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Abstract O A two-tank perfect-mixing tank model was uscd to simulate G
absorption. The effect of drug parameters (pK,, solubility, and intrinsic wall
permeability) and system parameters (pH profile, volume of intestinal con-
tents, and intestinal flow ratc) on drug absorption were studied by numerical
data simulation. When the dose did not exceed the solubility of the drug in
the intestinal lumen, the fraction absorbed depended on the transit rate relative
to the absorption rate and the pK, relative to the pH profile, but was inde-
pendent of drug dose. Saturation of one or both tanks led to dose-dependent
absorption. The model was used to simulate absorption of chlorothiazide. Good
agreement between simulated and experimental data led to the conclusion
that the physical characteristics of chlorothiazide, rather than a saturable
transport mechanism at the intestinal wall, may be responsible for the dose-
dependent absorption obscrved for this drug. The model was also used to
simulate hydrochlorothiazide absorption. By applying the same system pa-
rameters used for chlorothiazide, the model simulation correctly predicted
the dose proportionality of hydrochlorothiazide absorption. The lack of dose
dependency in this case may be attributed to the higher solubility and pK,
of hydrochlorothiazide compared with chlorothiazide.

Keyphrases O Absorption- - G1 dosc-dependent, physicochemical model O
Chlorothiazide—physicochemical model, dosc-dependent GI absorption O
Hydrochlorothiazide—physicochemical model, dose-independent GI ab-
sorption

Dose-dependent drug absorption is often attributed to ab-
sorption via a saturable (carrier-mediated) mechanism or to
the existence of a so-called absorption window for the drug.
In many cases, however, an alternative approach, which takes
into account the physical and chemical factors of the drug and
G1 tract, provides a more reasonable explanation of the ob-
served behavior. Shore et al. (1) were the first to recognize the
importance of physical parameters to drug absorption in their
classical pH-partition hypothesis of Gl absorption. They
postulated that the rate of absorption is fastest when the drug
is in its un-ionized form, with the degree of ionization being
a function of pH and, hence, location in the GI tract. Solubility
and dissolution rate effects on absorption were studied by
Stricker (2, 3) using mechanical in vitro systems to simulate
absorption. Among his conclusions was the finding that vari-
ability in absorption of some sulfonamides could be attributed
to their limited and pH-dependent solubilities.

Physiological parameters such as gastric emptying rate may
also influence absorption. Clements et al. (4) have shown that
for drugs, such as acetaminophen, which are poorly absorbed
in the stomach, gastric emptying can be the rate-limiting step
in absorption. If, in such a case, gastric emptying does not
follow a monoexponential relationship, the apparent absorption
rate will not be first order, even though the drug is absorbed
by passive diffusion. In this report, it is demonstrated that the
physicochemical properties of a drug, i.e., its solubility, pK,,
and intrinsic absorption rate, can play a significant role in the
determination of the relationship between the dose adminis-
tered and the oral bioavailability. The drugs chosen as exam-
ples are chlorothiazide and hydrochlorothiazide. For chlo-
rothiazide, the fraction absorbed orally is known to decrcase
substantially with increasing dose. By contrast, hydrochloro-
thiazide exhibits dose-proportional absorption (5-7).
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THEORETICAL SECTION

A two-tank mixing tank model (Fig. 1) provides a simple but useful picture
of intestinal absorption. Tank 1 represents the duodenum and, hence, has a
smaller volume and lower pH than tank 2, which represents the jejunum and
ileum. The following assumptions are incorporated into the model:

1. Absorption from the stomach is minor compared with intestinal ab-
sorption. The model could be extended to a three mixing-tank model to ac-
commodate cases in which this assumption is invalid.

2. The drug dose is delivered to the duodenum as a bolus. Dissolution is
considered to be instantaneous compared with other processes such as ab-
sorption and transit rate. The dissolution rate may, in fact, play an important
role in determining the percentage absorbed; its effects will be examined in
a future study.

