2459
(2.2) (—1.64)

@ Percent deviation from the theoretical value. ® Data are based on the first blood
sample collected at 0.25 hr.

venous and oral studies in the same subject or same panel of subjects may
be assumed to be the same, the present method may be applied without
knowledge of the terminal biological half-life of the drug as long as the
intravenous data during a certain period can be obtained or generated
accurately. This feature could be valuable for drugs with long biological
half-lives (e.g., greater than several days or weeks): As an approximation
for the absorption rate calculation, the needed plasma level data can be
obtained directly from a semilogarithmic intravenous data plot.

Despite these advantages, experimental protocols for studying com-
plete plasma level profiles are recommended. For more accurate deter-
mination of absorption kinetics, a sufficient number of blood samples
should be collected in absorption studies. The present method also might
be used (perhaps as a good approximation) for drugs showing unusual
plasma level profiles due to extensive enterohepatic circulation. Similarly,
the method probably can be used with some salivary or urinary data
obeying linear pharmacokinetic principles. Precautions in using saliva
level data for pharmacokinetic studies were discussed previously (31—
34). .

The most unique assumption made in the proposed method is that all
of the drug absorbed during a given interval, regardless of the complexity
of the true absorption kinetics, is absorbed instantaneously at the mid-
point of the interval. This assumption now has been shown to result in
useful and practical applications for the determination of the apparent
volume of distribution and total body clearance after a constant-rate
intravenous drug infusion (22, 23) and for the absorption rate calculation.
The method using such an assumption will be referred to as the instan-
taneous midpoint-input method.

The absolute accuracy of this new method for absorption rate calcu-
lations is a function of many factors such as the absorption rate, the drug
disposition function, and the blood sampling schedule. This dependence
is similar to the problems of the accuracy of the trapezoidal rule method
for the estimation of the area under the curve (21) and the instantaneous
midpoint-input method for the estimation of the volume of distribution
and total body clearance (22, 23). Many digital computer programs also
are available for the calculation of drug absorption rates (3, 4, 35).

APPENDIX

Sample Calculations Using New Method for Example 1—Ab-
sorption rate calculations based on the oral data reported in the literature
(2, 4) in the first 1.5 hr after dosing are used for illustration. The oral data
were taken from Table I. The intravenous data were generated from Eq.
5. They are 18.14, 14.85, and 12.437 at 0.25, 0.75, and 1.25 hr, respec-
tively.

The dose fraction absorbed up to 0.5 hr, fo 5 by, is:

- Cp()‘ﬁhr _ 3.0 (EqA])

The dose fraction absorbed between 0.5 and 1 hr, f; 1, is calculated
from:

contribution from 0 to 0.5 hr (Chpo5 ) = Chozsne X fosne  (Eq. A2a)
= 1485 % 0.1654  (Eq. A2b)
= 2.456 (Eq. A2¢)

Cumulative Amount Absorbed, mg

Based on Based on
Hours Loo-Riegelman Method® New Method
4 3294 3563 (8.17)b
8 5445 5679 (4.30)
12 6525 6710 (2.83)
24 7610 7729 (1.56)

a Calculated from Ref. 16. ® Percent overestimation as compared to the value
obtained from the Loo-Riegelman method.

and:
fim = CZl hr = CPp05hr - 5.20 — 2.456
! Cgo.zs hr 18.14

Therefore, the cumulative dose fraction absorbed up to 1 hr = 0.1654 +
0.1513 = 0.3167.

The dose fraction absorbed between 1.0 and 1.5 hr, £ 5 1, is calculated
from:

=0.1513 (Eq. A3)

Chposne = Cioshe X fos be = 12.437 X 0.1654 = 2.057 (Eq. A4)
Copinr = Chorshe X f1 hr = 14.85 X 0.1513 = 2.247 (Eq. A5)
and:
fisme = Chisee — C‘épo.s he— Copihe (Eq. A6a)
Clo2she
852057 ~2.247 2&‘_5174"2'247 =0.1211 (Eq. A6b)

Therefore, the cumulative dose fraction absorbed up to 1.5 hr = 0.3167
+ 0.1211 = 0.4378. For the calculation of absorption between 7 and 9 hr,
Cl1one rather than CJp o5 1, should be used.

General Equation for Plasma Level Profile after First-Order
Input—If it is assumed that after an instantaneous intravenous injection
of a unit drug dose, the plasma level-time profile, C,.,, can be described
adequately by the following polyexponential equation (disposition
function):

n
Coie = X Aje—Kit (Eq. A7)
i=1

the general equation to describe its plasma level profile, C,, after the same
unit drug dose with a first-order absorption rate constant, K,, can be
derived by using the input-output convolution method with the assis-
tance of the Laplace transform technique (36). The general equation
derived is:

n A; . L

C, = — (e~ Kat — p—Kit
P KﬂiglKi_Ka(e et

In absolute terms, Eq. A7 is incorrect because the plasma drug level at
the sampling site immediately after dosing (i.e., time = zero) is zero due
to a definite lag time of the drug to be transported from the injection site
to the sampling site and the complicated disposition kinetics shortly after
dosing (29).

General Equation for Plasma Level Profile after Zero-Order
Input-—When the zero-order absorption rate is K¢ unit of dose per unit
of time, the general equation to show the plasma level profile, C;,, during
the zero-order absorption can be derived similarly as:

(Eq. A8)

Co=Ko|S A 3 Al ok

Eq. A9
=K, =1K; (Eq. A9)
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Abstract O Gaseous oxygen solubilization in egg lecithin dispersed in
distilled water, saline, and a multi-ion physiological electrolyte solution
was determined and compared to controls deficient in egg lecithin. Sig-
nificant oxygen solubilization occurred in the presence of egg lecithin.
Oxygen solubilization was significantly greater in saline and in the
multi-ion physiological electrolyte solution than in distilled water.

Keyphrases O Solubilization—of oxygen in egg lecithin dispersed in
distilled water and physiological electrolyte fluids @1 Lecithin, egg—
dispersions in distilled water and physiological electrolyte fluids, oxygen
solubilization O Pulmonary surfactant model systems—egg lecithin
dispersions in distilled water and physiological electrolyte fluids, oxygen
solubilization B Model systems, pulmonary surfactant—egg lecithin
dispersions in distilled water and physiological electrolyte fluids, oxygen
solubilization @ Oxygen-—solubilization in egg lecithin dispersions in
distilled water and physiological electrolyte fluids

Several studies (1-5) demonstrated that respiratory
disease syndrome! is a direct result of a pulmonary sur-
factant deficiency. Mammalian lung surfactant was shown
to be primarily dipalmitoyl phosphatidylcholine (I) (6-8).
Since I also is the major constituent of egg (Gallus
domesticus) lecithin (9), egg lecithin dispersions serve as
convenient and relatively inexpensive pulmonary surfac-
tant model systems.

! Hyaline membrane disease.
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Micellar oxygen solubilization in lung surfactant was
proposed (10) as a mechanism for oxygen transposition at
the alveolar membrane. Other studies (11-14) demon-
strated the ability of lung surfactant to solubilize oxygen
and other nonpolar gases.

The effect of the presence of electrolytes at physiological
concentrations on oxygen solubilization in aqueous egg
lecithin dispersions is reported here.

EXPERIMENTAL

Glass reaction vials were cleaned ultrasonically? in 2% aqueous de-
tergent?, rinsed three times with tap water, and rinsed three times with
deionized, glass-distilled water®. The vials were air dried in a ventilated
oven at 200°.

Egg lecithin® was weighed accurately to yield 50-ml samples of 0.25,
0.50, 0.75, and 1.00% (w/v) phospholipid in normal saline®, physiological
electrolyte solution’, and deionized, glass-distilled water. A magnetic

2 Cole Palmer Co., Chicago, Ill.

3 Alconox, New York, N.Y.

4 Dejonized through an exchange resin deionizer (Continental Water Service,
Oklahoma City, Okla.) and then glass distilled. i

5 Lot 12073, United States Biochemical Corp., Cleveland, Ohio.

€ Travenol Laboratories, Deerfield, Il

7 Normosol-R, Abbott Laboratories, North Chicago, Ill. Contains sodium, po-
tassium, magnesium, chloride, and bicarbonate ions in isotonic aqueous solu-
tion.

0022-3549/ 80/ 0100-0062801.00/0
© 1980, American Pharmaceutical Association
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Abstract O Gaseous oxygen solubilization in egg lecithin dispersed in
distilled water, saline, and a multi-ion physiological electrolyte solution
was determined and compared to controls deficient in egg lecithin. Sig-
nificant oxygen solubilization occurred in the presence of egg lecithin.
Oxygen solubilization was significantly greater in saline and in the
multi-ion physiological electrolyte solution than in distilled water.
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Several studies (1-5) demonstrated that respiratory
disease syndrome! is a direct result of a pulmonary sur-
factant deficiency. Mammalian lung surfactant was shown
to be primarily dipalmitoyl phosphatidylcholine (I) (6-8).
Since I also is the major constituent of egg (Gallus
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convenient and relatively inexpensive pulmonary surfac-
tant model systems.
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Micellar oxygen solubilization in lung surfactant was
proposed (10) as a mechanism for oxygen transposition at
the alveolar membrane. Other studies (11-14) demon-
strated the ability of lung surfactant to solubilize oxygen
and other nonpolar gases.

The effect of the presence of electrolytes at physiological
concentrations on oxygen solubilization in aqueous egg
lecithin dispersions is reported here.

EXPERIMENTAL

Glass reaction vials were cleaned ultrasonically? in 2% aqueous de-
tergent?, rinsed three times with tap water, and rinsed three times with
deionized, glass-distilled water®. The vials were air dried in a ventilated
oven at 200°.

Egg lecithin® was weighed accurately to yield 50-ml samples of 0.25,
0.50, 0.75, and 1.00% (w/v) phospholipid in normal saline®, physiological
electrolyte solution’, and deionized, glass-distilled water. A magnetic

2 Cole Palmer Co., Chicago, Ill.

3 Alconox, New York, N.Y.

4 Dejonized through an exchange resin deionizer (Continental Water Service,
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Table I—Three-Factor Analysis of Variance with Repeat
Measures for Oxygen Solubilization in Egg Lecithin Dispersions
Excluding Controls

Table II—Three-Factor Analysis of Variance with Repeat
Measures for Oxygen Solubilization in Egg Lecithin Dispersions
Including Controls

Source of
Variation df S8 MS Fea
Media 2 15.0288 7.5144 60.41
Concentration 3 4.5492 1.5164 12.19
Media X concentration 6 12.3654 2.0609 16.57
Subjects (G) 60 7.4632 0.1233 —_—
Time 4 1012.0422 253.0106 10,120.42
Time X media 8 48.9936 6.1242 244.97
Time X concentration 12 2.4318 0.2027 8.11
Time X media X 24 3.4116 0.1422 5.69
concentration
Time X subjects (G) 240 5.9930 0.0250 —
ap <001

stirring bar was included in each sample vial before addition of the dis-
persion medium. Each vial was sealed with a rubber septum and an alu-
minum crimp seal and then was flushed with ultrapure (99.99%) hu-
midified nitrogen3. Accurately measured volumes of the dispersion media
were added after an equivalent volume of nitrogen gas was withdrawn
from the vial. Each vial then was stirred gently on a magnetic stirring
plate until homogeneous dispersion was effected.

Ten milliliters of nitrogen gas was withdrawn accurately from each vial,
and an equivalent volume of ultrapure oxygen® was added with gas-tight
gas transfer syringes!®, While the dispersions were stirred gently on the
magnetic stirring plate, 10-ul samples of the gaseous phase were with-
drawn at 0, 24, 48, 96, and 120 hr.

Vials of normal saline, physiological electrolyte solution, and distilled
water were prepared deficient in egg lecithin to serve as controls.

Each egg lecithin sample and its corresponding control sample were
prepared and analyzed in triplicate, and each experiment was done in
duplicate.

P~
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10.04

9.0+

8.0

AREA OF RESIDUAL OXYGEN, %

7.0

6.0

) L] v

o] 24 48 96 120
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Figure 1—Effect of egg lecithin concentration in normal saline on the
extent of oxygen solubilization with time. Key: O, normal saline (con-
trol); @, 0.25% egg lecithin; 0, 0.50% egg lecithin; M, 0.75% egg lecithin;
and A, 1.00% egg lecithin.

8 Union Carbide Corp., New York, N.Y.
9 Ultrahigh purity, Union Carbide Corp., New York, N.Y.
0 Models 1710 SN and 1020 LTN, Hamilton Syringe Co., Reno, Nev.

Source of

Variation df SS MS Fe
Media 2 10.771 5.385 26.28
Concentration 4 351.825 87.956 429.26
Media X concentration 8 17.869 2.233 10.90
Subjects (G) : 75 15.371 0.205 —
Time 4 827.529 206.882 9577.87
Time X media 8 40.475 5.059 234.21
Time X concentration 16 187.558 11.722 542.69
Time X media X concentration 32 12.129 0.379 17.55
Time X subjects (G) 300 6.484 0.022 —

o p <001

Analysis of the residual oxygen at the indicated times was accomplished
by GLC!. The nitrogen-oxygen mixture was resolved on a molecular
sievel? with thermal conductivity detection!®. The peak area as the
percent of detector response for oxygen was calculated and recorded with
an electronic integrator!4,

Helium® was the carrier gas at 21 ml/min. The inlet, detector, and
column temperatures were 100, 100, and 50°, respectively.

Since the sealed experimental and control vials were flushed with ni-
trogen to an open atmosphere and an equivalent volume of nitrogen gas
was withdrawn when oxygen was added, the pressure in the closed system
was equal to atmospheric pressure during sample preparation. Minor
pressure effects due to the withdrawal of 10-ul gas samples at the indi-
cated times were regarded as insignificant. Furthermore, any manipu-
lative error introduced was offset in the statistical analysis because the
control samples were treated the same as the experimental samples.

b——
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Figure 2—Effect of egg lecithin concentration in a multi-ion physio-
logical electrolyte fluid on the extent of oxygen solubilization with time.
Key: O, multi-ion physiological electrolyte solution (control); @,0.25%
egg lecithin; O, 0.50% egg lecithin; ,0.75% egg lecithin; and A, 1.00%;
egg lecithin.

”VModel 2300 dual-column gas-liquid chromatograph, Bendix Corp., Ronceverte,
Va.

