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A blood flow rate-limited pharmacokinetic model was developed to study the eﬂ‘ect of sulfonamide
on the plasma elimination and tissue distribution of “*C-tolbutamide (TB) in rats. The sul-
fonamides (SA) used were sulfaphenazole (SP), sulfadimethoxine (SDM), and sulfa-
methoxazole (SMZ). The tissue-to-plasma partition coefficients (Kp) of all tissues studied, i.e.,
lung, liver, heart, kidney, spleen, G.I. tract, pancreas, brain, muscle, adipose tissue, and skin,
increased in the presence of SA, but except for brain, liver, and spleen, the tissue-to-plasma
unbound concentration ratio (Kp, f) of other tissues did not show a significant alteration. This
suggested that the tissue binding of TB is not affected by SA and that the increase of Kp is due
mainly to the displacement of plasma protein-bound TB by SA. The concentrations of TB in
several tissues and plasma were predicted by a physiologically based pharmacokinetic model
using in vitro plasma binding and metabolic parameters, the plasma-to-blood concentration
ratio and the tissue-to-plasma unbound concentration ratios having been determined from both
the tissue and plasma concentrations of TB at the B-phase after intravenous administration of
TB and the plasma free fraction. The predicted concentration curves of TB in each tissue and
in plasma showed good agreement with the observed values except for the brain, for which the
predicted concentrations were lower than the observed values in the early time period. In the
SP- and SDM-treated rats, the predicted free concentration of TB in the target organ, the
pancreas, at 6 b was six times higher than that of the control rats. From these findings, it is
suggested that physiologically based pharmacokinetic analysis could be generally useful to
predict approximate plasma and tissue concentrations of a drug in the presence of drug-drug
interaction.
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INTRODUCTION

The recent development of anatomically and physiologically realistic
pharmacokinetic models for drug disposition based on actual organ blood
or plasma flows and physiological volumes (1-3) has made it possible to
predict, in principle, the drug concentration in any tissue at any time and
to provide considerable insight into drug dynamics. A further advantage
of these models is that the drug disposition in disease states may be
simulated by altering estimates of organ blood flow (4, 5), metabolism of
the drug, urinary or biliary clearance of the drug (6), or plasma and tissue
binding of the drug. Furthermore, the most important application is inter-
species scale-up, where the large data base required to develop a physiologi-
cal pharmacokinetic model may be determined in a laboratory animal and
scaled up to apply to humans. This approach has been applied successfully
to predict the disposition of thiopental (7), methotrexate (8), 1-8-D-
arabinofuranosylcytosine (9), lidocaine (4), sulfobromophthalein (10),
adriamycin (11), and digoxin (12). However, little work has been reported
on the effect of drug-drug interaction on plasma protein binding, excretion,
metabolism, and tissue distribution as determined by physiologically based
pharmacokinetic analysis (13,14). The interaction of tolbutamide (TB), a
sulfonylurea derivative, with a second drug, e.g., sulfonamide (SA), has
been extensively studied, and two possible mechanisms have been sug-
gested, i.e., displacement of plasma protein-bound drug and metabolic
inhibition (15-21). Recently, the prediction of TB-SA interaction from
the in vitro unbound intrinsic clearance was studied by comparing the total
body clearance (CL.,) obtained from in vive and in vitro experiments in
rats (22). A comparatively good agreement was observed between the in
vivo CLy and that calculated from both in vitro plasma binding and
metabolic parameters. However, the effects of SA on the tissue distribution
of TB have not been investigated yet.

The purpose of this study was to develop a physiologically based
pharmacokinetic model for the drug interaction of TB with SA and to
predict the unbound concentration versus time profile of TB in the target
organ, the pancreas, in the presence and absence of SA. Sulfonamides
employed were sulfaphenazole (SP), sulfadimethoxine (SDM), and sulfa-
methoxazole (SMZ).