3. Uptake by the intestinal wall is a first-order process which does not in-
volve a saturable carrier mechanism.

4. Absorption of the ionized form is negligible compared with that of the
un-ionized form.

5. Transit is a first-order process.

Depending on the drug and the dose administered, three general cases
apply:

1. Neither tank becomes saturated after drug is administered.

2. One tank becomes saturated after drug is administered.

3. Both tanks become saturated after drug is administered.

The three cases are illustrated in Figs. 2, 3, and 4, respectively. The basic set
of parameters used in the simulations is listed in the Appendix; deviations from
these values are noted where appropriate in the figure legends. The following
symbols are used: Xt;, the amount of drug in tank i; ¥;, volume of tank #; fu;,
fraction un-ionized in tank i; @, flow or transit rate; k,;, intrinsic absorption
rate in tank i; Xg, dose administered; Cs;, saturation concentration in tank
i; Xgi, Xsi = Csi*Vis Ri = Xgi, apparent absorption rate under saturated con-
ditions in tank i; 7y, time at which X1; = Xs1: 724, time at which X1z = X,
(XT2increasing); and 71, time at which X712 = X2 (X12 decreasing).

Case 1—In this case, X1/ V| and X132/ V; arc always less than the satu-
ration concentrations. Loss from tank 1 is given by:

= LI (katfur + 01/ V)X (Eq. (1)
whereas loss from tank 2 is given by:
=2 Qv+ kfu X - Qur/Vy (Ba.2)
Transit out of tank 2 represents drug which is not absorbed, i.e.:
AT _ g, xms/ Vs (Ea. 3)

These equations can be solved by using Laplace transforms to yield (for X7,
= Xpatt =0):

X1 = Xoe™ 4 (Eq. 4)
01 Xo _ -
Xy = —220 (=t — o= B Eq.5
T2 V|(B—A)(e e~ 81 (Eq. 5)
Xaoll —Bt Be—A!
Xour=ZiXo(l , € ¢ (Eq. 6)

VaViB\4 B—A4 AB-A)

where A = kqifur + Q1/V1and B = kaof 2 + O/ V. The fraction of dose
absorbed is then given by:

F=]_XT-0UT=I_ 0201

Xo ViVatkatfur + @1/ V(kaofua + @2/ V)
This result shows that the fraction absorbed depends on transit rate, intrinsic
absorption rate of the un-ionized form, pK, of the drug, and gastrointestinal
pH profile. Variations in transit rate and gastrointcstinal pH profile can affect
the fraction absorbed in this case, but bioavailability is not dependent on the
dose of the drug per se.

(Eq.7)
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Figure 1—Schematic of the two-tank perfect mixing tank model for oral drug
absorption.

Case 2—An example of the case in which one of the tanks becomes satu-
rated occurs when the drug initially saturates tank 1 but levels in tank 2 never
reach saturation, e.g., absorption of a poorly soluble weak acid. In this case,
it is convenient to split the derivation into two parts: (a) from ¢ =0tor =71,
the time at which concentration in tank | drops back below saturation, and
(b) at times longer than 7,. The second part is essentially described by the
equations derived for case 1 by applying the appropriate boundary condition,
ie., XT]/VI =Csatt =1,

Equations for times shorter than 7, are:

_ X1y

S Ry+ O XT1/V,  (fortank 1) (Eq. 8)
0XT2
TR =~ 01 X171/ V1 ¥ (kaofuz + Q2/V2)X12 (for tank 2) (Eq.9)
a—X';J = Q,X12/V2  (for unabsorbed drug)  (Eq. 10)
Solution of these equations by using Laplace transforms yields:
RV, RV
X =———+e‘Q"/Vl(X +—) (Eq. 11)
Ti o 0 o q
Xrp= =R -owm M)
B oyvi—-B
_ Ri+BXo O
Bef__—-2 " F | = .12
(B(Ql/vl -8l v, (Ba-12)
=Ryt _an @2 [ @1 (R + BXo)
Xiour = —Sot 4 (1 = e~y 2L (XL 2217 7700
vour = =gy, U=y s [viBiowni - B)
- 02V [Ri+ QXy/V]
+ (e~ Qi — 1) (Eq.13
V,0, | 0/vi-B | e 13
=2.303V), [@1Xa/Vi+ R
T = lo .14
TTor Bloxyvi+Ri) (Eq-14)