12 Molecular sieve 5-A, 80-100 mesh, and a 183-cm stainless steel column, Alltech
Associates, Arlington Heights, Il

13 Type 2300, four element, Bendix Corp., Ronceverte, W. Va.

14 CDS IIIC, Varian Associates, Palo Alto, Calif.
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Figure 3—Effect of egg lecithin concentration in distilled water on the
extent of oxygen solubilization with time. Key: O, deionized distilled
water (control); @,0.25% egg lecithin; D, 0.50% egg lecithin; m, 0.75%
egg lecithin; and A, 1.00% egg lecithin.

RESULTS AND DISCUSSION

Figures 1-3 indicate that, in comparison to the controls, considerable
oxygen solubilization occurred in aqueous egg lecithin dispersions. Fur-
thermore, differences in the amount of gaseous oxygen solubilized can
be demonstrated for all three aqueous media used, with the multi-ion
physiological electrolyte fluid and saline exhibiting the greatest solu-
hilization. Statistical analysis of the data (Tables I and ) utilizing a
three-factor analysis of variance indicated statistically valid differences
in gaseous oxygen solubilization among the media employed, the egg
lecithin concentration, and time.

Table II presents the statistical data including the control samples,
while Table I excludes the controls. This contrast was done to identify
the greatest variance ratio components. The incubation time h:.d the
greatest influence on oxygen solubilization, followed by the medium
employed and then the egg lecithin concentration. This egg lecithin

64 / Journal of Pharmaceutical Sciences
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concentration effect, as determined statistically, is not surprising because
solubilization requires only that micelles be present. Apparently, the egg
lecithin concentration range used (0.25, 0.50, 0.75, and 1.00%) was above
the critical micelle concentration for the surfactant in the media.

The presence of electrolytes can affect the size of surfactant micelles
by forcing surfactant molecules into micellar units similar to the way in
which electrolytes can be used to dehydrate or salt out sparingly soluble
organic molecules from water.

The diffusional aspect of oxygen transposition was the rate limiter
because the effect of time on oxygen transposition can be demonstrated
statistically to be the predominant factor controlling oxygen solubiliza-
tion.

This study indicated that, in the development of synthetic, natural,
or semisynthetic lung surfactant for treatment of respiratory disease
syndrome and other pulmonary surfactant diseases, the medium em-
ployed may overshadow the particular surfactant used. Further study
with the egg lecithin pulmonary surfactant model system is war-
ranted.
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Abstract O The adsorption free energies of the C;-C¢ alkylamides, C3-Cg
alkylketones, and C,-C)o alkylmonocarboxylic acids at the air-water
interface, estimated from plots of the surface pressure (<5 dynes/cm)
versus the bulk concentration, were linear functions of the total surface
area per molecule (square angstroms per molecule), with a slope 46%
higher for the alkylamides and 25% lower for the alkylketones than that
for the monocarboxylic acids. The interaction energies of alkylamides
with dipalmitoyl lecithin and dipalmitoy]l phosphatidylethanolamine
spread at the air-water interface, estimated from the surface pressure
increase with increasing concentrations of the injected C,-Cs compounds,
were linear functions of the total surface area per molecule. The diffusion
free energies, AG gir, of the alkylamides within a phospholipid bilayer,
predicted from the permeability equation and their interaction energies
with dipalmitoyl lecithin monolayers by assuming the additivity of their
free energies of adsorption and dehydration at the solution-bilayer in-
terface, agreed with the literature data.

Keyphrases O Surface activity—alkylamides, alkylmonocarboxylic
acids, and alkylketones, interaction energies with phospholiptd mono-
layers O Phospholipid monolayers—interaction energies with alk-
ylamides, alkylmonocarboxylic acids, and alkylketones O Interaction
energies—alkylamides, alkylmonocarboxylic acids, and alkylketones with
phopholipid monolayers

The adsorption free energies of alkanols at the air—
aqueous interface estimated from plots of the surface
pressure versus the bulk concentration were compared (1)
with their interaction energies with dipalmitoyl lecithin
(I) and dipalmitoyl phosphatidylethanolamine (II) mo-
nolayers, estimated from the variation of the equilibrium
surface pressure with varying concentrations of sub-
phase-injected alkanols based on a collision model and a
constant entropy factor (2, 3).

The present work compares the adsorption free energies
at the air-aqueous interface of alkylamides, their N-
methyl derivatives, alkylmonocarboxylic acids, and alk-
ylketones with those of the alkanols and with their inter-
action energies with 1 and II monolayers. Correlations
between the surface activities and the molecular surface
areas of the compounds are considered, and the implica-
tions with partition coefficients and permeabilities of these
substances through biomembranes and liposomes are
discussed.

EXPERIMENTAL

Reagents—Dipalmitoyl lecithin! and dipalmitoy! phosphati-
dylethanolamine! were homogeneous by TLC (4). Reagent grade form-
amide?, acetamide®, propionamide?, butyramide®, valeramide?, hex-
anamide?, N-methyl-2 and N,N-dimethylformamide?, N-methyl-2 and
N.N-dimethylacetamide®, N-methyl-? and N,N-dimethylpropionamide?,

Accepted for publication July 24, 1979.

N-methyl-6 and N,N-dimethylbutyramide®, N,N-dimethylvaleramide?,
N.N-dimethylhexanamide?, formic acid4, propionic acid?, butyric acid®,
valeric acid®, hexanoic acid®, octanoic acid®, decanoic acid®, propanone®,
2.butanone®, 2-pentanone®, 2-hexanone?, and 2-octanone® were used
without further purification. The hexane” used to prepare the spreading
solution and the distilled water used to prepare the aqueous solution and
as a subphase for the phospholipid monolayers fulfilled the requirements
described previously (2, 3).

Instruments—A 9-cm diameter polytef dish with two identical mi-
croburets® and a polytef-coated stirring bar (1.25 X 0.8 cm) was used as
a trough in the closed system described previously (2, 3). Surface tension
was measured with a Wilhelmy platinum plate (2.5 X 1.25 X 0.01 cm)
attached to an electrobalance® whose output was fed into a recorder!®.

Surface Tensions of Aqueous Solutions—The surface tension of
the aqueous solutions was measured as described previously (1). The
reproducibility was within £0.2 dyne/cm. All experiments were per-
formed at 21 + 1°, The surface pressure, m, obtained by the difference
between the previously determined surface tension of the pure water and
the surface tension of the aqueous solution, was fitted to an exponential
function of the concentration, C (moles per liter), by digital computerized
nonlinear regression (1). The Gibbs adsorption equation was used in the
form described previously (1):

dw 1

Fe= e, (k’l‘) (Ea- 1)
where I'y is the solute surface concentration (molecules per square cen-
timeter), 7 is the surface pressure (dynes per centimeter), C» is the solute
concentration in the bulk solution (moles per liter), % is the Boltzmann
constant {ergs per molecule per degree), and T is the absolute tempera-
ture (°K). The derivative (d#/d In C3) of the exponential function that
approximates the surface pressure dependence on concentration was
computed with respect to the logarithm of the concentration. Substitution
of these values into Eq. 1 permitted calculation of T';y at any C».

Injection under Phospholipid Monolayers—Spreading of the
phospholipid monolayers and injection of the test substance were per-
formed as described previously (1-3). The initial phospholipid monolayer
surface pressure was 5 + 0.1 dynes/cm in all experiments. The criterion
of equilibrium after the injection of the studied substance was the con-
stancy (£0.1 dyne/cm) of the surface pressure increment, A, during 30
min.

RESULTS

Adsorption at Clean Air-Aqueous Interface—Typical plots of the
surface pressure versus the logarithm of the concentration for some
compounds are given in Figs. 1-4. Plots of surface pressure versus log
concentration obtained with 0.1 M HCI solutions of the alkylmonocar-
boxylic acids coincided with those of their pure water solutions within
reproducibility limits.

The standard free energy change, AG .4 (ergs per molecule), associated
with solute adsorption at the clean air-aqueous interface was estimated
from (1, 5):

AGly = —kThh %
Xy

(Eq. 2)

where x} is: the solute activity. The AG .4 values were calculated from the
slope (m/x5) of the plot of w (<5 dynes/cm) versus the solute mole fraction
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Table I-Total Molecular Surface Area, Adsorption Free Energies at the Air-Water Interface, AG,4 and Interaction Energies, ¥,

with I and II Monolayers

Air—Water I-Water, II-Water,
TSA, . —AG;d X 1013, Y1 X 1013 Y X 1013,
Compound A2/molecule r X, ergs/molecule ergs/molecule ergs/molecule
Formamide 64.2 0.9945 39.0 1.5 0.3 0.7
Acetamide 84.6 0.9916 1.8 X 102 2.1 0.6 1.3
Propionamide 103.1 0.9889 1.7 X 108 3.0 1.3 2.3
Butyramide 121.3 0.9833 7.7 X 103 3.6 2.2 2.9
Valeramide 139.4 0.9967 2.0 X 104 4.0 2.5 3.5
Hexanamide 157.5 0.9999 3.1X104 4.4 3.2 3.5
N,N-Dimethylformamide 105.9 0.9923 8.9 X 102 2.8 0.7 1.1
N,N-Dimethylacetamide 121.7 0.9892 1.4 %108 2.9 1.0 1.3
N,N-Dimethylpropionamide 140.3 0.9875 3.3 X 10° 3.3 — —
N,N-Dimethylbutyramide 158.4 0.9797 1.0 X 104 3.8 1.8 1.8
N,N-Dimethylvaleramide 176.5 0.9952 3.4 X 104 4.3 2.0 2.1
N,N -Dimethylhexanamide 194.7 0.9975 1.2 X 10% 47 2.3 3.2
Formic acid 59.1 0.9977 2.7 X 102 2.3 0.6 1.0
Acetic acid 73.7 0.9979 1.2 % 103 3.1 0.9 1.0
Propionic acid 98.1 0.9969 3.2 X 103 3.3 1.6 1.5
Butyric acid 116.2 0.9974 2.0 X 104 4.0 2.2 2.5
Valeric acid 134.3 0.9998 7.0 X 104 4.5 3.0 3.2
Hexanoic acid 152.5 0.9967 1.2 X 105 4.8 3.5 34
Octanoic acid 188.7 0.9983 1.2 X 108 5.7 4.4 48
Decanoic acid 261.3 0.9368 1.9 X 107 6.8 — —
Propanone 82.0 0.9967 1.3 x 108 2.9 0.8 1.2
2-Butanone 109.2 0.9966 3.4 X 103 3.3 0.7 1.4
2-Pentanone 127.2 0.9961 52X 103 3.5 0.9 1.6
2-Hexanone 145.4 0.9838 8.8 X 103 3.7 2.2 2.1
2-Octanone 181.6 0.9968 9.0 X 104 4.6 — 3.0
Methanol 61.9 0.9972 4.7 X 102 2.5 0.0 0.2
Ethanol 79.6 0.9983 1.3 X 103 2.9 0.7 0.9
Propanol 99.7 0.9983 4.0 X 103 3.4 1.2 1.5
Butanol 115.8 0.9994 1.1 X 104 3.8 1.7 19
Pentanol 134.0 0.9998 4.0 X 10* 4.3 2.4 2.3
Hexanol 152.1 0.9922 1.1 X 108 4.7 3.6 4.2
Heptano! 170.3 0.9999 3.3% 105 5.2 3.8 4.6
Octanol 188.4 0.9917 1.2 X 106 5.7 4.3 4.7

in the bulk solution, x2, when x2 — 0 and x; — x9 at low mole fractions.
For all compounds, plots of the surface pressure (7 < 5 dynes/cm) versus
the solute mole fraction in the bulk solution were reasonably linear. The
correlation coefficients (r), the slopes, and the estimated AG.4 values
obtained from such plots are given in Table 1.

1t was shown previously (1) that the simultaneous effect of the chain
length and the position of the hydroxyl group on the alkanol surface ac-
tivity is described best by the total molecular surface area, TSA (square
angstroms per molecule),of thealkanol molecule. Molecular surface areas
of the compounds were calculated by a modified version (6) of the original
computer program MOLAREA (7). The molecule was considered as a
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Figure 1—Plots of the surface pressure, 7, against the logarithm of the
bulk concentration, C, for alkylamides from Cy to Ce. Key: a, hexamide;
b, valeramide; ¢, butyramide, d, propionamide; e, acetamide; and f,
formamide. The lines through the experimental points were the best
fit obtained with the computer (1).
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collection of spherical groups and individual atoms. The methyl, meth-
ylene, and hydroxyl groups were approximated as single spheres, and
standard geometry and interatomic bond lengths and angles (8, 9) were
used in the construction of the molecules. These molecular surface areas
are listed in Table L.

Plots of AG,4 versus the total molecular surface area of alkylamides,
their N-methyl derivatives, alkylmonocarboxylic acids, and alkylketones
are compared in Fig. 5 with those for the alkanols. The experimental
points yielded reasonably straight lines within the estimated experi-
mental error (0.14 erg/molecule or 0.2 kcal/mole). The correlation coef-
ficients and the slopes are listed in Table 11.
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Figure 2—Plots of the surface pressure, w, against the logarithm of the
bulk concentration, C, for N,N-dimethylalkylamides. Key: a, N,N-
dimethylhexanamide; b, N,N-dimethylvaleramide; ¢, N,N-dimethyl-
butyramide; d, N,N-dimethylpropionamide; e, N,N-dimethylacetamide;
and f, N,N-dimethylformamide. The lines through the experimental
points were the best fit obtained with the computer (1).