MODEL DEVELOPMENT

A physiologically based pharmacokinetic model for the distribution,
disposition, and excretion of TB in rats is shown in Fig. 1. The model
consists of eleven tissues and blood compartments, which represent real
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Fig. 1. Pharmacokinetic mode] for the disposition of tol-
butamide (TB) in rats.

organs or anatomic tissue regions in the body. This model assumes that
(a) each tissue acts as a well-stirred compartment, (b) intercompartmental
transport occurs by blood flow, (c) distribution of TB is a blood flow-limited
and linear process, (d) only free TB is available for tissue distribution, (e)
elimination of TB occurs only by the metabolism of free TB in the liver
and renal clearance is negligible (21), and (f) TB binds to only one popula-
tion of sites of plasma proteins. The plasma free fraction (f,) is expressed
by a modified Scatchard equation,
Cp,f

I = G () Con Ko + Co)] M
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K, app is given by the following equation:

I
Kaarn = Kaf 1 +E) )
where I; and K; are the free concentration of SA and the inhibitor constant
of SA for TB plasma protein binding (dissociation constant for SA), respec-
tively, and C, is the plasma unbound concentration of TB. The oxidative
metabolic rate of TB follows the Michaelis-Menten equation:

VmaxCp f
V= (3
(Km,app + prf) )
Ko opp is given by the following equation:
I
K =Kn(1+ i) 4
- Fa @

where K; is the inhibitor constant of SA for oxidative metabolism of TB.
The assumptions that the plasma protein binding and microsomal oxidation
of TB were competitively inhibited by SA were validated from the in vitro
studies in a previous paper (22).

The mass balance-blood flow equations were written for the concentra-
tion in each compartment shown in Fig. 1. The complete set of differential
equations is given in Appendix II and was solved numerically by the
Runge-Kutta-Marson method using a Hitachi M200-H digital computer
(23). Physiological constants used in the simulation for a 280 g rat are listed
in Table I, Tissue volumes except for muscle and blood were determined
experimentally from the wet tissue weight by assuming a density of 1.0 for
each tissue. The muscle volume was assumed to be half of the body weight
(24). The blood volume was calculated according to Bischoff et al. (8) as
follows:

Vitasma = 44 X (body weight, kg)**’ 5)

Vblood = ‘/plasma/(1 _Ht) (6)

where H, is the hematocrit value, which was determined to be 0.41 in this
study. The volume ratio of arterial to venous blood was assumed to be the
same as that of humans, i.e., 0.5 (4). The blood flow rate of the lung was
assumed to be the same as that of an artery or vein. Blood flow rates of
other tissues or organs were obtained from the literature (25-27) (see
Table I). Various parameters for plasma protein binding and metabolism
used in the simulation were obtained from in vitro studies reported pre-
viously (22) and are summarized in Table II. The tissue-to-plasma unbound
concentration ratios (Kp, f) used in the simulation are listed in Table IV
(see Results).
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Table L. Physiological Constants for the Distribution of Tolbutamide in Rats®

Blood flow Volume® Blood flow  Volume®

Tissue (m!l/min) (ml) Tissue (ml/min) (ml)
Artery 51.9° 7.0 Kidney 12.8 22
Vein 51.9° 14.1 Muscle 7.6’ 140.0
G.IL tract 12.34 12.4 Skin 5.0° 49.0
Lung 51.9° 1.3 Adipose tissue 0.4% 11.2
Brain 3.2¢ 1.3 Pancreas 1.0¢ 1.0
Heart 6.4¢ 1.2 Spleen 1.04 1.0
Liver 16.5° 12.4

“Based on a 280-g rat.

*Determined experimentally from the wet tissue weight by assuming a density of 1.0 for each
tissue for muscle and blood volume (artery and vein) (see text under model development).

‘Qp, +Qu + Qi+ 0k +Qp + Qs + Qag

¢ Qasaki and Wagner (25).

¢ Assumed to be the same as those of artery and vein.

fDedrick et al. (26).

fLutz et al. (27).