The fraction of the dose absorbed can be determined by calculating 7, and
then evaluating X9.3{)y by using Eq. 13 fort =0 — rand Eq. 3 fort = 7|~
(solved with initial conditions Xt; = X34 and X,.out = X{lourat 7 = 7y, the
values of which are found from Eqs. 12 and 13, respectively); that is:
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Figure 2— Theoretical levels of drug in tanks | and 2 with time after ad-
ministration of a dose lower than the saturation level in either tank. Case |
equations apply throughout; the dosage is 25 mg.
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Figure 3— Theoretical levels of drug in tanks 1 and 2 with time after ad-
ministration of a dose which exceeds the saturation level in tank I only (1,
= 17.4 min). The intrinsic absorption rate constant is 0.3 min=! for this
simulation; the dosage is 250 mg. Case 2 equations apply fromt =0tot =
Ty

02X7) QIXOQZ( 1 )
Xilme = X0 T2 4 0| Eq. 15
"Vt Ty ViV, \4B (Eq-15)
Then, the fraction absorbed is given by:

(Eq. 16)

— XPoUr + X150t
Fapps=1 - | ———

Xo

Since the term for X95{} is a function of the dose administered in addition
to the factors listed under case 1, it appears that drugs which exceed their
saturation solubilitics in the GI tract will exhibit dose-dependent bioavail-
ability. As expected, Eq. 13 indicates that as the dose increases, the fraction
absorbed decreases.

Case 3- In this case, both tanks achieve levels greater than saturation.
Assuming that tank 1 starts out above saturation, the times during which tank
2 becomes saturated (7,4 — 73g) may or may not overlap the time, 7, at
which tank | falls below solubility, as this will depend on the flow rate relative
to the absorption rate, solubility at the tank pH valucs, and the differences
in tank volumes.

Differential equations governing drug levels when both tanks are saturated
are:

ax
—TT‘=R1+Q|XT|/V1 (Eq. 17)
ax
_TTZ=RZ+Q2XTZ/V2"QIXTI/VI (Eq. 18)
ax,.
—’aj’ﬂ= 0:X12/ V2 (Eq. 19)

By using the example in which 7,4 < 728 < 71, the explicit solutions are as
follows when 734 <t < 725
RV
Xt = [u(128) = p(r24)] [— o, TerauTm
1

X

X1i(724) + -——R]/V'“ (Eq. 20)
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Figure 4—Theoretical levels of drug in tanks | and 2 with time after ad-
ministration of a dose which exceeds the saturation level in both tanks (1,4
=23, 1.5 =71, 1y = 87 min). Cuse 3 equations apply from = 71410t =
728. For this simulation, the dosage is 500 mg; pH, = 7.0.
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Figure 5— Effect of solubility on the fraction of dose absorbed. Solubilities
are expressed as the amount of drug required to saturate tank 1.

X2 = [u(T28) — (124} l_____—(Rzg RoVa + e~ Qii—T2a)/ V1
2
x [2XT1(T22)/ V)1 + R + e- Q- V2
Q2/V2— OV
x |x., - QiXTi(r24)/ V1 _ QiR \/V R.vy (Eq. 21)

Q:/Va=Qu/Vi Q/VAQVi=-0Q/V)) Q1 |
Xiout = [M(728) — p(724)] l‘ (Ry + Ry)(t — 72a)

_ @V [Ri+ Qi XTi(124)/ V)
Va1l QfV:a—Qu/V,

+[1 - e-Qz(l—'rzA)/Vz][,\’sz

[e=Qt—2a)/V1 — |]

_ O XTi(maal/Vy

OV — @i/V2
_ QR /V) + Rsz]] (Eq. 22)
0:/VAQ:/V2— QWY Q1]

where [“(TZB) —u(raa)] =0att <15, 1> 728 and | for 734 <t <721.In
this instance, 724 is found by substituting X;z for X17 in Eq. 12 and solving
for 1. Similarly, 7,p is found by substituting X, for X112 in Eq. 21. At times
72p <t < 7y, case 2 differential equations apply, and at 1 > 7, the system
reverts to case 1. A second possible order for 7, 724, and 735 would be 724
<ty < 72g. The analogous set of equations for this order of 7 values may be
found by applying appropriate initial conditions.