Table II—Adsorption Free Energies per Methylene Group, AG cu,, at the Air-Water and Hydrocarbon-Water Interfaces, Interaction
Energies per Methylene Group, $Csz with I and I1 Monolayers, and Transfer Free Energies per Methylene Group, AG treng frOm

Water to Oil

Decane-% or
Petroleum Ether?®—

Air—-Water Water I-Water H-Water .
AG® i AGAd ¢/ ‘p Oll-WaterC
TSA’ TSA '’ TSA’ TSA’ AGy,
elzs/ . ergs/ . e:fs/ ergs/ ergs/
2 AGCHz: AZ: ‘pGCsz 2 ¢CH2: 2 lPCsz 2 AG'J'CHZY
X kcal/ X kcal/ X kcal/ X kcal/ X kcal/
Series r 105 mole r 1015 mole r 1015 mole r 1015 mole r 1015 mole
Alkano(ljs) 0.9993 2.53 0.66 0.9954 3.26 0.85% 0.9942 321 084 09863 289 075 0.9983 3.0 0.79
(Ci-Cs
Alkc}:'lk(étc;r‘ljes 0.9638 1.65 0.43 — — — — — — — —_ — 0.9995 3.1 0.81
(C3-Cy
Alkylmonocar- 0.9750 2.20 0.57 — — —_ 0.9930 3.07 080 09817 335 087 09874 2.7 0.71
boxylic acids
(C1-Cyo)?
Alt((}:'lar(r:)idgs 09811 3.21 0.84 0.9997 3.22 0.84¢° 09803 3.25 0.8 09909 385 1.00 0.9831 3.2 0.83
1-Ce)
N-Methylalkyl- 09811 226 059 — — — — — — — — —
amides
(C1-Cg)¢
N,N-Dimethy! 0.9811 2.27 0.59 —_ _— —_— 09910 183 048 09979 1.4 0.37
alkylamides
(C1~Ce)*

@ From Ref. 31. ® From Ref. 12. ¢ From Ref. 33. ¢ Number of carbon atoms in the hydrocarbon chain.

The slopes of the plots of the alkylmonocarboxylic acids and the N-
methyl- and N-dimethylalkylamides were 13 and 10% smaller than those
of the alkanols, respectively. The slopes of the plots of the alkylamides
and alkylketones were 27% greater and 35% smaller than those of the
alkanols, respectively.

Interaction with Phospholipid Monolayers—The interaction
energies, Y, were estimated from the slopes of the plots of the reciprocals
of the equilibrium surface pressure, Arq, after injection versus the re-
ciprocals of the final concentration, n (molecules per cubic centimeter),
of the subphase-injected substance (1-3). They are listed in Table I and
are plotted in Figs. 6 and 7 versus the total surface area per molecule.

The plots for I monolayers were reasonably linear for alkylmonocar-
boxylic acids (C;~Cg) and alkylamides (C,~Cs) and their N-dimethyl
derivatives. The interaction energies per methylene group, Ycn,, esti-
mated from the slopes of the plots of alkylmonocarboxylic acids and al-
kylamides (Table II), were similar to those of the alkanols (7), but the
interaction energy of the N-dimethylalkylamides was 50% smaller.
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Figure 3—Plots of the surface pressure, w, against the logarithm of the
bulk concentrations, C, for alkylmonocarboxylic acids from Cy to Cs.
Key: a, octanaic; b, hexanoic; ¢, valeric; d, butyric; e, propanoic; f, acetic;
and g, formic. The lines through the experimental points were the best
fit obtained with the computer (1).

For Il monolayers, the interaction energies of formic acid, hexanamide,
and N,N-dimethylhexanamide presented gross departures from linearity.
The interaction energies per methylene group were higher for atkylamides
and alkylmonocarboxylic acids and smaller for N-dimethylalkylamides
than those of the alkanols.

The interaction energies of the first three compounds of the alkylke-
tone series with I monolayers showed the same value within the estimated
experimental error. In the interaction with II monolayers, the correlation
coefficient was 0.93.

DISCUSSION

Adsorption at Clean Air-Aqueous Interface—From one compound
of each of the studied homologous series to the next compound, there was
a constant surface area increase of the hydrophobic moiety that pro-
gressively changed the hydrophilic-hydrophobic balance of the molecules.
The slopes of the linear plots of the adsorption free energy versus the total
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Figure 4—Plots of the surface pressure, r, against the logarithm of the
bulk concentration, C, for alkylketones from Cy to Cy. Key: a, 2-octa-
none; b, 2-hexanone; ¢, 2-pentanone; d, 2-butanone, and e, propanone.
The lines through the experimental points were the best fit vbtained
with the computer (1).
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—AGhHg X 1073 ergs/molecule
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Figure 5—Plots of the adsorption free energy of the air-aqueous so-
lution interface. AG 4 (ergs per molecule), against the total molecular
surface area (square angstroms per molecule). Key: a, alkylmonocar-
boxylic acids; B, alkanols; A, alkylketones; O, alkylamides; and O,
N,N-dimethylalkylamides.

molecular surface area thus represent the contribution of each square
angstrom increment of the hydrophobic surface area of the molecules to
their total adsorption free energy.

The contribution to the molecular surface area due to an incremental
methylene group in a straight chain extended conformation was estimated
recently to be 18.1 A2 (6). The adsorption free energies per methylene
group, AGch,, of the studied homologous series calculated using this
surface area contribution are listed in kilocalories per mole in Table
1L

Since early findings obtained mainly with aliphatic alcohols, acids, and
their esters (10, 11) were confirmed by several subsequent studies (1,
12-15), it generally has been accepted that the adsorption free energy
increase produced by an incremental methylene group addition to a
saturated straight hydrocarbon chain that adsorbs at the air-water in-
terface is between 0.600 and 0.625 kcal/mole. The average value (0.603
+ 0.07 kcal/mole) obtained in the present study (Table II) for alkanols,
alkylmonocarhoxylic acids, and N-dimethylalkylamides reasonably
agreed.

It is difficult to understand why the slope corresponding to the plot
of the adsorption free energy versus the total molecular surface area for
the alkylamides is 39% higher and that of the alkylketones is 29% lower
than the average value (0.603 % 0.07 kcal/mole) obtained for the rest of
the homologous series.

The possibility existed that a different polar group attached to the
same hydrocarbon chain might cause a different charge to be transferred
along the methylene groups of the hydrocarbon chain, thus altering their
interaction with the solvent molecules. Molecular orbital calculations
performed on isolated molecules of 23 selected alkylamides, alkyl-
monocarboxylic acids, and alkanols failed to show evidence of a charge
perturbation of the methylene groups bevond the first that could account
for the observed effects of the amide group.

The fact that the adsorption free energy per methylene group of the
N-methy!l- and N,N-dimethylalkylamides is practically the same as that
of the alkanols and alkylmonocarboxylic acids seems to indicate that the
unsubstituted amino (NHy) group is responsible for the higher adsorption
free energy per methylene group in amides. Of the studied series, the
amide group presents the higher hydrogen bonding capability. On the
hasis of ab mitio self-consistent field method (SCF) computations of
various polyhydrates, evidence was presented (16) for the structure of
formamide in aqueous solutions consistent with a model of four water
molecules in the primary hvdration sphere, two of them hydrogen bonded
to the amino group acting as a proton donor.

The standard adsorption free energy, AG .4 (Eq. 2), is the free energy
change associated with the transfer of one molecule from infinite dilution
in bulk solution to infinite dilution at the interfactal region (5) and thus
is a measure of the work of transfer. Kinetic data obtained for the
time-dependent effect of cetrimonium ions injected beneath an air-
aqueous interface on the water surface tension showed (17) excellent fit
and consistency with a model that postulates an intermediate compart-
ment (subinterface) between the plane of the interface and the bulk
aqueous solution. This compartment is assumed to be a thin region with
a thickness of 10-10% water molecule diameters (18) where the water
molecules are oriented in a given array (19-21). Consequently, adsorption
might be assumed to be energetically equivalent to the transfer of a solute
molecule from a normal waler environment in the bulk solution to the
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Figure 6—Plots of the adsorption [ree energies at the air-agueous so-
lution interface (- - -) and of interaction energies with I monolayers (—)
versus the total molecular surface area. Key: a, alkylmonocarboxylic
acids; O, alkylamides; and O, N.N-dimethylalkylamides.

subinterface region where the water molecules are abnormally ori-
ented.

Solute molecules such as those studied in the present work may interact
with water molecules through hydrogen bonding of the polar hydrophilic
group and through London dispersion forces generated mainly from its
hydrophobic moiety. The negative standard adsorption free energies of
formamide (—2.2 kcal/mole), formic acid (—3.3 kcal/mole), and methanol
(—3.6 kcal/mole) indicate that the spontaneous tendency to perform the
transfer from the bulk solution to the subinterface increases in the order:
methanol > formic acid > formamide. Methanol and formamide present
the minimum and maximum capabilities, respectively, to hydrogen bond
with water; therefore, these results seem to indicate that, for these
short-chain molecules, a correlation exists between their adsorption free
energies at the air-aqueous interface and the hydrogen bonding capability
of their hydrophilic moieties. The facts that aqueous urea solutions
showed (22) a negative excess surface concentration (i.e., AG,4 > 0) and
that thiourea in aqueous solution showed a negative adsorption free en-
ergy in preliminary experiments performed in this laboratory seem to
corroborate this hypothesis.

The increase of the hydrocarbon chain length increases the surface area
of the hydrophobic moiety only, enhancing its interaction through
.ondon dispersion forces with the water molecules. It seems reasonable
that, at a given chain length, the adsorption free energy difference pro-
voked by the different hydrophilic groups should be minimized due to
the preponderant effect of the hydrophobic moiety. The adsorption free
energies of hexanol, hexanoic acid, and hexamide are —6.8, —6.9, and —6.3
kcal/mole, respectively, in accord with this expectation; however, even
for this chain length, hexanamide shows a significantly smaller value.

Experiments performed in this laboratory showed that, at constant
temperature, the surface tension of heptanol-heptane mixtures adheres
to the additivity rule represented by:

Y2 = 71Xy + 72X (Eq.3)

where v, is the surface tension of the mixture and vy, 2, X1, and Xo are
the surface tensions in the pure state (26.4 and 20.6 dynes/cm) and the
mole fractions of heptanol and heptane in the mixture, respectively.
The surface tension of an aqueous solution containing 5.8 X 10~ mole
fraction of heptanol is 55 dynes/cm at 20°; i.e., the surface tension of pure
water (72.6 dynes/cm) is decreased 23% by the initial presence in the bulk
solution of approximately six heptanol molecules/10® water molecules.
A heptanol-heptane mixture containing this same heptanol mole fraction
has the same surface tension as pure heptane within experimental error.
In this last case, Eq. 1 predicts that the heptanol concentration at the
interface is identical to that of the bulk solution. This fact suggests that



Table III—Diffusion Free Energies, AGgir, of Alkylamides within a Phospholipid Bilayer

A2 [k
K, water- Pa X 105, AGie, T Uh -y, AG:, —~ AG 4 (o/w), AGEE®,
Compound ether cm/sec kcal/mole X 1074, cm/sec kcal/mole kecal/mole kcal/mole
Formamide 0.0014 7.8+ 056 6.15 1.61 0.43 5.61 6.10
Acetamide 0.0025 24+ 0.4 7.55 2.11 0.86 5.61 7.46
Propionamide 0.013 6.1 +£0.6 7.90 2.36 1.87 5.61 7.98
Valeramide 0.23 183+ 1.1 8.00 2.98 3.60 . 5.61 9.18

a From Ref. 26. ® Calculated from the equation: AGgi¢ = kT In [(A/)(kT/h)] + Y1 — [AG,, — AG;;](O/W)] - kTInP.

the different surface tension effects of the solvent produced by the
presence of the same number of solute molecules in the two solutions may
be related to some differential property between the water and heptane
solvents.

The surface tension of a pure liquid is essentially a manifestation of
the unbalanced molecular interactions on the surface molecules. The
main intermolecular forces in liquid hydrocarbons are London dispersion
forces. The hydrogen bond and London dispersion forces are the main
intermolecular forces in water. The hydrogen bond component has been
estimated to be responsible for two-thirds of the total surface energy of
water (23).

The difference between the effect of heptanol on the surface tension
of water and heptane could be related to the effect on the hydrogen bond
component of the surface energy of water. The total molecular surface
area of heptanol and the accepted water molecule radius (1.5 &) lead to
an estimated 25 water molecules packed closely around a heptanol mol-
ecule; i.e., only 25 X 6 molecules out of 10° water molecules in this solution
can be affected directly by the presence of heptanol molecules at that
concentration.

If the assumption that the subinterface compartment with water
molecules oriented in a given array {(and, consequently, in a comparatively
low entropic state) is valid, a plausible explanation of the magnitude of
the observed effect on water could be that direct solute molecule inter-
action with a relatively small number of water molecules generates and
propagates significant disruption of the water structure in the bulk so-
lution. The entropic contribution thus created could be the driving force
of the spontaneous heptanol molecule adsorption at the air-aqueous
solution interface.

Interaction with Phospholipid Monolayers—Plots of the interac-
tion energies, ¥, of alkylamides, N-dimethylalkylamides, and alkyl-
monocarboxylic acids with I monolayers versus the total molecular sur-
face area are compared in Fig. 6 with those of their adsorption free energy
at the clean air-water interface. The regression coefficients, the slopes,
and the adsorption free energy per methylene group are listed in Table
1L

The linearity of the plots of the compounds from C; to Cg in the main
hydrocarbon chain of the alkylamide and N-dimethylalkylamide series
and from C; to Cg in the alkylmonocarboxylic acids contrasts with the
reported departure from linearity observed for the C¢ and Cg compounds
of the alkanol series in their interaction with T monolayers (1).

The interaction energies per methylene group of the alkylamides and
alkylmonocarboxylic acids were practically identical to the adsorption
free energies per methylene group at the hydrocarbon-water interface.
This finding seems to indicate that I monolayers behave as ultrathin oil
phases for these compounds, as was observed previously with alkanols
(1). The observed 50% reduction of the interaction energy per methylene
group of the hydrocarbon chain of the N-dimethylalkylamides compared
with that of the adsorption free energies at the clean air-water interface.
No literature data were found on the adsorption free energy of these
compounds at the hydrocarbon-water interface.

The plots corresponding to Il monolayers (Fig. 7) indicate a marked
departure from linearity for hexanamide and N-dimethylhexamide and
compare with that reported recently (7) for hexanol and octanol in their
interaction with I and II monolayers. The interaction free energies per
methylene group compare with those of the interaction with I monolayers.
The small differences observed within the experimental error could be
reasonably attributed to the different molecular surface density of I and
11 monolayers.

Correlations with Permeability—Three important variables govern
nonelectrolyte permeation across biomembranes: (a) the partition
coefficient of the membrane-bathing solution, (b) the rate constant for
entrance into the membrane from the aqueous environment, and (c) the
diffusion coefficient within the membrane (24). Solute permeation across
the lipid regions of biomembranes can be separated into three successive
events that contribute to the total permeation rate: (a) adsorption of the

hydrated solute at the lipid—bathing solution interface, (b) dehydration,
and (c) solute diffusion through the lipid region (25).’