MATERIALS AND METHODS

Sodium tolbutamide (TB), sodium sulfadimethoxine (SDM), and
sodium sulfamethoxazole (SMZ) were kindly supplied by Japan Hext,
Tokyo, Japan, Daiichi Pharm. Co., Tokyo, Japan, and Shionogi Co., Ltd.,

Table IL. Parameters for Plasma Protein Binding, Plasma-to-Blood Concentration Ratio, and
Metabolism of Tolbutamide in Rats®

Parameters Control +Sp* +SDM*  +SMZ¢
Free concentration of SA® in plasma, I (mm) 0.77 3.69 1.67
Plasma-to-blood concentration ratio, s 1.33 1.27 1.23 1.37
Plasma protein bindin,
Binding capacity, n(p) {(mm) 1.13 1.13 1.13 1.13
Inhibitor constant of SA®, K; (mM) 0.325 0.243 2.929

Apparent dissociation constant, K ,,, (mM) 0.300 1:010 1.149 0.471
Metabolism in liver

Maximum velocity, V.. 1.44 1.44 1.44 1.44
(umol TB metabolized/min/12.4 g liver)

Inhibitor constant of SA®, K; (mm) 0.30 0.24 6.69

Apparent Michaelis constant, K, o, (mM) 0.96 3.42 3.75 1.20

“Parameters obtained from a previous paper (22}, corresponding to those at the steady-state
concentration of sulfonamides (500 pwg/ml).
Sulfaphenazole.

“Sulfadimethoxine.

4Sulfamethoxazole.

“Sulfonamides.

f Binding experiments were performed by the ultrafiltration method using heparinized plasma
(22).
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Osaka, Japan, respectively. Sulfaphenozole (SP) was obtained from Dainip-
pon Pharm. Co., Tokyo, Japan. “*C-carbonyl TB (48.09 mCi/mmol) was
purchased from New England Nuclear Co., Boston, Mass., and found to
be at least 98-99% pure by thin-layer chromatography. All other reagents
were commercial products of analytical grade.

Animal Experiments

Adult male Wistar rats (Nihon Seibutsu Zairyo, Tokyo, Japan)
weighing 260-280 g were used. Under light ether anesthesia, the femoral
vein and artery were cannulated with PE-10 and PE-50 polyethylene
tubing, respectively. Cannulated rats were kept in restraining cages with
water under normal housing conditions prior to the experiments. After
loading doses of 160, 200, and 200 mg/kg SP, SDM, and SMZ, respectively,
doses of 50.0, 41.3, and 41.3 mg/kg per h, respectively, were infused
through the femoral vein cannula for 6 h and 50 min with a constant rate
infusion pump (Natsume Seisakusho Co., Model KN, type 12H, Tokyo,
Japan); with these dosages, steady-state concentrations of SA (500 wg/ml)
were obtained within 20 and 35 min after the beginning of the infusion.
The control rats were given physiological saline instead of SA. At 50 min
after the initiation of infusion, the rats were given 80 mg/kg of TB
containing 3.33 uCi/kg of *C-TB in physiological saline through the other
femoral veing cannula. For the infusion study of TB, a loading dose of
40.79 mg/kg TB followed by a constant rate infusion of 15.43 mg/kg per
h, was administered through the femoral vein cannular for 4 h as described
before. The steady-state concentration of TB (approximately 200 ug/ml)
was obtained within 1h after the initiation of infusion. The body tem-
perature was kept at 37°C by means of a heat lamp. After removal of
blood samples, the animals were sacrificed at 1, 2, 4, and 6 h after TB
administration for the bolus study, and at 4 h for the infusion study, by an
injection of saturated KCl solution into the carotid artery. The brain, heart,
lung, liver, kidney, spleen, pancreas, G.I. tract, adipose tissue, muscle, skin,
thymus, bone marrow, testis, submaxillary gland, and eyeball were quickly
excised, rinsed well with cold saline, blotted, and weighed. The wet weights
of all these tissues were not altered in the presence of SA. Lymph was
collected through a thoracic duct cannula. All tissues, plasma, and lymph
were stored at —20°C until study.