A BASIC program incorporating initial value problem conditions for all
possible orders of 7|, 7,4, and 7, and a zero-finding routine to determine the
7 values was used to numerically evaluate the concentration-time profile and
fraction absorbed for any given circumstance (see Appendix).

RESULTS AND DISCUSSION

Data were simulated under various conditions for the fraction absorbed
versus dose plots. To cover the usual dosage range for most drugs, doses of
0-500 mg were studied. Parameters were initially chosen to simulate ab-

FRACTION ABSORBED

DOSE (MG)

Figure 6— Effect of drug pK, on fraction of dose absorbed. Key 1o pK, values:
(roo) 3.5: (- = —) 4.5 (— —) 6.7: (- — +} 7.9; (—) 10.0.
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sorption for a poorly absorbed, weakly acidic drug. The effect of changing each
drug and system parameter was then investigated. A discussion of initial pa-
rameter choices may be found in the Appendix.

Drug-Related Parameters—Solubility—Figure 5 depicts the influence of
drug solubility on the fraction absorbed. For this simulation, solubility refers
to the level required to saturate tank I. For weak acids, tank 1 is saturated at
lower levels than tank 2, in which the pH is higher and the volume is larger.
Figure 5 shows that the solubility has a very pronounced effect on the rela-
tionship between the fraction absorbed and the dose administered. At very
high solubility, the fraction absorbed is independent of dose since neither tank
becomes saturated. In this case, the fraction absorbed depends on pK,, pH
profile, relative absorption, and transit rates but not on dose, since case |
applies. When the dose exceeds the solubility, case 2 equations apply, and the
fraction absorbed varies with dose. The form of the function varies with the
drug solubility. The sharpest decrease in the fraction absorbed occurs at doses
slightly above the solubility. At doses well above the solubility, the fraction
absorbed is low and varies little with dose. Therefore, the dose dependency
of absorption depends on the dosage range administered in relation to the
solubility. If the doses given are near the solubility. marked dependency of
the fraction absorbed on the dose may occur, but if the doses given exceed the
solubility by a large amount, absorption will be poor and vary little with
dose.

Drug pK,— Variation in drug pK, also causes a large effect on fraction
absorbed as a function of dose (Fig. 6). Absorption of weakly acidic drugs with
pK, values ranging from 3.5 to 10.0 was simulated. Simulations indicate that
drugs with low pK, values (3.5 or 4.5) combined with poor intrinsic absorption
rates would exhibit very poor absorption from the small intestine, with little
dependency on dose. Even though the high pH relative to the drug pK,, ensures
adequate solubility, the fraction un-ionized is very low, and so littlc absorption
occurs during the drug residence time. The high solubility in both tanks results
in case 1 conditions at all doses studied, which means that the percentage
absorbed is independent of dose. Simulations for weaker acids indicate that
absorption would be dose dependent in these cases. The fraction absorbed
increases with increasing pK, because the fraction of drug available for ab-
sorption, i.e., in the un-ionized form, increases. When the pK, of the drug is
similar to or above the simulated intestinal pH, a high dosc relative to the drug
intrinsic solubility results in saturation in both tanks and, hence, case 3
equations apply. This occurs for pK,; = 7.9 at doses of >275 mg and for pK,
= 10 at doses of >225 mg under the conditions chosen (Fig. 6). When both
tanks become saturated, the fraction absorbed decreases more rapidly with
increasing dose than when only tank | is saturated. This is due to the further
decrease in fraction available for absorption when both tanks are saturated.
Overall, the drug pK, affects both the form of the fraction absorbed versus
dose function and the percentage of drug absorbed.

Intrinsic Absorption Rate Relative to Flow Rate—Figure 7 shows the
impact of changing the ability of the drug to penetrate the membrane relative
to the residence time of the drug in the system. The ratio of flow rate to in-
trinsic absorption rate was varied from 1:1 to 500:1. The absorption rates were
chosen to represent a large spectrum of intestinal wall permeabilities. The flow
rate was varied from 2 mL/min, which represents an approximate minimum
flow in the human jejunum after a meal (8), up to 10 mL/min [maximum flow
rate observed in dogs and sheep is ~6 mL/min (9)], thus covering the usual
range of physiological values. When the absorption rate is on the same order
as the flow rate, the fraction of dose absorbed is very high and virtually in-
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Figure T—Effect of absorption and transit rate on the fraction of dose ab-
sorbed. Key: (- — ) Q = 2 mL/min, kg = 2 min~}; (— —) Q = 2 mL/min,
ke =0.2min""; (- - ) Q= 2mL/min, k, = 0.017 min=1;(---) Q=5 mL/
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Figure 8— Effect of tank volumes on fraction of dose absorbed. Equal vol-
umes were used in the three simulations.