Kinetic analysis of membrane permeability (26, 27) based on the ab-
solute rate theory treatment of diffusion (28) shows the permeation rate
to be proportional to the product of the probability of occurrence of the
three successive events (25): .

2
P= ()\T) (% exp(—AG 2a/RT) exp(—AG gen/RT) exp(—AG 4ii/RT)

(Eq.4)

where P is the permeability (centimeters per second), A is the average
distance between equilibrium positions (angstroms), { is the membrane
thickness (angstroms), h is the Planck constant (ergs X seconds), and
AG g4, AGgen, and AGg;s are the contributions to the total activation
energy of the adsorption, dehydration, and diffusion steps, respec-
tively.

The AGaq and AG gen terms of Eq. 4 correspond to the first energetic
barrier found by the solute molecule during its permeation, i.e., the
crossing of the bathing solution-lipid interface. Adsorption of the amides
at the water—air or decane—water interface is spontaneous so that AG 5y
is intrinsically negative. On the contrary, the nonspontaneity of dehy-
dration indicates that AG 4en is intrinsically positive. Consequently, the
total energetic cost of crossing the interfacial region is ~AG.q +
AG geh.

The free energy change, AG\,, associated with the transfer of a solute

from an aqueous solution to dimyristoyl! lecithin liposomes was estimated
by (29):
AG, = —kTInP (Eq. 5)

where P is the molal partition coefficient, which can be related to the
thermodynamic partition coefficient through an expression containing
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the natural logarithm of the ratio of the molecular weights of the nonpolar
and polar phases (29). However, for comparative purposes, the P values
can be used to estimate a relative free energy change.

The plots of AGy, obtained from literature data (30) on partition
coefficients of oil~aqueous solutions of alkylamides and alkanols versus
the total surface area per molecule are compared in Fig. 8 with those of
the adsorption free energy, AG2Y, at the hydrocarbon-aqueous (obtained
from Refs. 31 and 12, respectively) and at the air-aqueous interfaces.
With the exception of formamide in the AGY, plot, the points determined
reasonably straight lines. The slopes, intercepts, and correlation coeffi-
cient are given in Table II.

Parallelism of the plots of AG;, and AG 4 at the hydrocarbon-water
interface permitted estimation of the constant difference (AG: —
AGyrsawo for the alkylamides and the alkanols, 3.91 X 10~13 and 2.84
X 10~13 erg/molecule, respectively.

The partition of a surface-active solute between aqueous and non-
aqueous phases can be separated into two successive events: the spon-
taneous adsorption of the hydrated solute at the interface (AG 44 <0) and
its subsequent dehydration (AGgen > 0) that permits penetration into
the nonaqueous phase (31). It can be reasonably assumed that the total
free energy chanse of the partition, AG4,, should reflect both events so
that AGy, = AGYY + AGgch and AGgen = AG,; — AGHY.

It is generally accepted (27, 32) that the amide group and the hydroxyl
group form three and two hydrogen bonds with water, respectively.
However, from ab initio SCF computations of various polyhydrates,
evidence was presented recently (16) for the structure of formamide in
aqueous solution consistent with a model of four water molecules in the
primary hydration sphere, two of them hydrogen bonded to the amino
group acting as a proton donor.

By assuming that the constant difference (AGt, — AG2¥)Tsa=o is re-
lated to the free energy change that corresponds to dehydration, the
contribution of each hydrogen bond to the total dehydration free energy
can be estimated by dividing (AGy, — AG%¥)1sa=o by three for alk-
ylamides and by two for alkanols. The values obtained, 1.31 X 10~13 and
1.42 X 1013 erg/molecule, respectively, seem to indicate the validity of
this assumption for the two series.

The equation used to estimate the interaction energies of subphase-
injected solutes with phospholipid monolayers was derived originally (2)
based on the statistical thermodynamic treatment of the Langmuir ad-
sorption equation (33, 34). The Boltzmann-Maxwell exponential factor
consequently contained an activation energy term about which, under
the experimental conditions, no valid assumption could be made on the
thermodynamic function (AE, AH, or AG) that it really represents. The
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ambiguous interaction energy term was coined, and the symbol ¢ was
used to represent it.

The order of magnitude of the experimentally measured interaction
energies, Y, of alkylamides and alkanols with phospholipid monolayers
and their dependence on the total surface area per molecule strongly
suggest that they could be related to the adsorption free energy of the
solute at the phospholipid monolayer-aqueous solution interface. The
validity of this suggested relationship and the former assumption of the
dependence of AG gen on (AGy — AG2Y) can be tested with Eq. 4.,

The activation free energies for the diffusion, AG 4, of formamide,
acetamide, propionamide, and valeramide within egg lecithin bilayers
estimated recently (26) from their measured permeability coefficients
by assuming that the unknown bathing solution-lipid bilayer partition
coefficients are proportional to the known water-ether partition coeffi-

" cients are compared in Table ITI with those obtained by substituting AG 4

for the interaction energies with dipalmitoyl lecithin monolayers, 1
(Table I), and AG gen for the corresponding values of (AGy; — AG2)TSA=0
in Eq. 4. The coincidence of the calculated values of the activation free
energy of the diffusion within the lipid bilayer for formamide, acetamide,
and propionamide favors the validity of the former assumptions. The
discrepancy between the calculated values of AGR° and AG}yrin the case
of valeramide could be explained on the basis that as the solute size in-
creases, the crossing of the interface becomes the rate-determining step;
for valeramide, it constitutes 90% of the total resistance to permeation
(24). The fact that in this case AG$ compares with AG g, which contains
the contribution corresponding to the partition coefficient [AGs = AGly
— In A/A’ (24)], favors this explanation.

The results presented here seem to indicate that the interaction energy
of alkylamides with dipalmitoy! lecithin monolayers spread at the air—

‘water interface can be reasonably identified with the adsorption free

energy at the aqueous solution-monolayer interface, which constitutes
the first energetic step involved in alkylamide permeation across a
phospholipid bilayer, and that the dehydration free energy constituting
the second energetic step can be identified with the difference between
the transfer free energy from an aqueous phase to an oil phase and the
adsorption free energy at the water—hydrocarbon interface.
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Abstract 0 The binding of 4C-codeine, 4C-morphine, and S3H-
methadone to human serum albumin was studied at a constant ligand
concentration and varying albumin concentrations. Scatchard plots of

the data were linear and had positive slopes. The curves for the three li-:

gands had similar data values and slopes. With increasing albumin con-
centrations, 8 (fraction bound) values increased. The 3 change per al-
bumin concentration change [d(3)/d(albumin)] dropped most markedly
at lower albumin concentrations and changed less as the albumin con-

centrations approached those normally observed in human blood. Values-

of nK, the number of binding sites or systems on the protein times the
association constant, calculated from 3 and the albumin concentrations
decreased with an increase in albumin concentration increase. The curves
were similar for codeine and morphine, while the methadone curve in-
dicated less of a decrease in nK with an increasing albumin concentration.
For data published previously on the binding of various ligands at dif-
ferent albumin concentrations, plots of 3 values or calculated nK values
versus albumin concentration revealed that 3 generally increased and
nK decreased with an increasing albumin concentration. Desipramine,
propoxyphene, prednisone, and phenylbutazone were exceptions to these
relationships.

Keyphrases O Codeine—binding to human serum albumin, varying
albumin concentration O Morphine—binding to human serum albumin,
varying albumin concentration O Methadone—binding to human serum
albumin, varying albumin concentration O Binding, protein—codeine,
morphine, and methadone to human serum albumin, varying albumin
concentration

In most studies of drug binding to serum proteins, a
single protein concentration was used and the ligand
concentration was varied (1-3). Scatchard plots of the data
gave either a straight line or curve and almost invariably
had a negative slope. However, studies of cortisol binding
to serum albumin were conducted in which the cortisol
concentration was constant and the albumin concentration
.was varied (4). The resulting Scatchard plot was a straight
line with a positive slope. The results could not be ex-
plained on the basis of microheterogeneity or by variations
of the albumin activity coefficient. This observation was
not investigated further.

Several subsequent studies involved the binding of
various ligands to serum proteins using a constant ligand
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.concentration and varying protein concentrations. Scat-

chard plots with a positive slope were observed with thio-
pental (5), phenytoin (6, 7), and L-tryptophan (6, 7).
Bowmer and Lindup (8) recently commented on the sev-
eral published studies involving data yielding Scatchard
plots with positive slopes and the significance of obtaining
binding data when the protein concentration is varied and
the ligand concentration is constant.

Previous studies involving the binding of 14C-codeine,
14C_morphine, and 3H-methadone to human serum albu-
min yielded Scatchard plots with positive slopes when the
albumin concentration was constant and the ligand con-
centration was varied (9). No explanation for the positive
slopes (rather than the usually observed negative slopes)
could be offered. This report is an extension of the earlier
studies and involves variation of the albumin concentra-
tion and constant ligand concentrations.

EXPERIMENTAL
Methods—All protein binding determinations were performed by the

"equilibrium dialysis method (9) using multiple-cell blocks. Each cell had

1 ml on each side of the cellulose membrane. Radioactivity was deter-
mined in a liquid scintillation system as described previously (9).

Materials—14C-Codeine!, 14C-morphine!, 3H-methadone?, and
crystalline human serum albumin3 were obtained commercially. All
chemicals were reagent grade.

RESULTS AND DISCUSSION

The human serum albumin concentration was varied between 0.217
X 104 and 0.87 X 103 M. The ligand concentration was kept constant
(XC-morphine, 0.00356; 14C-codeine, 0.00339; and 3H-methadone,
0.00332 M). Scatchard plots of the data for the three ligands are shown
in Fig. 1. The albumin concentrations for each ligand fell in the same
sequence on the curve as found in studies (4, 5, 7) involving a constant
ligand concentration and varying albumin concentrations. The slopes
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Abstract 0 The binding of 4C-codeine, 4C-morphine, and S3H-
methadone to human serum albumin was studied at a constant ligand
concentration and varying albumin concentrations. Scatchard plots of

the data were linear and had positive slopes. The curves for the three li-:

gands had similar data values and slopes. With increasing albumin con-
centrations, 8 (fraction bound) values increased. The 3 change per al-
bumin concentration change [d(3)/d(albumin)] dropped most markedly
at lower albumin concentrations and changed less as the albumin con-

centrations approached those normally observed in human blood. Values-

of nK, the number of binding sites or systems on the protein times the
association constant, calculated from 3 and the albumin concentrations
decreased with an increase in albumin concentration increase. The curves
were similar for codeine and morphine, while the methadone curve in-
dicated less of a decrease in nK with an increasing albumin concentration.
For data published previously on the binding of various ligands at dif-
ferent albumin concentrations, plots of 3 values or calculated nK values
versus albumin concentration revealed that 3 generally increased and
nK decreased with an increasing albumin concentration. Desipramine,
propoxyphene, prednisone, and phenylbutazone were exceptions to these
relationships.
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In most studies of drug binding to serum proteins, a
single protein concentration was used and the ligand
concentration was varied (1-3). Scatchard plots of the data
gave either a straight line or curve and almost invariably
had a negative slope. However, studies of cortisol binding
to serum albumin were conducted in which the cortisol
concentration was constant and the albumin concentration
.was varied (4). The resulting Scatchard plot was a straight
line with a positive slope. The results could not be ex-
plained on the basis of microheterogeneity or by variations
of the albumin activity coefficient. This observation was
not investigated further.

Several subsequent studies involved the binding of
various ligands to serum proteins using a constant ligand
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.concentration and varying protein concentrations. Scat-

chard plots with a positive slope were observed with thio-
pental (5), phenytoin (6, 7), and L-tryptophan (6, 7).
Bowmer and Lindup (8) recently commented on the sev-
eral published studies involving data yielding Scatchard
plots with positive slopes and the significance of obtaining
binding data when the protein concentration is varied and
the ligand concentration is constant.

Previous studies involving the binding of 14C-codeine,
14C_morphine, and 3H-methadone to human serum albu-
min yielded Scatchard plots with positive slopes when the
albumin concentration was constant and the ligand con-
centration was varied (9). No explanation for the positive
slopes (rather than the usually observed negative slopes)
could be offered. This report is an extension of the earlier
studies and involves variation of the albumin concentra-
tion and constant ligand concentrations.

EXPERIMENTAL
Methods—All protein binding determinations were performed by the

"equilibrium dialysis method (9) using multiple-cell blocks. Each cell had

1 ml on each side of the cellulose membrane. Radioactivity was deter-
mined in a liquid scintillation system as described previously (9).

Materials—14C-Codeine!, 14C-morphine!, 3H-methadone?, and
crystalline human serum albumin3 were obtained commercially. All
chemicals were reagent grade.

RESULTS AND DISCUSSION

The human serum albumin concentration was varied between 0.217
X 104 and 0.87 X 103 M. The ligand concentration was kept constant
(XC-morphine, 0.00356; 14C-codeine, 0.00339; and 3H-methadone,
0.00332 M). Scatchard plots of the data for the three ligands are shown
in Fig. 1. The albumin concentrations for each ligand fell in the same
sequence on the curve as found in studies (4, 5, 7) involving a constant
ligand concentration and varying albumin concentrations. The slopes
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Table I—Relationship between § and Human Serum Albumin Concentration in the Binding of 14C-Codeine, 14C-Morphine, and 3H-

Methadone
Ligand
Albumin 14C-Codeine H4C-.Morphine JH-Methadone
Concentra- d(B)/ d(B)/ d(BY/
tion, M 8 d(albumin) B d(albumin) 8 d(albumin)
0.217 X 104 —_— — — — 0.0158 636.6
0.870 X 104 0.0438 273.2 0.0512 329.7 — —
0.145 X 1Q—2 0.05 222.4 0.07 263.3 0.09 446.3
029 X103 0.074 168.2 0.095 194.1 0.145 391.9
0.58 X103 0.132 127.3 0.154 143.1 0.252 344.2
0.870 X 10~3 0.16 108.1 0.184 119.8 0.305 319.0
Table II—Literature Data for Drug Binding at Varying Human Serum Albumin Concentrations
Plot of Human Serum Albumin Concentrations, M, versus
[ nK
Reference Ligand ra Slope r ~ Slope
10 Prednisone 0.8 +621 0.176 +0.999 X 106
11 Methadone 0.945 +490 0.912 —0.904 X 108
12 Phenylbutazone 0.947 +53.8 0.986 +0.104 X 10°
13 Diphenylhydantoin 0.496 +148 0.383 -0.937 X 107
13 Desipramine 0.212 —-22.2 0.826 —0.337 X 108
14 Morphine 0.373 +116 0.482 —0.549 X 106
14 Diphenylhydantoin 0.496 +197 0.158 —0.277 X 108
15 Furosemide 0.873 +88.2 0.91 —0.101 X 10°
16 Propoxyphene 0.43 —244 0.712 -0.22 X108

8 The r value is the correlation coefficient for the best fit of the data points to a straight line. The slope given is that calculated for the best fit straight line.

for the curves for all three ligands were on the same order of magni-
tude.