The separation of the metabolites from TB was carried out according
to Shibasaki et al. (19) as described in a previous paper (22). Briefly, tissue
samples except for skin were homogenized with a threefold excess volume
of 0.5 M phosphate buffer (pH 5.0) in a Teflon-glass homogenizer. Four
ml of each homogenate and 50 ul of plasma or lymph sample were shaken
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for 30 min and then extracted twice with 6 ml of n-heptane-chloroform
(4:1v/v), The extracts were combined and shaken with 1 mlof 0.5 NNaOH
for 15 min and the aqueous phase was used for the determination of TB.
The percent recoveries after the extraction of TB from plasma, lymph,
lung, brain, heart, liver, pancreas, spleen, G.I. tract, kidney, muscle, and
adipose tissue were 77,77, 51, 38,44, 61, 55,49, 54, and 60%, respectively.
The concentration of "*C-labeled TB was determined in an Aloka Tri-Carb
counter (Aloka Instruments Co., Tokyo, Japan) after 0.5 ml of the aqueous
phase had been placed in a scintillation vial containing 0.5 :nl of 0.5 N HCl
and 10 ml of scintillation fluid (0.1 g of POPOP, 4.0 g of PPO, and 500 ml
of Triton X-100/liter of toluene). Skin was oxidized to C0, in a Packard
sample oxidizer (Packard Instruments Corp., Downers Grove, Ill.; Model
306), and then the radioactivity was determined as described before.

Statistical Analysis

All means are presented with their standard error (the mean+SE).
Statistical analysis was performed by the use of Student’s ¢-test with p =0.05
as the minimal level of significance.

RESULTS

Tissue-to-Plasma Partition Coeflicients (Kp) of TB

Tissue-to-plasma partition coeflicients (Kp) at 6 h after intravenous
bolus administration of TB in the presence and absence of SA, and those
obtained from the steady-state concentration with a constant infusion of
TB, are listed in Table II1. The Kp values of all tissues studied significantly
increased in the presence of SP and SDM, while in the presence of SMZ,
the Kp values of seven tissues, i.e., brain, heart, liver, spleen, G.I. tract,
muscle and skin, significantly increased. A representative relationship
between the Kp values in the presence and those in the absence of SP is
shown in Fig. 2.

The free fractions (f,) in the plasma concentrations of TB were calcu-
lated using the binding parameters in Table II, and are listed in Table IV.
The f, significantly increased both in the presence of SA and at the higher
TB concentration in the steady state (200 wg/mli) as compared with the
control. The tissue-to-plasma unbound concentration ratios (Kp, f) were
calculated by the following equation and are also listed in Table I'V:

C. Kp
Kpa === 7
f Cp,f fp ( )
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Fig. 2. The relationship between the tissue-to-plasma partition
coefficients (Kp) of tolbutamide (TB) in the presence and those in
the absence of sulfonamides (SA). Abbreviation Li, Ki, GI, Lu, H,
M, Br, Pa, Sp, Ad, and Sk denote liver, kidney, gastrointestinal tract,
lung, heart, muscle, brain, pancreas, spleen, adipose tissue, and skin,
respectively. The line shows a positive correlation (r = 1.000).

where C, is the total tissue concentration of TB and C,; is the plasma
unbound concentration of TB. Significant increases of Kp, f were seen in
the brain and spleen of the SP- and SDM-treated rats, and in the brain
and liver of the SMZ-treated rats, but those of other tissues did not show
a significant alteration. The Kp, f of the steady state from the constant
infusion studies also did not show a significant alteration except for the
brain and liver, which showed significant increases. A representative
relationship between the Kp, f values in the presence and those in the
absence of SP is shown in Fig. 3, and a good correlation was observed
except for the brain.