dependcent of dose. However, when the flow rate is large comparcd with the
absorption rate, absorption is much poorer and morc dose dependent. At very
high flow rates, the residence time of the drug in the system is too short for
extensive drug absorption. In this case, the percentage of dose absorbed is low
at all doses and less dose dependency occurs. The major effect of changing
the intrinsic absorption rate relative to the flow rate appears to be a shift in
the fraction absorbed versus dose relationship. At extreme values, the form
of the relationship is also affected.

System Parameters—Tank Volumes--Figure 8 shows the effect of in-
creasing tank volumes on the fraction absorbed versus dose relationship. Equal
tank volumes were used, ranging from 50 to 200 mL per tank. Increasing the
tank volume has two effects. First, the level of drug required to saturate the
tank increases. This changes to some degree the range of doses over which
dose-dependent absorption occurs. Second, the drug residence time increases,
so the drug is available for absorption for a longer period. This causes an up-
ward shift in the fraction absorbed. The combined effect is that increasing
the tank volume increases the fraction absorbed and decreases the dependency
of absorption on dose. In the analogous in vivo situation, ingestion of a large
volume of fluid with a poorly absorbed drug may improve the degree of ab-
sorption. However, the effect may be attenuated if there is a concomitant in-
crease in flow rate in the intestine.

The effect of changing the relative tank volumes is shown in Fig. 9. Tank
volume ratios were varied from 1:1 to 1:10. Although the jejunum is much
longer than the duodenum, substantial water reabsorption occurs throughout
the upper intestinc. Therefore, the relative volume in the duodenum compared
with the jejunum is not as low as would be suggested from a purely geometrical
calculation. The volume ratios studied reflect these considerations. From the
simulations, an increase in the tank volume ratio causes a small vertical shift
in the fraction absorbed but has little cffect on the shape of the curve. The shift
is due to the increase in residence time with increasing total volume. The
simulations shown in Fig. 9 all fell in the case 2 category, i.e., only the first
tank was saturated. Since the tank 1 volume was held constant, the lack of
change in the degree of dose dependency with volume ratio change is rea-
sonable. Overall, changing the relative tank volumes appears to have little
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Figure 9— Effect of relative tank volumes on the fraction of dose absorbed.
The ratio is shown as tank |:tank 2.
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Figure 10— Effect of pH profile on fraction of dose absorbed. Key: (—) pH,
=50.pH; =67, (— —)pH, =67, pH;=6.7;(---)pHy=50.pH> =
8.0;(--+)pH, = 6.7, pH; = 8.0.

effect on the dose dependency of absorption over a reasonable range of volume
ratios.

pH Profile—Simulations of drug absorption with several pH profiles are
shown in Fig. 10. These represent the range of pH profiles one might rea-
sonably cxpect to encounter in a normal paticent population: low pH (5.0- 6.7),
high pH (6.7-8.0), flat pH profile (6.7), and sharp pH profile (5.0, 8.0) were
simulated at a fixed drug pK, of 6.7. The pH in tank 1 is the dominant factor
in the detcrmination of the shape of the fraction absorbed versus dose rela-
tionship. Within 2 units of the pK,, the lower the tank 1 pH relative to the pK,,
the greater the fraction absorbed. This results from the higher fraction in the
un-ionized, absorbable form when the pH is below the pK,. The effect is only
significant at doses in the vicinity of the solubility in tank 1 and below, since
at high doses the solubility rather than the fraction un-ionized becomes the
absorption-limiting factor. The pH in the second tank appears to determine
the fraction absorbed. When the pH in tank 2 is similar to the pK,, solubility
may be low enough to cause case 3 behavior. When the pH in tank 2 is above
the pK,, solubility is higher due to ionization, and case 2 conditions will be
operative.