When the extent of binding versus albumin concentration was exam-
ined, B (fraction of ligand bound) increased with albumin concen-
tration (Fig. 2). The slopes of the curves were relatively close for codeine
and morphine and slightly higher for methadone. Since it generally is
recognized that drug binding to serum proteins may affect pharmaco-
logical activity because the active drug form is the free or unbound drug,
serum albumin concentration changes could be important. Serum albu-
min concentrations vary among normal individuals to a limited extent
and may be reduced in certain pathological circumstances.

To understand the relative effects of differences in the serum albumin
concentration and the fraction of ligand bound, d(8)/d(albumin) was
calculated for each albumin concentration and its corresponding 3 value.
This parameter is the rate of change in 8 with respect to a change in al-
bumin concentration. The value was calculated by fitting albumin con-
centrations and corresponding £ values to a curve for which a statistically

_significant fit could be obtained by a computer. The first derivative of
the curve then was taken at each albumin concentration.

The d()/d{(albumin) values dropped rapidly as the albumin concen-
tration increased from the low values and then dropped less as the higher
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Figure 1—Scatchard plots of the data for the binding of 4C-codeine,
14C.morphine, and 3H-methadone to human serum albumin. Nubar
refers to the moles of ligand bound per mole of albumin in the system.
Numbers near the data points represent the milligrams of albumin per
dialysis cell (I-ml cell). Key: A, 0, 1“C-morphine; B, A, 4C-codeine;
and C, O, 3H-methadone.

72 / Journal of Pharmaceutical Sciences
Vol. 69, No. 1, January 1980

albumin concentrations were reached (Table I). These values are repre-
sented in Fig. 3. At the higher albumin concentrations, § changed less
per albumin concentration change. Since the higher albumin concen-
trations are those generally encountered, even in individuals with albumin
concentrations considered somewhat below normal, 8 would not be re-
duced drastically, and only moderate modifications (if any) of the dose
level would be indicated with slightly decreased albumin concentrations.
The large  change per change in albumin concentration would exist at
the much lower albumin concentrations, which generally are not en-
countered clinically.

Numerous studies were identified (8) in the literature in which binding
was affected by albumin concentration changes. A protein concentration
increase corresponding to an nK decrease was common to these studies*.
The data obtained in this study were analyzed similarly, and nK was
calculated using an equation (2) that permitted calculation of nK from
B and the protein concentration. Figure 4 shows the curves obtained when
the calculated nK values were plotted versus albumin concentration. For
all three ligands, an albumin concentration increase was accompanied
by an nK decrease.

Numerous investigators (10-16) have published data for drug binding
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Figure 2—Relationship between (B and the human serum albumin
concentration for the binding of 14C-codeine, *C-morphine, and *H-
methadone to human serum albumin. Key: A, Q, "C-codeine; B, A,
14C.morphine; and C, O, 3H-methadone.

4 The n refers to the number of binding sites or systems on the protein, and K
refers to the association constant.
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Figure 3—Change in 8 per human serum albumin concentration
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of 4C-codeine, *C-morphine, and *H-methadone to human serum
albumin. Key: A, 0, 4C-codeine; B, A, 1*C-morphine; and C, 0, 3H-
methadone.

(8) at varying human serum albumin concentrations. The data in these
reports were plotted as 8 versus albumin concentration (molar) and
calculated nK values (calculated as described) versus albumin concen-
tration.

The results are summarized in Table II. In many cases, the plots did
not follow closely a straight line, as evidenced by statistically insignificant
correlation coefficients (i.e., <0.9); the slopes calculated thus represent
a trend of the scattered points rather than a precise slope. In general, 8
increased with an albumin concentration increase except for desipramine
and propoxyphene. The nK values decreased with an albumin concen-
tration increase, as found by Bowmer and Lindup (8) in their study of
literature for binding data. Table II reveals two other exceptions, pred-
nisone and phenylbutazone. Thus, nK values apparently do decrease with
an albumin concentration increase but with some exceptions. These ex-
ceptions merit further study for other possible unique albumin binding
characteristics. _

Bowmer and Lindup (8) suggested that positive-slope Scatchard curves
might be explained by cooperativity if the positive-slope curves are ob-
tained from data where the protein concentration was constant and the
ligand concentration was varied, as well as from data for the same system
where the ligand concentration was constant and the protein concen-
tration was varied. This cooperativity seems to apply to the binding of
codeine, morphine, and methadone to human serum albumin. Positive-
slope Scatchard plots were obtained in a previous study (9) where the
albumin concentration was constant and the ligand concentration was
varied. In the present study in which the ligand concentration was con-
stant and the albumin concentration was varied, Scatchard plots with
positive slopes also were obtained.

More ligand—protein systems should be reinvestigated by keeping the
ligand concentration constant and varying the protein concentration,
not only for more complete characterization of these systems but also for
the determination of the relative effects on the fraction bound with
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Figure 4—Relationship between nK and human serum albumin con-
centration for the binding of 14C-codeine, *C-morphine, and 3H-
methadone to human serum albumin. Key: A, O, ¥C-codeine; B, A,
4C.morphine; and C, O, 3H-methadone.

protein concentration changes, especially where blood proteins are in-
volved. For drugs that are highly bound and very potent, the dosage may
have to be adjusted for a reduction in serum protein concentration when
the latter deviates significantly from normal.
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Abstract O The prolactin response in the rat is proposed as a convenient
and inexpensive test system for the assessment of the clinical potency
of neuroleptic agents. Times of maximum elevation (p < 0.01) of serum
prolactin levels were determined by a one-way analysis of variance and
the Newman-Keuls test for a period of 180 min following intraperitoneal
administration of chlorpromazine hydrochloride, fluphenazine hydro-
chloride, perphenazine, prochlorperazine edisylate, and trifluoperazine
hydrochloride {phenothiazines); haloperidol (a butyrophenone); chlor-
prothixene (a thioxanthene); loxapine succinate {(a dibenzoxazepine);
and molindone hydrochloride (a dihydroindolene). Maximum serum
prolactin elevations occurred as follows: chlorpromazine hydrochloride,
30-90 min; chlorprothixene and trifluoperazine hydrochloride, 30-150
min; fluphenazine hydrochloride, 90-150 min; haloperidol, 90 min; lox-
apine succinate, 30 min; molindone hydrochloride, 30 and 60 min; and
perphenazine and prochlorperazine edisylate, 30-180 min. For drugs that
exhibited statistically indistinguishable maximum serum prolactin ele-
vations at more than one sampling time, one of these times was selected
arbitrarily for construction of a log dose-prolactin response curve. Log
dose-serum prolactin curves were constructed at a time of maximum
serum prolactin elevation for each drug. Thirty minutes was utilized for
loxapine succinate and molindone hydrochloride, and 90 min was used
otherwise. These curves were nearly parallel, and each had an excellent
linear fit. Based on these curves, the ratio of the weights of the neuroleptic
and chlorpromazine hydrochloride required to produce the same pro-
lactin-stimulating potency was determined for each drug. This ratio was
compared to the clinically accepted ratio of the weights of the neuroleptic
and chlorpromazine hydrochloride required to produce the same anti-
psychotic potency. This technique demonstrated a close correlation be-
tween the prolactin-stimulating potencies of neuroleptics in rats and
accepted antipsychotic potency relationships in humans.

Keyphrases 0 Neuroleptic agents—model for evaluation of potency,
prolactin response in rats O Phenothiazines—model for evaluation of
potency, prolactin response in rats O Models—evaluation of neuroleptic
potency, prolactin response in rats 0 Prolactin response, rats—model
for evaluation of neuroleptic potency

Prolactin, an anterior pituitary hormone in animals, is
structurally similar to growth hormone (1). The dominant
hypothalamic regulation of prolactin secretion in mammals
appears to be inhibitory and under the control of prolac-
tin-inhibitory factor (2). Prolactin-inhibitory factor is
liberated by the hypothalamus into the portal vessels as
a result of afferent dopaminergic impulses (3). It is unclear
whether dopamine is a constituent of prolactin-inhibitory
factor or is the factor itself (4).

Evidence of a prolactin-releasing factor exists, but its
activity in controlling prolactin secretion clearly is less
important than prolactin-inhibitory factor (5). Thyro-
tropin-releasing hormone also stimulates the secretion of
prolactin- and thyroid-stimulating hormone, but thyro-
tropin-releasing hormone presumably does not play an
important role in physiological prolactin regulation (5).

BACKGROUND

Enhanced prolactin secretion was reported following neuroleptic ad-
ministration to humans (6, 7) and is associated with galactorrhea and
other endocrine disturbances which may accompany the use of such drugs
(8). A fairly good correlation between the antipsychotic potency of various
neuroleptics and their human prolactin-stimulating response was found

74 / Journal of Pharmaceutical Sciences
Vol. 68, No. 1, January 1980

Accepted for publication July 31, 1979.

*Present address: Arnold and Marie Schwartz College of

(6,9, 10). A notable exception is clozapine, which does not seem to be a
potent or consistent prolactin stimulator in humans; however, it does
stimulate prolactin in rats (11, 12). Despite this exception, the prolactin
response to a test dose of a new neuroleptic in normal human volunteers
was proposed as a useful means to screen its efficacy and potency prior
to clinical studies in humans (6, 10).

In addition to the various neurochemical techniques using animals to
assess antipsychotic activity and/or potency (13-16), Clemens et al. (17)
reported that when chlorpromazine and thioridazine, two phenothiazines
of comparable antipsychotic potency, were given to rats, serum prolactin
levels were stimulated to a similar extent. This observation was based
on serum samples obtained 2 hr after drug administration. Meltzer et al.
(18) demonstrated that the rank orders of average daily doses of nine
neuroleptic agents in rat serum samples obtained 30 min after drug ad-
ministration correlated with their corresponding doses needed to double
serum prolactin levels. These correlation studies as well as other studies
(11, 12) did not consider the possibly significant variation in serum pro-
lactin profiles with respect to time for individual antipsychotic drugs and
the effects of this parameter on observed magnitudes of prolactin stim-
ulation. Furthermore, it was suggested that pituitary dopamine receptors
that influence prolactin secretion in rats may differ significantly from
those relevant to the antipsychotic action of neuroleptics (12).

A study was designed in rats to determine the times of maximum ele-
vation of serum prolactin for representative antipsychotic drugs following
their intraperitoneal administration and to investigate thoroughly the
correlation between prolactin-stimulating potency of neuroleptics in rats
and their clinical potency.

EXPERIMENTAL

In Stage 1 of this study, experiments were conducted to determine the
times of maximum serum prolactin elevation for representative neuro-
leptics following their intraperitoneal administration. In Stage 2, ex-
periments were conducted to determine the potency of each neuroleptic
in inducing prolactin release at a time of maximum serum prolactin ele-
vation.

Drugs—The following nine pharmacological agents, representing all
five classes of antipsychotics approved for clinical use in the United
States, were investigated: chlorpromazine hydrochloride!, fluphenazine
hydrochloride?, perphenazine3, prochlorperazine edisylate!, and triflu-
operazine hydrochloride! (phenothiazines); haloperidol4 (a butyrophe-
none); chlorprothixene® (a thioxanthene); loxapine succinate® (a diben-
zoxazepine); and molindone hydrochloride” (a dihydroindolone).

Animals—Male Sprague-Dawley rats8, 225-300 g, were housed for
21 days in a temperature-controlled environment (23 + 3°) which was
illuminated artificially (lights on daily from 7:00 am to 7:00 pm). The
animals were given food? and water ad libitum.

Times of Statistically Significant Maximum Serum Prolactin
Elevation—Rats were divided into 11 groups of 48. The following anti-
psychotics were administered in equipotent dose equivalents for humans
(19): chlorpromazine hydrochloride (10 mg/kg), chlorprothixene (10
mg/kg), fluphenazine hydrochloride (0.2 mg/kg), haloperidol (0.2 mg/kg),
loxapine succinate (1 mg/kg), molindone hydrochloride (1 mg/kg), per-
phenazine (1 mg/kg), prochlorperazine edisylate (1.5 mg/kg), and tri-
fluoperazine hydrochloride (0.5 mg/kg).

Solutions of these drugs were prepared to contain the indicated mil-

! Smith Kline and French, Philadelphia, Pa.

2 E. R. Squibb & Sons, Princeton, N.J.

3 Schering Corp., Kenilworth, N.Y.

4 McNeil Laboratories, Fort Washington, Pa.

5 Roche Laboratories, Nutley, N.J.

6 Lederle Laboratories, Pearl River, N.Y.

7 Endo Inc., Garden City, N.Y.

8 Taconic Farms, Germantown, N.Y.

9 Purina Lab Chow, Ralston Purina Co., St. Louis, Mo.

0022-3549/ 80/ 0100-0074$01.00/ 0
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Table I—Prolactin-Stimulating and Therapeutic Potencies of
Neuroleptics Relative to Chlorpromazine Hydrochloride

Prolactin-
Stimulating Antipsychotic
Neuroleptic Potency® Potency®
Chlorpromazine 1.0 1
hydrochloride
Chlorprothixene 1.0 1-2.3
Prochlorperazine 5.7 6.2-7.7
edisylate
Perphenazine 9.1 10-11.9
Molindone hydrochloride 9.3 5-19.6
Loxapine succinate 10.6 8-12
Trifluoperazing ‘ 33.3 20-35
hydrochloride
Fluphenazine 62.5 50-90.9
hydrochloride
Haloperidol 86.0 50-91

4 Calculated from log dose-response regression curves (Figs. 4 and 5). ? From
Refs. 19, 24, and 26.

ligram-per-kilogram doses in 1 ml of physiological saline or, with halo-
peridol, chlorprothixene, and perphenazine, in 1 ml of 0.1 M tartaric acid
to solubilize these agents. These solutions or equal volumes of vehicles
were given intraperitoneally to experimental and control groups, each
group consisting of eight subgroups of six animals each. Blood samples
were collected by decapitation at 0, 30, 45, 60, 90, 120, 150, and 180 min
after drug or vehicle administration.