Predicted Time Course of TB Concentration in Plasma and Tissues

The Kp values determined were used for the physiologically based
pharmacokinetic simulation after correction by the method of Chen and
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Fig. 3. The relationship between the tissue-to-plasma unbound con-
centration ratios (Kp, f) of tolbutamide (TB) in the presence and
those in the absence of sulfonamides (SA). Abbreviations are the

same as those in Fig. 2. The line shows a positive correlation (r =
1.000).

Gross (28). The sum of the distribution volumes (£ KpV') of thymus, bone
marrow, testis, and eyeball was determined to be 1.21 ml/kg and was
negligible in comparison with that of the 11 tissues shown in Fig. 1. Thus,
we ignored these tissues in the model development.

Thirteen differential equations (see Appendix II) were solved simul-
taneously by the Runge-Kutta-Marson method using the parameters listed
in Tables I, II, and IV. The predicted time courses of TB concentration in
plasma after intravenous administration of 80 mg/kg of TB in the presence
and absence of SA are shown in Fig. 4. Fairly good agreements were
obtained between the predicted and observed plasma concentrations of
TB in the control (panel a), SP- (panel b), and SDM-treated rats (panel
c), while in the SMZ-treated rats, the predicted values were higher than
those observed (panel d). Figure 5 shows the predicted and observed
concentrations of TB in the target organ, the pancreas (panel a), as well
as in the muscle (panel b), brain (panel c¢), and liver (panel d) after
intravenous bolus administration of 80 mg/kg TB to the control and SP-
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Fig. 5. Predicted and observed log tissue concentration of tol-
butamide (TB) after intravenous administration of 80 mg/kg in the
presence and absence of sulfaphenazole (SP) in rats. (a) Pancreas,
(b) muscle, (c) brain, and (d) liver. Key: (@) tissue concentration
of TB without SA; (O) tissue concentration of TB with SA; ( )
predicted concentration of TB (see Methods).

treated rats. The predicted TB concentrations of other tissues at 6 h after
administration in the control and SP-treated rats are now shown in the
figures of this paper, but good agreements were again observed. Equally
good agreements were observed in the SDM- and SMZ-treated rats (unpub-
lished data). Most model predictions agreed reasonably well with observed
values in both the control and SP-treated rats, while the predicted time
course of brain TB concentrations in the control rats was lower than the
observed values. Although the determination of the unbound TB concentra-
tion in the pancreatic vein is extremely difficult, the pharmacological and
toxicological effects of TB are thought to be related to the unbound TB
concentration. In this study we attempted to predict the unbound concenira-
tion in the pancreatic vein in the presence and absence of SA. The predicted
pancreatic venous unbound TB concentrations in the presence of both SP
and SDM were very much higher than those of the control and SMZ-treated
rats (Fig. 6).
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Fig. 6. Predicted free concentration curves of tol-
butamide (TB) in the pancreatic vein after intravenous
administration of 80 mg/kg in the presence and absence
of sulfonamides (SA). SP, sulfaphenazole;, SDM,
sulfadimethoxine; SMZ, sulfamethoxazole.

DISCUSSION

When the metabolism is the rate-determining step of the hepatic
extraction, the total body clearance (CL,,) and the volume of distribution
at the steady state (V,,) can be expressed by Eqgs. (8) and (9), respectively
(29):

CLtot zfp ‘ CLint (8)
V,
Vis =73+sz -Kp.f;* Vi (9)
I

where f,, CL,y, s, and Kp, f are the plasma free fraction, the intrinsic
clearance of unbound drug, the plasma-to-blood concentration ratio, and
the tissue-to-plasma unbound concentration ratio, respectively. The sub-
script j represents all tissues studied. The plasma half-life (¢;,,) can be
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expressed by

; _0.693-vd (10)
V2 CLiw
Combining Egs. (8), (9), and (10) gives
\%

B

f1/2=0.693 L — CLm+(§ Kp.f -V, / CL,m>] (11)
The relationship of Eq. (11) shows that both the changes of s, f,, and Kp, f
due to the displacement by the second drug and the change of CL;, due
to the metabolic inhibitor or induction may affect #1,,. The effects of SA
on f, and CL;,. of TB were previously reported (20, 22), but the effect of
SA on the tissue distribution of TB has not previously been investigated.