From these simulations it appears that day-to-day and patient-to-patient
variation in intestinal pH profile can play a significant role in the determination
of the extent of absorption for incompletely absorbed drugs. This explains in
part the observation that drugs which are poorly absorbed often exhibit
variable absorption.

Model Assumptions—The assumptions made in the mixing tank model
affect the simulations of the fraction absorbed versus dose. For instance, it
is assumed that there is bolus delivery to the duodenum and that dissolution
is instantancous in both tanks while the concentration is below saturation. This
provides a rather crude approximation of the input and dissolution functions
which occur aftcr oral drug administration. Passage of monolithic dosage
forms out of the stomach intact would be an example of bolus input, but in
most cases, the dosage form breaks up in the stomach so that delivery to the
duodenum occurs over an interval of at least several minutes. The dissolution
rate may be slow cven for dosage forms designed for immediate drug release
and particularly so for drugs with low solubility in intestinal fluids. 1f the
dissolution rate is slow compared with the transit rate, absorptjon will be poorcr
than predicted by the mixing tank model analysis.

There arc three assumptions which pertain to the absorption characteristics
of the drug. First, absorption is negligible in the stomach as compared with
the small intestine. ]t has been shown experimentally that for weak acids, such
as sulfonamides and barbiturates which would be expected to be relatively
well absorbed from the stomach (from pH-partition considerations), ab-
sarption occurs 5-10 times faster in the small intestine (10). Second, drug
absorption occurs principally in the un-ionized rather than the ionized form.
This is the basis of the pH-partition hypothesis (1). Both of these assumptions
tend to underestimate the fraction absorbed, since absorption in the stomach
or absorption of ionized drug would add to the overall cxtent of absorption.
The third assumption with respect to drug absorption is that the drug is ab-
sorbed by a first-order process. First-order absorption applies to a broad range
of drugs and is a reasonable assumption in the absence of specific data indi-
cating that a saturable mechanism is in effect.

System assumptions pertain to the selection of values for the pH profile,
the volume in the intestine, and the flow rate. The pH profile is constrained
by the range of values which occurs physiologically. The volume and flow rate
are interrelated. The flow rate in the intestinc changes with ingestion of food
and fluids, duc to changes in gut motility and reabsorption of water. The as-
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Figure 11—Fraction absorbed versus dose simulated for chlorothiazide
absorption. Data are taken from Refs. 5 (@) and 6 (W). Error bars indicate
standard deviations. The solid line is the simulated data, using parameter
values listed in the Appendix.

sumption that the flow rate is constant throughout the small intestine therefore
represents a simplified view of intestinal transit.

Simulation of Chlorothiazide Oral Absorption -Figure 11 shows a simu-
lation for oral absorption of chlorothiazide. The selection of parameters used
in this simulation is discussed in the Appendix. The experimental data were
taken from two studies by Welling et al. (5, 6) in which solutions of chlo-
rothiazide (prepared with the salt) were administered orally at different
dosages. In the first study, doscs of 50, 100, and 250 mg were administered.
In the second study, the doses were 125, 250, and 500 mg. Although the re-
lationship between the fraction absorbed and dose followed the same form
in both studies, the actual extent of absorption seemed to be lower overall in
the high-dose-range study, even when the same dosage was administered. The
apparent displacement of the results of the second study from those of the first
study may partly be explained by a difference in volume and transit rate in
the two studics since the fluid intake protocol was not identical in both cases.
Meyer and Straughn (11) and Welling and Barbhaiya (12) have shown that
increasing the transit time of chlorothiazide in the Gl tract, via concomitant
administration of corn oil emulsion or a meal, resulted in substantial im-
provement in chlorothiazide bioavailability. A modest increase in fluid intake
(12) had only a small cffect, however, suggesting that volume/transit rate
cffects cannot explain all of the differcnce between the two studies. Com-
parison of both sets of data with the simulation curve indicates that the form
of the fraction absorbed versus dosc relationship is well described by the
mixing tank model. Thercfore, the dose-dependent absorption of chlorothiazide
may be attributable to solubility ionization-permeability effects rather than
a saturable transport mechanism in the intestinal wall. In particular, dose
dependency of chlorothiazide may be attributable to limited solubility. Ad-
ditionally, inspection of the pK, simulation (Fig. 6) suggests that the low
ionization constant is a major limitation to the extent of absorption.