Potency of Neuroleptics in Inducing Prolactin Secretion—Rats
were divided into nine groups of 42. For each drug, six subgroups of seven
rats were utilized. One animal in each subgroup served as a control. Every
drug was administered in six serial dilutions. The concentrations in 1 ml
of vehicle were: chlorpromazine hydrochloride and chlorprothixene,
25-0.781 mg/kg; fluphenazine hydrochloride, 1-0.031 mg/kg; haloperidol,
0.5-0.012 mg/kg; loxapine succinate and molindone hydrochloride,
1.25-0.078 mg/kg; perphenazine and prochlorperazine edisylate, 5-0.156
mg/kg; and trifluoperazine hydrochloride, 2-0.062 mg/kg.

Blood samples were obtained by decapitation at a statistically signif-
icant (p <0.01) time of maximum serum prolactin elevation for each drug
as determined by a one-way analysis of variance (20) and the Newman-
Keuls test (21) from Stage 1 of this study.

Sample Collection and Assay—All decapitations were conducted
between 2:00 and 4:00 pm. Blood was collected from the trunk portion
and allowed to stand for 10 min at 4°; the serum was separatéd and frozen
at —40° until hormone analysis could be performed. Serum samples were
measured for prolactin using a radicimmunoassay kit'?, The assays, using
a double antibody radioimmunoassay, were performed according to the
instructions.

The rat prolactin was iodinated by a modification of the Hunter-
Greenwood method (22). Each serum sample was assayed in duplicate,
and the average was taken as representative of the true prolactin con-
centration!!. All test and control samples were determined concurrently
for each drug. The intra- and interassay variations were 4.2 and 9.4%,
respectively.

RESULTS

Time Course of Prolactin Response to Neuroleptics—Evaluation
of the serum prolactin levels over 180 min following intraperitoneal in-
jection of the various neuroleptic agents indicated that statistically sig-
nificant (p < 0.01) maximum serum prolactin elevations occurred at the
following times: chlorpromazine hydrochloride, 30-90 min; chlorpro-
thixene and trifluoperazine hydrochloride, 30-150 min; fluphenazine
hydrochloride, 90-150 min; haloperidol, 90 min; loxapine succinate, 30
min; molindone hydrochloride, 30 and 60 min; and perphenazine and
prochlorperazine edisylate, 30-180 min (Figs. 1-3). )

For drugs that exhibited statistically indistinguishable maximum
serum prolactin elevations at more than one sampling time, one of these
times was selected arbitrarily for each drug for subsequent experiments
performed in Stage 2. Thirty minutes was utilized for loxapine succinate
and molindone hydrochloride, and 90 min was used otherwise.

10 National Institute of Arthritis, Metabolism, and Digestive Disease (NIAMDD)
Rat Pi&xétary Hormone Distribution Program, National Pituitary Agency, Balti-
more, N

11 All results are expressed in terms of NIAMDD rat prolactin.
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Figure 1—Effect of intraperitoneally administered chlorpromazine
hydrochloride (W), molindone hydrochloride (0), and prochlorperazine
edisylate (®) on serum prolactin levels in male rats over 180 min. The
control groups received normal saline (0). Each point is the mean for
six animals. Vertical lines show the standard error of the means. Max-
imum serum prolactin elevations (p < 0.01) as determined by a one-way
analysis of variance and the Newman-Keuls test are indicated by as-
terisks.

Neuroleptic Dose-Prolactin Response Curves at Times of Max-
imum Serum Prolactin Elevation—Figures 4 and 5 show the log
dose-prolactin response curves for the nine drugs studied as calculated
by standard linear regression analyis (23). The slopes of the regression
lines were: chlorpromazine hydrochloride, fluphenazine hydrochloride,
haloperidol, and prochlorperazine edisylate, 1.9; chlorprothixene, loxa-
pine succinate, and perphenazine, 1.8; and molindone hydrochloride and
trifluoperazine, 1.6. The correlation coefficients for the log dose-prolactin
curves were significant (df = 4) as follows: chlorpromazine, 0.91 (p <
0.005); chlorprothixene, 0.93 (p < 0.005); fluphenazine hydrochloride,
0.97 (p < 0.005); haloperidol, 0.95 (p < 0.005); loxapine succinate, 0.87
(p < 0.01); and prochlorperazine edisylate and trifluoperazine hydro-
chloride, 0.94 (p < 0.005).

Prolactin-Releasing Potency of Neuroleptics at Times of Maxi-
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Figure 2—Effect of intraperitoneally administered fluphenazine hy-
drochloride (), loxapine succinate (Q), and trifluoperazine hydro-
chloride (A) on serum prolactin levels in male rats over 180 min. The
control groups received normal saline (0). Each point is the mean for
six animals. Vertical lines show the standard error of the means. Max-
imum serum prolactin elevations (p < 0.01) as determined by a one-way
analysis of variance and the Newman—Keuls test are indicated by as-
terisks.
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Figure 3—Effect of intraperitoneally administered haloperidol (®),
chlorprothixene (®), and perphenazine (O) on serum prolactin levels
in male rats over 180 min. The control group received 0.1 M tartaric acid
(a). Each point is the mean for six animals; vertical lines show the
standard error of the means. Maximum serum prolactin elevations (p
< 0.01) as determined by a one-way analysis of variance and the New-
man-Keuls test are indicated by asterisks.

mum Serum Prolactin Elevation—Doses (milligrams per kilogram)
of neuroleptics calculated from log dose-response curves (Figs. 4 and 5)
that were equipotent to 5.0 mg of chlorpromazine hydrochloride/kg in
releasing prolactin are presented in Table I. In addition, the clinically
defined therapeutic potencies of these drugs are compared on a weight
to weight basis and related to their prolactin-stimulating potency. A
commonly used chlorpromazine hydrochloride dose was selected as the
reference because comparison of the activity of other antipsychotics to
this neuroleptic is common (24-26).

DISCUSSION

Neuroleptic drugs belonging to three chemical groups, prochlorpera-
zine, haloperidol, and thiothixene, produce parallel log dose—prolactin
response curves in humans, presumably due to their antidopaminergic
effects (10). When nine representative drugs belonging to five chemical
classes of neuroleptics were administered to rats at experimentally de-
termined times of maximum serum prolactin elevation [which do not vary
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Figure 4—Log dose-prolactin regression lines of chlorpromazine hy-
drochloride (Q), chlorprothixene (@), haloperidol (@), loxapine suc-
cinate (A), and molindone hydrochloride (a). The y axis (mean change
in serum prolactin) expresses the mean elevation of the prolactin con-
centration above the mean of the corresponding control group values.
Each point represents the mean response of six experiments; vertical
lines show the standard error of the means.
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Figure 5—Log dose—prolactin regression lines of fluphenazine hydro-
chloride (D), perphenazine (0), prochlorperazine edisylate (®), and
trifluoperazine hydrochloride (B). The y axis (mean change in serum
prolactin) expresses the mean elevation of the prolactin concentration
above the mean of the corresponding control group values. Each point
represents the mean response of six experiments; vertical lines show
the standard error of the means.
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significantly for an individual neuroleptic in response to dose variations
(6, 10)], nine nearly parallel log dose—prolactin response regression lines
were calculated. The correlation coefficient for each drug was highly
significant and indicated excellent linear fit. These results indicate that
there also is a common mechanism for inducing prolactin release in rats,
presumably due to their antidopaminergic effects.

To evaluate the prolactin-releasing potency of each drug at an exper-
imentally determined time of maximum serum prolactin elevation, the
log dose-prolactin response curves were utilized. Based on these curves,
the calculated ratio of the neuroleptic to the chlorpromazine hydro-
chloride prolactin-stimulating potency was compared to its reported
antipsychotic potency ratio. For seven of the nine drugs, the neuroleptic
to chlorpromazine potency ratios in rats were consistent with the accepted
neuroleptic to chlorpromazine potency relationships for humans. The

prolactin potency ratios of perphenazine and prochlorperazine to

chlorpromazine were only slightly below the accepted clinical potency
relationships.

The data indicated a better relationship between the prolactin-re-
leasing potency of neuroleptics in rats and the clinically accepted ther-
apeutic potency in humans than was reported elsewhere in an animal
system (18). For example, haloperidol was reported to be only 16.6 times
more potent than chlorpromazine in inducing prolactin secretion using
a fixed 30-min comparison of serum prolactin levels (18). For the ex-
perimentally derived 90-min maximum elevation of serum prolactin for
haloperidol, which also was its peak prolactin response time observed in
humans following intramuscular adminstration (10), a much better
correlation was obtained between prolactin stimulation potency and the
accepted clinical potency range (19, 24).

Due to the variability in the time-serum prolactin profiles of the in-
dividual neuroleptics following intraperitoneal administration, their
potency and prolactin response ratios would have been altered if a fixed
time comparison of all prolactin levels was made rather than a comparison
at the time of each drug’s maximum serum prolactin elevation. The dif-
ferent times for maximum elevation of serum prolactin observed for
several neuroleptics in this study, as well as those cited by other inves-
tigators but involving humans (6), suggest a variation in the onset of ac-
tion for different drugs due to their molecular characteristics. Future work
should evaluate this possible relationship.

For the nine drugs studied, which represent all chemical classes of
antischizophrenic agents approved for clinical use in the United States,
there is evidence to suggest that clinically accepted neuroleptic potency
relationships in humans closely correlate with prolactin-stimulating
properties in male rats when measured at a time of maximum serum
prolactin elevation. This technique may be a convenient alternative to
the proposed use of normal volunteers (6, 10) as a screening test for es-
tablishing the potency of new neuroleptics.
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Abstract O Assumptions attendant to model-independent bioavail-
ability estimation were reexamined. Particular attention was given to
the situation where an intravenous reference is not available and nonrenal
clearance is assumed to be constant between treatments. Under these
circumstances, the previously proposed approximation was compared
with other bioavailability estimators. On the basis of error analysis, a
procedure was devised to yield optimal relative bioavailability esti-
mates.

Keyphrases O Bioavailability—model-independent estimation O Drug
availability—model-independent estimation O Models—bioavailability
estimation, equations

In a previous report (1), a model-independent method
to assess bioavailability was suggested. The procedure calls
for an initial determination of plasma clearance from an
intravenous reference and assumptions concerning
changes therein following the test dose(s). The proposed
solutions are exact except when an intravenous reference
is not available and nonrenal clearance is assumed to be
unchanged between treatments. For this latter situation,
an approximate solution was suggested initially with the
support of a simulated example (1) and verified subse-
quently with experimental results (2).

This report provides a rigorous analysis of this approx-
imation and the means to optimize its solutions. Its merits
are examined relative to those of the dose-adjusted ratio
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of urinary recoveries of unchanged drug and of the area
under the plasma concentration-time curve. It will be
shown that where the nonrenal clearances are unchanged,
the proposed approximation (1) is always superior to area
ratios and often is better than urine ratios. Conditions
under which relative bioavailability estimates should be
optimal are discussed.

THEORETICAL

Bioavailability following a nonintravascular treatment, x, can be es-
timated by:

/5, AUCE V5 UL

D* D= Vzl,r
where F is the fraction of the dose, D, absorbed; AUC.. is the total area
under the plasma concentration-time curve; U is the total amount of
unchanged drug excreted in the urine; and V5 and V- are the plasma
and plasma renal clearances, respectively. Except for V{ p, the terms on
the right side of Eq. 1 are known or can be calculated from plasma and/or
urinary excretion data following treatment x.

On the other hand, plasma clearance must be determined by an inde-
pendent experiment. Ideally, an intravenous tracer dose is administered
concurrently with x such that the plasma clearance of the labeled drug
becomes the estimate of V7 ;. An alternative solution was proposed (3,
4) whereby plasma clearance is estimated from separate treatments in
which the renal drug clearance is perturbed in a controlled manner. The
assumptions are that the perturbing influence on the kidney remains
constant with time and that the same dose fraction is absorbed between

Fx = (Eq. 1)
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Abstract O Assumptions attendant to model-independent bioavail-
ability estimation were reexamined. Particular attention was given to
the situation where an intravenous reference is not available and nonrenal
clearance is assumed to be constant between treatments. Under these
circumstances, the previously proposed approximation was compared
with other bioavailability estimators. On the basis of error analysis, a
procedure was devised to yield optimal relative bioavailability esti-
mates.

Keyphrases O Bioavailability—model-independent estimation O Drug
availability—model-independent estimation O Models—bioavailability
estimation, equations

In a previous report (1), a model-independent method
to assess bioavailability was suggested. The procedure calls
for an initial determination of plasma clearance from an
intravenous reference and assumptions concerning
changes therein following the test dose(s). The proposed
solutions are exact except when an intravenous reference
is not available and nonrenal clearance is assumed to be
unchanged between treatments. For this latter situation,
an approximate solution was suggested initially with the
support of a simulated example (1) and verified subse-
quently with experimental results (2).

This report provides a rigorous analysis of this approx-
imation and the means to optimize its solutions. Its merits
are examined relative to those of the dose-adjusted ratio
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of urinary recoveries of unchanged drug and of the area
under the plasma concentration-time curve. It will be
shown that where the nonrenal clearances are unchanged,
the proposed approximation (1) is always superior to area
ratios and often is better than urine ratios. Conditions
under which relative bioavailability estimates should be
optimal are discussed.

THEORETICAL

Bioavailability following a nonintravascular treatment, x, can be es-
timated by:

/5, AUCE V5 UL

D* D= Vzl,r
where F is the fraction of the dose, D, absorbed; AUC.. is the total area
under the plasma concentration-time curve; U is the total amount of
unchanged drug excreted in the urine; and V5 and V- are the plasma
and plasma renal clearances, respectively. Except for V{ p, the terms on
the right side of Eq. 1 are known or can be calculated from plasma and/or
urinary excretion data following treatment x.