Though the Kp values for most of the tissues studied in the presence
of SA and at a higher steady-state TB concentration (200 ug/ml) than
those of the control significantly increased, the Kp, f values calculated by
Eq. (1) did not show an alteration (Tables III and IV). The tissue binding
of TB did not depend on the plasma TB concentration and was not
decreased in the presence of SA, while the plasma protein binding showed
a nonlinearity and was decreased in the presence of SA (22). From these
findings, it was suggested that the increase in Kp might be mainly explained
by the alteration of the plasma protein binding of TB. As previously
reported, no displacement of tissue-bound thiopental by SDM was seen in
rat muscle, liver, and adipose tissue homogenates (30). Moreover, the tissue
binding of TB was not significantly influenced by phenylbutazone in rabbit
muscle homogenates (31). Wardell (32) also reported that phenylbutazone
did not significantly affect the tissue binding of SDM in rat muscle, liver,
and kidney homogenates. Thus, the increase in Vd,; of TB in the presence
of SA (22) might be explained by the unchanged tissue binding of TB and
the increase in the plasma free fraction of TB caused by the displacement
of plasma-bound TB by SA. However, in sheep, Thiessen and Rowland
(20) reported that though the plasma free fraction of TB increased, Vd
did not show an alteration in the presence of SDM. Accordingly in sheep
a parallel change in both the plasma protein binding and the tissue binding
of TB might minimize any change in Vd as a function of plasma free fraction.

Since the Kp, f values did not show an alteration in the presence of
SA except in the brain for all SAs, spleen for SP and SDM, and liver for
SMZ (Table IV), the increase in #;,, by SA might be explained by the
decrease in the hepatic intrinsic clearance (CL;,.) (22). The tissue-to-plasma
unbound concentration ratios (Kp, f) were not greater than one in any
tissue studied (Table IV). The unusual tissue distribution of TB in rats may
be attributed to several possible mechanisms, e.g., (a) the pH difference
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between the intra- and extrahepatic fluids (33), (b) the existence of intracel-
lular space which is impermeable to TB, and (c) heterogeneous TB distribu-
tion in the tissue.

The experimental observations in a previous paper (22) and in this
study suggest that the physiologically based pharmacokinetic model shown
in Fig. 1 can describe the distribution and elimination of TB in rats. In
this study, good agreements were obtained between the predicted and
observed time courses of TB concentrations in plasma and many tissues
(Figs. 4 and 5). However, a disagreement of plasma concentration of TB
was seen in the SMZ-treated rats, and this seemed to be due to an
underestimation of the intrinsic clearance calculated using both the plasma
protein binding and metabolic parameters obtained from iz vitro studies
(22). Another disagreement was seen between the observed and predicted
TB concentrations in the brain (Fig. 5, panel c¢). When the plasma TB
concentration increased, the apparent brain-to-plasma partition coeflicients
decreased (unpublished data), suggesting a plasma free concentration
dependency of the TB distribution to the brain. This dependency, however,
was not observed in the SP-treated rats. Previously, Spector and fLorenzo
(34) suggested an active and saturable transport system from the cerebro-
spinal fluid to blood through the choroid plexus for weak acids such as
salicylate, probenecid, and p-aminosalicyclic acid, which showed mutual
transport inhibitions. Since TB and SA are also weak acids, similar mechan-
isms might affect the brain distribution of TB.