Simulation of Hydrochlorothiazide Absorption—Figure 12 shows a simu-
lation for oral absorption of hydrochlorothiazide. System parameters used

1+Jr

20 40 80 80
DOSE (MG)
Figure 12— Fraction absorbed versus dose simulated for hydrochlorothiazide
absorption. Data are 1aken from Ref. 12. Error bars indicate standard de-
viations. The solid line is the simulated data, using parameter values listed
in the Discussion and the Appendix.
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for chlorothiazide were kept the same for hydrochlorothiazide. The drug
parameters were changed to literature values of intrinsic solubility (609 mg/L)
(13) and pK, (8.8) (13) and a lower estimate of the absorption rate constant
(0.015 min~!) to reflect the higher polarity of hydrochlorothiazide. The ex-
perimental data were taken from a study of eight subjects by Beerman and
Groschinsky-Grind (14). Doses of 12.5. 25, 50, and 75 mg were administered
orally. Urinary excretion data indicated that absorption was dose proportional,
~68% of thc amount administcred at each dose. Simulation of the dose-
fraction absorbed relationship using the model correctly predicted the dose
proportionality of hydrochlorothiazide absorption.

The differcnce in absorption behavior of hydrochlorothiazide from that of
chlorothiazide is partly attributable to its higher solubility-dose ratio and
partly due to the higher pK,. Hydrochlorothiazide is in the un-ionized, ab-
sorbable form to at least a 90% extent in both the duodenum and the jejunum,
whercas chlorothiazide is mainly in the ionized form at jejunal pH. These
factors lead to the higher efficiency of absorption of hydrochlorothiazide that
is observed clinically. .

APPENDIX: Numerical Analysis and Parameter Value Selection

Although the initial value problems for cases | and 2 are analytically
solvable with respect to their individual concentration-time profiles, the de-
termination of 724 and 7,p in case 3 is most convenjently achieved by using
a zero-finding routine. In a given trial, the particular case followed depends
on the valucs of the parameters such as solubility, dose, pK.. flow rate, and
intrinsic absorption rate of the drug. Also, case switching may occur with time
as levels exceed or fall below saturation in the tanks. To accomodate all
possibilities, a BASIC program was written that incorporated the three cases
and allowed for case switching at 71, 724, and 7,p. Appropriate initial con-
ditions were set for each case, depending on the order of 71, 734, and 728. It
was thereby possible to examine the cffects on the concentration-time profile
and fraction absorbed for a wide variety of parameter values.

System parameters Vi volume of tank /

pH; pH of tank i

Qi flow rate from tank i
Derived systcm parameters KT o/

KE Q:/V2

Drug parameters pKa
solubility (intrinsic)
Derived drug parameters kg intrinsic absorption rate
constant in tank i

Csi total drug solubility in tank i
Jui fraction un-ionized in tank
Drug variable Xo dose
Independent variable t time
Dependent variables X; amount in tank / at time ¢
X,.our amount existing unabsorbed at
time ¢
Derived variables T time when X,/V falls below
dictating initial value Cqa
problem switching
TaA time when X3/ V> first exceeds
CsZ
T28 time when X,/ ¥, falls below
Csl
Derived system/drug Ri = kaifuiCsi

parameters

The HP BASIC programs written for an HP 87 system are available on
request from the authors. For the simulation of the chlorothiazide dose-de-
pendent absorption, pH, and volumes in the two mixing tanks were chosen
to simulate duodenum and jejunum: pH, = 5.5,V =75 mL; pH, =77, V>
= 150 mL. This flow rate was 2 mL/min, which is representative of physio-
Jogical conditions (8). The pK, [6.7 {15)], solubility [0.4 g/L at pH 4, 0.65
g/L at pH 7 (16)], and the usual range of doses [SO 500 mg (5, 6)] were taken
from the litcrature. The intrinsic absorption rate constant (0.017 min~') was
estimated on the basis of the effective permeability and the surface area to
volume ratio, i.e., ka; = (SA;j/V;)*Pesi, where 1/ Pegr = (1/Pag) + (1/Pu).
Effective permeability is considered to be a function of the drug and inde-
pendent of the segment of small intestine under consideration. For chlo-
rothiazide, Psr was estimated to be 7 X 10~3 cm/min. The ratio of surface
area available for absorption to volume was estimated to be 250, a value be-
tween the value calculated on a geometric basis using a filled cylinder model
and the value calculated by dividing the estimated total intestinal surface area
(including villi surface arca) by the cylinder model volume.