On the other hand, plasma clearance must be determined by an inde-
pendent experiment. Ideally, an intravenous tracer dose is administered
concurrently with x such that the plasma clearance of the labeled drug
becomes the estimate of V7 ;. An alternative solution was proposed (3,
4) whereby plasma clearance is estimated from separate treatments in
which the renal drug clearance is perturbed in a controlled manner. The
assumptions are that the perturbing influence on the kidney remains
constant with time and that the same dose fraction is absorbed between

Fx = (Eq. 1)
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treatments. More typically, however, the intravenous reference is ad-
ministered to the test subject separately so that some assumption must
be made concerning the constancy of plasma clearance between treat-
ment.s For example, if plasma clearance remains unchanged, i.e., V3 ,= p=

Vi p» the bioavailability of x is given by the dose-adjusted ratio of the
areas under the plasma concentration curve:

_ DV(AUCY)
D*(AUCH) Ea-2)
However, if plasma clearance changes in proportion to the observed renal

clearance change?, the dose-adjusted ratio of urinary recoveries is the
more accurate estimator, i.e.:

v D“’U %
F*= D: Uw (Eq‘ 3)
Finally, if nonrenal clearance is constant between treatments:
A UC X o .
Fr= (Vclp - V‘c‘{.r + V:l.r) (Eq 40)
Fx= vax = (V clp cl F+ Vcl - (Eq. 4b)

In the absence of an intravenous reference and when V., is assumed
constant, the bioavailability of treatment x relative to another nonin-
travascular treatment, s, is given by:

F= _D:AUCS

F*  D=AUC.
and when the ratio of V. ,/V., remains constant between treat-
ments:

(Eq.5)

F+ DsU%

— R w——— . 6

F* D=U% (Eq )
By analogy to Egs. 4a and 4b, the corresponding expression for relative
bioavailability when nonrenal clearance remains constant is:

Ei Ul Vh, _ (V::I,r — V}‘:l,r)

F¢ D=V%, | Fe Fs
Equations 2-7 are exact insofar as their respective assumptions hold.
While the application of Eqs. 2-6 is strmghtforward Eq. 7 cannot be
evaluated because of the presence of unknowns V%, and F* on the

right side. As an approximation to Eq. 7, it was suggested by Kwan and
Till (K-T) that (1):

(Eq.7)

([Vcl p]eX V:l,r + V:l.r) (Eq 8)

X
(—;)K T [vcl p]ax
where [Viplex is defined as an experimentally derivable clearance such
that:

vy D™V
Fniv - l]l'l.iv
and niv refers to a nonintravascular treatment such as x or s. The error
incurred by the use of Eq. 8 instead of Eq. 7 therefore is:

18l (1 )
Fx/F8) g 1 — (F*/F* — -1 .10
|(F*/F*)gr — ( )Eq. 7| = [V lp]“ I (Eq. 10)

[V::"p]ex (Eq. 9)

where:
o= clr V:l.r (Eq. 11)

Since treatments x and s are nonintravascular, one should be able to
estimage the bioavailability of s relative to that of x by the same ap-
proximate method:

()_7_;)1(_1' [V p]“ ([Vd P] V:LI' + V;l,r) (Eq. 12)

in which treatment x is designated as the reference for calculation pur-
poses. Then, the bioavailability of x relative to s is simply the reciprocal
of (F3/F*)g_71:
1 = [V::l,p]ax
(F:/Fx )K—T [Vf:l,p] - V:_l.r + V::l,r
The error resulting from the use of Eq. 13 as an approximation to Eq. 7
is:

(Eq. 13)

1 'This assumption is synonymous with saying that the fractional urinary recovery,
f=Va,/Va p» Temains constant between treatments.
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Figure 1—Plot of f* versus UL/D®. On the dashed line, f* = 0.5 + 0.5
(UL/D#), the errors associated with the uses of (U1D*/ULD*) and (F*/
F*)k_t are equal. In Region I, (ULD*)/(U*D*) is preferred over (F*/F®)x_r,
and vice versa in Region I1.

; |6| [Vcl,p]ex ¢1 ,p
(F'/FX)K T ( | Bq. 7 [vclp]ex Fs ([V lp]ax +0) (Eq 14)

In addition to the trivial case where § = 0, it is evident from Egs. 10 and
14 that the error term vanishes as F* approaches 1.0 and as [V ;]ex ap-
proaches V%, respectively. Equation 15 shows that estimates of bio-
availability from Eq. 8 generally will differ from those from Eq. 13. The
choice between the two can be made by considering the difference be-
tween their respective errors, Eqs. 14 and 10:

~[Fer Fud

141 |
Vf-' ex V: r
[Vd p]ex ([Vcl p]ex +6) ‘([ |,p} 1, )
— ([V‘cl,p)ax - V::l,r)‘ (Eq 15)

All terms on the right side of Eq. 15 are experimentally derivable. Since
the quotient preceding the braces,{ }, always is positive, the sign of Eq.

15 is determined by the relatlve magnitude of [Vcl Jox — Vcl , for the two
treatments. If [V Jex — V5, is greater than [Vd‘j,, - Vd,, (F=/F%)g_r
is closer to the true value and is preferred. If the converse holds, 1/
(F*/F*)k-7 should be chosen. In the unlikely event that the two quan-
tities within braces are identical, the same relative bioavailability estimate
would result. The same criteria apply in studies involving three or more
nonintravascular dosages. In other words, the treatment yielding the
smallest value for [Vaplex — Vo, should be the reference for calcula-
tion.

According to Eq. 15, the first step in the estimation of relative bio-
availability under the assumption of constant nonrenal clearance is to
calculate [V plexr — Ve for all treatments in all subjects. For each
subject, the treatment with the smallest (Verplex— Ve then is selected
as the reference to which the bioavailability of all other treatments is
compared. The resulting bioavailability ratios are rearranged or combined
8o that the desired reference, s, appears in the denominator.

In view of the approximate nature of Eqs. 8 and 13, their merits relative
to other estimators should be examined. Conceivably, either the ratio of
the dose fraction recovered in the urine or the ratio of the area under the
plasma curve may be mmllarly adequate as an approximation even though
nonrenal clearance is unchanged between treatments. Therefore, if
nonrenal clearance truly is constant between treatments, the error as-
gociated with the use of the dose-adjusted area ratio (i.e., Eq. 5) as a
relative bioavailability estimate would be:

AUCL/D* ( L
AUCL/D*  \Felea | PrVE ]

Comparison of the uncommon terms on the right side of Eq. 10 with those
of Eq. 16 shows that (1/F#) > (1/F*) — 1. Thus, under the prescribed

l(F'/F")K- (F Eq. 7

(Eq. 16)




Table I—Simulated Data for Relative Bioavailability
Calculation

Table II—Sample Calculation of Relative Bioavailability of Oral
Treatment 1 to Oral Treatment 2

Dose
Dose Fraction
Oral Fraction  Excreted Renal )
Treat- Dose, Absorbed, in Urine, Clearance [Veiplex
ment  mg Fa U/D Ve, ml/min = Vg,
1 500 0.536 0.265 223.1 618.8
2 500 0.680 0.306 186.6 423.2

@ As estimated in Table II of Ref. 1.

conditions, Eq. 8 estimates the true bioavailability better than does the
ratio of dose-adjusted areas under the plasma curve. In light of the pre-
vious discussion on optimization, estimates by Eq. 13, when applicable,
should be even better than those by Eq. 8.

Similarly, the absolute difference between the dose-adjusted ratio of
urinary recoveries (i.e., Eq. 6) and the true value is:

UL/D* (F") _ el (Ds 1)

U./Ds *JEq. 7 [Vzl,p]ex Us Fs
Comparison of the uncommon terms on the right side of Eqgs. 10 and 17
shows that (D$/U%) = (1/F5) may be greater than, equal to, or less than
(1/F3) — 1. Thus, even when the nonrenal clearance is constant between
treatments, the urinary excretion ratio approximates relative bioavail-
ability better than does Eq. 8 in some situations. Intuitively, such sit-
uations prevail when renal excretion is the dominant drug elimination
route. A quantitative assessment of situations in which one method is
superior to the other is as follows.

The difference between Egs. 10 and 17 can be expressed as:

(Ef) _(F_’ UL/D* (F*)
Fs|k-T \Fs Eq. 7

UL/Ds  \Fe

|6|  Ds ( U

(Eq.17)

Eq. 7

= — — 2fs -1 -=—

[Vaple Us Ds
where f* is the ratio of the renal clearance to plasma clearance. When the
right side of Eq. 18 is positive, the urinary recovery ratio is better; when
it is negative, (F*/F*)k_r is preferred. Whether Eq. 18 is greater or less
than zero depends on the relative magnitude of f* and U%/D*s. When Eq.
18 is zero:

(Eq. 18)

Us,

=% (1 + D

A plot of ¢ versus U%/D* is shown in Fig. 1, which is clearly divided into
three regions. Equation 19 separates Region I, representing sitnations
where f* > Y% [1 + (U%/D*)] when urinary excretion ratios should be used,

(Eq. 19)
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(0.5)
1.0 D,

0.8+

0.6

A1

s

0.4

0.2

1 1 T 1 1
0 0.2 0.4% 0.6 0.8 1.0

. Us/D*®
Figure 2—Plot of f* = 0.5 + a(U3D?®) (Eq. 20). The a value for each line
is specified in parentheses. The shaded area indicates the expansion

of Region II by using 1/(F?/F*)k_t instead of (F*/F®)x_t as « increases
from 0.5 to 0.75.

True Value AUC.e U_L (F_l) _—1
Fl/F? AUC? U2 F2|k-T (F2/FY)g_r
0.788 0.724 0.866 0.768 0.757

2 The AUC values were estimated by dividing total urinary recovery by renal
clearance.

from Region II, where f* < 15[1 + (U%/D*)] when (F*/F¢)g_r should be
favored. Region III, representing f¢ < (U%/D?) (or F¢ > 1), is not ex-
perimentally relevant.

In accord with the preceding discussion on the optimal choice of a
reference in relative bioavailability calculations, there will be times when
1/(F*/F*)g_r is a better estimator than (F*/F#)k_r. Under these cir-
cumstances, the demarcation between Regions I and II must change so
as to enlarge Region II. Therefore, the difference between Egs. 14 and

X

17 is:
1 _|Uus/Dx  [F*
i(F“/F’)K-T - ( */Eq. 7 IU';/DS (F_)Eq vl
18] Dy . _Us
Vil U {2’ T
U ([Viplex = Vaar) = (Vi plex = Vi)
De [V:l,p]ex - V:l,r + Vzl.r
Evidently, the critical value at which Eq. 20 becomes zero is when:

fs = l + [([V::l,p]ex - V:I,r) - ([V:l,p]ex — V:l.r) + l] %

2 [Vzl,p]ex - V’ccl,r + Vil,r 2} D*
Like Eq. 19, Eq. 21 is a straight line with an intercept of 0.5. Unlike Eq.
19, the slope of Eq. 21 varies with each specific pair of treatments x and
s. However, since 1/(F$/F*)k_r is used only when [V plex — V&, is greater
than [V les — V&, a positive contribution to the slope is assured. Thus,
Eq. 20 represents a family of lines with slopes equal to or greater than 0.5
and a common intercept at x = 0,y = 0.5. Figure 2 illustrates the moving
boundary between Regions I and II for a range of slopes. The shaded area
in Fig. 2 represents the expansion of Region II at the expense of Region
1 if the slope increases from 0.5 to 0.75.

Application of Egs. 19 and 21 requires some knowledge of the excretion
characteristics of the drug. In the absence of an intravenous reference,
f¢ is an unknown, while all terms on the right side of Eqs. 19 and 21 are
experimental observations. If it is known from previous studies that f
generally is less than 0.5, Eq. 8 or 13 clearly is preferable to urinary ex-
cretion ratios. For given f values greater than 0.5, the superior estimator
can be deduced from observed U./D values with the aid of Egs. 15, 19,
and 21 and Fig. 2. That is to say, the choice between (F*/F*)x_1 and 1/
(F#/F*)k_T depends on the criterion set by Eq. 15. Whether either of
these terms is preferable to the urinary recovery ratio then depends on
f for the drug and the actual observations, e.g., U. and V4, for a given
subject.

For comparisons involving (F*/F®)g_r, Eq. 19 or the line having a slope
equal to 0.5 in Fig. 2 applies. When 1/(F*/F*)g_r is more appropriate,
a slope first must be calculated in accordance with Eq. 21, and the proper
line must be constructed in Fig. 2. For example, when U%/D* = 0.4 and
the slope by Eq. 21 is 1.0, Fig. 2 shows that the urinary excretion ratio
would be a better estimator of relative bioavailability than (F*/F#)x_p
if /5 is >0.7 and superior to 1/(Fs/F*)g_r if f¢ is >0.9.

} (Eq. 20)

(Eq.21)

EXAMPLE

To test the conclusions from the forgoing error analyses, it is necessary
to use an example for which the correct answer is known. The simulated
data from the previous report (1) are suitable for this purpose because
all aspects of drug disposition except renal clearance were kept constant
between treatments and the bioavailability of the two oral treatments
was fixed a priori (and confirmed by comparison to the intravenous
reference). Table I summarizes the information necessary to the present
discussion.

Various bioavailability estimates of Treatment 2 relative to Treatment
1 are shown in Table II. The accuracy of each approximation can be
ranked according to its proximity to the true value, which is the ratio of
their absolute bioavailabilities. Since [Vo,plex — Va is smaller after
Treatment 2, (F1/F2)k_r should be closer to the true value than 1/
(F%/FYk_r. This is the case. Also, as predicted, the result by the AUC
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ratio is worse than that by (F1/F?)k_r. Finally, the urinary recovery ratio
is the worst approximation of all, which is not unexpected since renal
excretion is only a minor elimination route (f < 0.50).

DISCUSSION

An approximate solution for relative bioavailability estimation between
nonintravascular doses-was suggested previously (1). Since then, nu-
merous inquiries have been received concerning the nature and source
of its inexactitude, particularly under the assumption of constant non-
renal clearance between treatments. Simulation studies were not re-
vealing; reasonably accurate estimates usually were obtained except when
unrealistically large perturbations were considered. On the other hand,
the present theoretical analysis appears to offer new insights.

Whereas the ratio of areas under the plasma curve and of urinary ex-
cretions are exact relative bioavailability determinants when their re-
spective assumptions prevail, Eqs. 8 and 13 are only approximations when
nonrenal clearance remains constant between treatments. In addition,
Eqgs. 8 and 13 give different answers for a given data set. However, criteria
were established so that the more accurate of the two estimates always
can be identified. The choice of reference for calculations should be made
for each comparison within a study to ensure the best possible esti-
mates.