The release of insulin from B-cells might be induced by TB binding
to the cell membrane (35), so the increase of unbound TB concentration
in the pancreas may evoke insulin release from the B-cells, resulting in the
depression of plasma glucose levels. Thus, it seems important to predict
the time course of unbound TB concentration in the pancreatic vein, which
is the primary determinant of TB binding to the B-cells. As shown in Fig.
6, the predicted unbound TB concentrations in the pancreatic vein at 6 h
in the SP- and SDM-treated rats were six times higher than those of the
control rats. Consequently, simulation based on the physiological phar-
macokinetics may provide a good prediction of TB toxicity caused by TB-SP
interaction reported in man (15).

In conclusion, the present study on the tissue distribution of TB in
rats emphasizes the limitations of classical pharmacokinetic models in
dealing with drug—drug interactions. In this study, we have developed a
physiologically based pharmacokinetic model for the TB disposition in rats
and demonstrated the potential application of this model to the prediction
of the plasma and target organ drug concentrations in the presence of
drug-drug interaction. This approach should also be very useful for develop-
ing insight into the mechanisms of drug-drug interaction.
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APPENDIX I: NOMENCLATURE

General

v volume of tissue, mli

Q blood flow rate through tissue, ml/min

C tissue or blood concentration of tolbutamide, wg/ml

Kp  tissue-to-plasma partition coefficient of tolbutamide

Kp? tissue-to-blood partition coefficient of tolbutamide

Kp,f tissue-to-plasma unbound concentration ratio of tolbutamide

8 plasma-to-blood concentration ratio of tolbutamide

IR plasma free fraction of tolbutamide

n number of binding site

(p)  concentration of plasma protein, mm

K,  dissociation constant of plasma protein binding, mm

v oxidative metabolic rate of tolbutamide, wmol tolbutamide metabo-
lized/min/12.4 g of liver

Vmax maximum velocity, umol tolbutamide metabolized/min/12.4 g of

liver
K,. Michaelis constant, mm
A reciprocal of the injection time, min
Subscripts
B blood Br brain
P plasma Pa  pancreas
Li liver Sp spleen
K kidney Ad  adipose
G gastrointestinal tract Sk skin
Ly  lung Ar  arterial blood
H heart Ve  venous blood

M muscle

APPENDIX II: MODEL EQUATIONS

The following mass balance-blood flow equations describe the con-
centrations in each compartment of the pharmacokinetic model shown in
Fig. 1.
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Artery:

dCa,
Var —dTA =(Cr./Kp Eu =Car)Qar (12)
Vein:
dCl.
Vve d_tv = Cp,Qp:/Kp 5+ CeQuf KP?{ +CriQui/Kp fi+CxQx/ Kp ¥

+ CrQuri/ Kp iy + CsiQsi/ Kp 81
+CAdQAd/Kpgd ~CveQv. +I(1) . (13)

where I(¢) is the injection function, which is a short pulse to simulate an
intravenous injection as expressed by I(¢)=dose A(Af)>x(1—A1)* A =
10 min™" (7).

Lung:
dcC,
Vi df =(Cve — Cru/KpL.)QLy (14)
Liver:
dCLi B
Vi Tt =[(QLi—Qs.1.— Qpa — Qsp)Car +C5.1. Q6.1 /Kp e

+ Cs,Qsp/ Kp gp + CpaQpa/Kp o — CLQui/ Kp Ei]
_ VmaxCLi/Kp: fLi

15
Km+CLi/Kp,fLi ( )
Noneliminating organ and tissue:
dc; .
‘/zgt—=(CAr~Cl/Kpf3)Qf (16)

where | represents noneliminating organs or tissues, i.e., Br, H, Pa, Sp,
G.I., K, M, Ad, and Sk, respectively.

Tissue-to-blood partition coefficients (Kp®) in Egs. (12)-(16) were
calculated as follows:

Kp/=sf, Kp,f; 17)

where j represents all tissues studied. Combining Egs. (1) and (12) gives
s-C,r Kp, f;

Kpf = et Rl )léff (18)
Cp,f+ P =pt

Ki+C,
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Thus, substitution of Eq. (7) into Eq. (18) gives

Kp} =s - Kp, f/[1+n(p)/(Ka+C;/Kp, ;)] (19)
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