These parameter values were also used as a basis for simulations of levels
in tanks 1 and 2 in the Theoretical Section and for the fraction absorbed versus



dose curves in the Results. Where other values were used, they are noted in
the appropriate figure legends. In the Results, values of important drug and
system parameters were varied systematically to ascertain their effects on the
dose dependency of absorption.
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Abstract O Batch microcalorimetry was used to estimate directly the standard
cnthalpics of the binding of small molecules to DNA. These values were
compared with those obtained from spectrophotometric binding constants
and van't HofT plots. The close agreement between the independently obtained
cnthalpics indicates that the appropriate (best) binding model has four
phosphates per binding site. Thermodynamic binding constants were obtaincd
from apparent binding constants measured at different ionic strengths. From
these and the mecasured standard enthalpies, standard free energies and
standard entropies of binding were calculated. The weak, presumably external,
binding allcged to occur at high formal molar concentration ratios of ligand
1o DNA bases could not be detected by a measurable heat of binding.

Keyphrases O Microcalorimetry— binding of chemotherapeutic agents and
related molecules to calf thymus DNA 0O Binding-- -chemotherapeutic agents
and related molecules to calf thymus DNA, microcalorimetry D DNA—
microcalorimetry, binding of some chemotherapeutic agents and related
molecules to calf thymus DNA

The binding of certain aromatic cations to nucleic acids for
some time has been implicated as a primary process in anti-
bacterial, antiprotozoal, antiviral, mutagenic, and antinco-
plastic activity (1-7). The changes in the thermal stability and
the hydrodynamic and spectroscopic properties of DNA to
which aromatic cations are bound have been suggested to in-
dicate that at high ratios of formal DNA base to cation con-
centrations, intercalation of the flat aromatic portion of the
ligand between adjacent base pairs on DNA occurs (8). In-
tercalation (also called type | binding) entails insertion of the
flat aromatic portion of the ligand between base pairs (8-10)
or bases (11-12) on DNA, accompanied by a partial un-
winding of the double helix. In crystalline samples, X-ray
diffraction spectrometry has provided direct evidence for the
intercalation of the fungal antibiotic, dactinomycin, between
the adjacent base pairs of DNA (13, 14).
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The intercalative mode of binding does not appear to extend
to all ligand moleccules bound to a DNA helix (4). Rather, it
is believed that only one molecule of ligand can be accommo-
dated in an intercalative fashion for every four or five phos-
phate groups of the DNA helix. When nearly all intercalative
binding sites of a DNA double helix are occupied, further in-
teraction of the DN A with excess ligand is still able to occur.
However, this binding is weaker than the intercalative binding,
is not accompaniced by hydrodynamic changes in the DNA
solutions, and is believed to entail the clectrostatic association
of the cationic ligands with the anionic phosphodicster linkages
at the surface of the helix. This is referred to as external (or
type 11) binding and occurs in solutions of low DNA basc to
ligand formal concentration ratios. At high ligand concen-
trations, some of the larger polycyclic aromatic molecules ap-
pear to be bound to the surface of DNA as dimers, because
complexes can be spectroscopically distinguished in which
there are two ligand molecules bound for each DNA phosphate
group (15). The apparent relationship of the reversible reac-
tions of aromatic cations with nucleic acids to the antimicro-
bial, antineoplastic, and mutagenic activities of the former has
resulted in considerable interest in the qualitative and quan-
titative investigation of these interactions. These studies have
usually been concerned with the stoichiometries and formation
constants of the complexes formed between the ligands and
the nucleic acids (1-22), although more recent work has been
centered about the kinetics of binding (16, 21). Techniques
such as electronic absorption spectrophotometry, fluorometry,
differential spectrophotomctry, and circular dichroic spec-
trophotometry have been employed to determine the amounts
of bound and free ligand at each point in the titration of a so-
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