Despite their approximate nature, Eqs. 8 and 13 always are preferable
to area ratios and often are superior to urinary excretion ratios when
nonrenal clearance is constant. The only exception is when the drug is

eliminated predominanﬂy by renal excretion. Predominance now has
been defined as when V,y,/V.,, is greater than either %,(1 + U%/D?*)
or:

l + {l + ({V::llj&‘ V::l,r) _'([Vzl,plex - ch:l,r)] yi
2 2 [Vzl,p]ex - Vzl,r + v::l,r D*
depending on whether Eq. 8 or 13 is to be used, respectively. Thus, given
some idea of the usual fraction excreted unchanged following an intra-
venous dose, a decision can be made whether the urinary excretion ratio,
Eq. 8, or Eq. 13 should be chosen.

The constant nonrenal clearance assumption ordinarily is favored for
another reason. Given that observed renal clearances differ between
treatments, the likelihood that compensatory nonrenal clearance changes
will occur to maintain a constant plasma clearance or a constant ratio of
renal to plasma clearance seems remote. On the other hand, adjustments
in plasma clearance based only on observed changes in renal clearance
simply corroborate experimental evidence.
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Abstract O A sensitive and specific method for the determination of

chlorambucil and its metabolite in biological fluids is reported. The
method is based on selected-ion monitoring detection following simple
extraction of the parent compound, its metabolite, and an internal
standard (chlorambucil-dg) from plasma and urine samples. The preci-
sion (reproducibility) of the method was 94.3 + 1.3% with 200 ng of
chlorambucil added to 1 ml of plasma. Chlorambucil degradation or al-
kylation of plasma proteins was minimal with plasma incubated at 24°
for 4 hr. However, chloroambucil recovery decreased to 56% after plasma
incubation at 37° for 4 hr. Three chlorambucil degradation products in
ethyl acetate solution were found, and their structures were studied by
mass spectrometry:

Keyphrases 0 Chlorambucil—analysis, mass spectrometry, degradation
products and metabolite, human plasma and urine O Antineoplastic
agents—chlorambucil, degradation products and metabolite, mass
spectrometry, human plasma and urine 00 Mass spectrometry, se-
lected-ion monitoring—chlorambucil, degradation products and me-
tabolite, human plasma and urine

The anticancer drug chlorambucil (I) is useful in the
treatment of chronic lymphocytic leukemia, ovarian car-
cinoma, nodular lymphocytic lymphoma, and myelocytic
leukemia (1, 2). Various analytical methods were reported
for the quantitation of I, including the colorimetric de-
termination of 4-(p-nitrobenzyl)pyridine derivatives (3,
4) and UV spectrophotometric (5) and chlorine titrimetric
(6) methods. None of these methods provides the sensi-
tivity and accuracy needed to study I pharmacokinetics
and metabolism in humans. The mass spectrometric de-
termination of I in plasma was reported recently (7). This
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method requires several extraction steps, including a
back-extraction of I from the aqueous solution at alkaline
pH.

The quantitative method presented here is based on a
one-step extraction followed by a determination of I and
a metabolite in plasma and urine by mass spectrometry
using a deuterated I internal standard. This method was
used to study the in vitro I stability in plasma as well as to
characterize the in vitro degradation products. The
method was applied to the quantitation of I and a metab-
olite in human plasma and urine samples.

|
HOCCH,CH,CH,
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Chlorambucil-ds Synthesis;The synthesis of chlorambucil-dg

- (labeled at N-chloroethyl) was adapted from a literature method (8).

4-(p-Nitrophenyl)butyric acid?, 500 mg, was reacted with ethereal dia-
zomethane!. The resulting methylnitrophenylbutyrate was dissolved in
ethyl acetate—methanol (9:1 v/v) through which hydrogen gas was bub-
bled continuously for 8 hr in the presence of palladium? with the solvent
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ratio is worse than that by (F1/F?)k_r. Finally, the urinary recovery ratio
is the worst approximation of all, which is not unexpected since renal
excretion is only a minor elimination route (f < 0.50).

DISCUSSION

An approximate solution for relative bioavailability estimation between
nonintravascular doses-was suggested previously (1). Since then, nu-
merous inquiries have been received concerning the nature and source
of its inexactitude, particularly under the assumption of constant non-
renal clearance between treatments. Simulation studies were not re-
vealing; reasonably accurate estimates usually were obtained except when
unrealistically large perturbations were considered. On the other hand,
the present theoretical analysis appears to offer new insights.

Whereas the ratio of areas under the plasma curve and of urinary ex-
cretions are exact relative bioavailability determinants when their re-
spective assumptions prevail, Eqs. 8 and 13 are only approximations when
nonrenal clearance remains constant between treatments. In addition,
Eqgs. 8 and 13 give different answers for a given data set. However, criteria
were established so that the more accurate of the two estimates always
can be identified. The choice of reference for calculations should be made
for each comparison within a study to ensure the best possible esti-
mates.

Despite their approximate nature, Eqs. 8 and 13 always are preferable
to area ratios and often are superior to urinary excretion ratios when
nonrenal clearance is constant. The only exception is when the drug is

eliminated predominanﬂy by renal excretion. Predominance now has
been defined as when V,y,/V.,, is greater than either %,(1 + U%/D?*)
or:

l + {l + ({V::llj&‘ V::l,r) _'([Vzl,plex - ch:l,r)] yi
2 2 [Vzl,p]ex - Vzl,r + v::l,r D*
depending on whether Eq. 8 or 13 is to be used, respectively. Thus, given
some idea of the usual fraction excreted unchanged following an intra-
venous dose, a decision can be made whether the urinary excretion ratio,
Eq. 8, or Eq. 13 should be chosen.

The constant nonrenal clearance assumption ordinarily is favored for
another reason. Given that observed renal clearances differ between
treatments, the likelihood that compensatory nonrenal clearance changes
will occur to maintain a constant plasma clearance or a constant ratio of
renal to plasma clearance seems remote. On the other hand, adjustments
in plasma clearance based only on observed changes in renal clearance
simply corroborate experimental evidence.
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Abstract O A sensitive and specific method for the determination of

chlorambucil and its metabolite in biological fluids is reported. The
method is based on selected-ion monitoring detection following simple
extraction of the parent compound, its metabolite, and an internal
standard (chlorambucil-dg) from plasma and urine samples. The preci-
sion (reproducibility) of the method was 94.3 + 1.3% with 200 ng of
chlorambucil added to 1 ml of plasma. Chlorambucil degradation or al-
kylation of plasma proteins was minimal with plasma incubated at 24°
for 4 hr. However, chloroambucil recovery decreased to 56% after plasma
incubation at 37° for 4 hr. Three chlorambucil degradation products in
ethyl acetate solution were found, and their structures were studied by
mass spectrometry:

Keyphrases 0 Chlorambucil—analysis, mass spectrometry, degradation
products and metabolite, human plasma and urine O Antineoplastic
agents—chlorambucil, degradation products and metabolite, mass
spectrometry, human plasma and urine 00 Mass spectrometry, se-
lected-ion monitoring—chlorambucil, degradation products and me-
tabolite, human plasma and urine

The anticancer drug chlorambucil (I) is useful in the
treatment of chronic lymphocytic leukemia, ovarian car-
cinoma, nodular lymphocytic lymphoma, and myelocytic
leukemia (1, 2). Various analytical methods were reported
for the quantitation of I, including the colorimetric de-
termination of 4-(p-nitrobenzyl)pyridine derivatives (3,
4) and UV spectrophotometric (5) and chlorine titrimetric
(6) methods. None of these methods provides the sensi-
tivity and accuracy needed to study I pharmacokinetics
and metabolism in humans. The mass spectrometric de-
termination of I in plasma was reported recently (7). This
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method requires several extraction steps, including a
back-extraction of I from the aqueous solution at alkaline
pH.

The quantitative method presented here is based on a
one-step extraction followed by a determination of I and
a metabolite in plasma and urine by mass spectrometry
using a deuterated I internal standard. This method was
used to study the in vitro I stability in plasma as well as to
characterize the in vitro degradation products. The
method was applied to the quantitation of I and a metab-
olite in human plasma and urine samples.
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EXPERIMENTAL

Chlorambucil-ds Synthesis;The synthesis of chlorambucil-dg

- (labeled at N-chloroethyl) was adapted from a literature method (8).

4-(p-Nitrophenyl)butyric acid?, 500 mg, was reacted with ethereal dia-
zomethane!. The resulting methylnitrophenylbutyrate was dissolved in
ethyl acetate—methanol (9:1 v/v) through which hydrogen gas was bub-
bled continuously for 8 hr in the presence of palladium? with the solvent
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at constant volume. The ethyl acetate then was evaporated using nitrogen
gas, yielding the reddish-brown aminophenylbutyric acid methy! ester,
which was dissolved immediately in 20 ml of 50% acetic acid (CH;COOD?
in D203). In a cold room (4°), 2 ml of ethylene oxide-d4® (99% isotopic
purity) was added.

The reaction mixture was allowed to stand at room temperature for
24 hr. The reaction was terminated by adding ~10 m! of water and sodium
bicarbonate until no significant carbon dioxide evolved. The yellowish
solution was extracted with 5 X 8 ml of ethyl acetate, and the ethyl acetate
was dried with anhydrous sodium sulfate and then evaporated using ni-
trogen gas. All traces of water were removed by azeotroping with meth-
ylene chloride.

The gummy, dark-brown product was refluxed with 4 ml of freshly
distilled phosphorus oxychloride for 45 min. Excess reagent was removed
by partitioning several times with water—-methylene chloride. The
methylene chloride layer was evaporated using a nitrogen stream and
refluxed with concentrated hydrochloric acid for 6 hr at 100°. The
product was extracted with ethyl acetate-hexane (1:1) and partitioned
with 0.01 M phosphate buffer (pH 9.0)-0.01 M NaCl. The aqueous phase
was removed and washed twice with methylene chloride, and the pH was
adjusted to 3 using 2 N HCL

Chlorambucil-dg was extracted from the acidic aqueous solution with
methylene chloride. The final product in methylene chloride was ex-
amined by high-performance liquid chromatography* and mass spec-
trometry®. The product had >95% chemical purity and >99% isotope
purity as revealed by mass spectrometry for the molecular and base ions
of deuterated and undeuterated chlorambucil. The yield was ~30%.

Chlorambucil-ds Standardization—Synthetic chlorambucil-dg was
used as an internal standard without further purification. Its chloram-
bucil-dg concentration was determined against a known amount of I€ by
monitoring m/e 326 (M — CHyCl) and 328 for I and m/e 332 (M = CD,Cl)
and 334 for chlorambucil-dg. Also, m/e 326 and 328 of I were monitored
against m/e 383 and 385 of chlorambucil-dsg. Interferences due to other
ions were not observed.

Extraction of I—Deuterated 1 (five to 10 times the maximum I
amount expected) and 0.5 ml of 4% perchloric acid were added to 0.5 ml
of plasma or urine. Ethyl acetate-hexane (1:1 v/v), 0.75 ml, was added
to the precipitated sample, and I was extracted into the organic layer. The
sample was centrifuged for 5 min at 3000 rpm?, and the organic layer was
transferred into a 1-ml microvial with a polytef-lined cap®. The solvent
was evaporated with purified nitrogen gas at room temperature, and
several drops of dry methylene chloride were added to the dried rekidue.
Any water present in the dried residue was removed azeotropically with
methylene chloride.

Derivatization of I-—Dried samples were converted to their tri-
methylsilyl (TMS) derivatives for GLC-mass spectrometric analysis.
N,0 - Bis(trimethylsilyDtriflucroacetamide®-acetonitrile-methylene
chloride (20:10:1 v/v/v) solution, 100 ul, was added to the samples and
allowed to react at 100° for 10 min. The trimethylsilyl derivatives were
analyzed by GLC-mass spectrometry.

GLC-Mass Spectrometry—A mass spectrometer® was interfaced
with a gas-liquid chromatograph®. All analyses were performed at 70 ev.
The derivatized samples were injected directly onto a GLC column (0.5
m X 2 mm, 3% OV-17 on 100-120-mesh Gas Chrom Q) at 190°. After the
solvent was vented for 45 sec at 190°, the column temperature was raised
directly to 310°. A I trimethylsilyl derivative eluted at 230°.

Trimethylsilyl I was monitored at m/e 326 (M — CH2Cl) and 328, and
the internal standard (trimethylsilyl chlorambucil-ds) was monitored
at m/e 383 (M) and 385. Deuterated I was monitored at its molecular
and chlorine isotope ions (m/e 383 and 385) instead of at its most intense
fragment ions [m/e 332 (M — CD2Cl) and 334] due to an interfering ion
at m/e 332. Because m/e 383 was ~10 times less abundant than m/e 332,
10 times more of the internal standard relative to the expected I con-
centration was added to give an approximately equal height compared
to that of m/e 326.

Animal and Human Studies—Rats were given 5.6 mg of I/kg by in-
travenous bolus injections over 1 min into a jugular venous catheter (9)
Patients were given 0.6 mg of oral I'%/kg. Animal and human plasma ana

3 Merck and Co., St. Louis, Mo.

4 Waters Associates, St. Louis, Mo.

5 Model 3300, Finnigan, Sunnyvale, Calif.

€ Supplied by Burroughs-Wellcome Co., Research Triangle Park, N.C.

7 GL&ZB, DuPont Instrument Co., Wilmington, Del.

8 Regis Chemical Co., Morton Grove, I1l.

9 Model 950 GC, Finnigan, Sunnyvale, Calif.

10 Leukeran, supplied by Burroughs-Wellcome Co., Research Triangle Park,

N.C.
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Figure 1—Mass spectrum of metabolite, p-[4-N,N-bis(2-chlo-
roethyl)Jaminophenylacetic acid, isolated from human plasma and
urine.

urine samples were kept on ice during collection and stored at —-70° until
extracted for I.

Recovery Studies—Quantitative extraction was studied with 1C-
labeled 1. 14C-111 (505 ng, 3.5 X 104 cpm) was added to 1 ml of plasma, the
solution was extracted three times, and the 4C-recovery in the organic
layer was examined in each extraction. The precision (reproducibility)
of the recovery was studied by mass spectrometry. At least three samples
of 5 and 1 ug and 200, 100, and 50 ng of [ and appropriate amounts of the
internal standard were added to 1-ml plasma samples. 