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The concentrations of seven drugs, i.e., phenobarbital (PB), phenytoin (DPH),
hexobarbital (HXB), quinidine (QD), tolbutamide (TB), valproate (VA), and diazepam
(DZP) in human plasma were predicted by a physiologically-based pharmacokinetic model
using the intrinsic clearance ofl?.mbound drug and the tissue-to-plasma unbound concentra-
tion ratios extrapolated from rat data, and the plasma protein binding, blood-to-plasma con-
centration ratios and physiological parameters in humans. The predicted concentration
curves of DPH, HXB, QD and PB in human plasma showed comparatively good agreements
with the observed values except for TB, VA and DZP, for which the area under concentra-

tion-time curves (4 UC) were overestimated or underestimated.
Keywords — animal scale-up; phenobarbital; phenytoin; hexobarbital; quinidine;
tolbutamide; valproate; diazepam; physiological pharmacokinetic model

INTRODUCTION

There have been a number of reports dealing
with interspecies variation in the drug metabo-
lism and renal clearance.!~" Pharmacokinetic
principle in the extrapolation of animal data to
humans was applied by Boxenbaum?8-1% and
Sawada et al. " Boxenbaum compared the meta-
bolic intrinsic clearances (CLu;,,) of antipyrine
(AP), phenytoin (DPH), and benzodiazepines in
humans with those in animal and found that
CLu;, in humans was approximately one-
seventh of that which would be predicted from
other species.®’ Furthermore, he demonstrated
an allometric relationship between CLu;,, of
AP, DPH and clonazepam per maximum life-
span potential and body weight, and suggested
that man’s lesser quantitative ability to metabol-
ize many drugs may be correlated with his en-
hanced longevity.” Recently, Boxenbaum com-
pared the pharmacokinetic parameters for 12
benzodiazepines in dog and humans, and simul-
taneously tried to make extrapolations from dog

*  Author to whom correspondence should be addressed.

to humans.!® Only recently, Sawada et al. 'V
compared the pharmacokinetic parameters, i.e.,
half-life (¢, ,), total body clearance (CLyp),
renal clearance (CLg), hepatic clearance (CLy),
volume of distribution ( V), intrinsic clearance
of unbound drug (CLu;,) and unbound volume
of distribution of tissues (distributive tissue
volume/fraction of drug in tissue unbound,;
Vil fur) for six B-lactam antibiotics in mouse,
rat, rabbits, dog, monkey and human, and two
methods for extrapolation of animal to humans
on the disposition of B-lactam antibiotics were
presented. One was the Adolph-Dedrick ap-
proach, which can be used to predict clearances
in humans from the relationship between CLu;,,
of unbound drug and the body weight in several
animal species.!? The other was the Boxenbaum
approach, which might be able to predict phar-
macokinetic parameters of B-lactam antibiotics
using the regression line of a log-log plot on
CLu;,, and Vq/fur between one species
(monkey) and humans.!?
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In the previous study,!? the literature was
searched for pharmacokinetic data on nine weak
acidic drugs,i.e., DPH, hexobarbital (HXB),
pentobarbital (PEB), warfarin (WA), tolbuta-
mide (TB), valproate (VA), phenobarbital (PB),
amobarbital (AB) and phenylbutazone (PBZ),
and six weak basic drugs, i.e., quinidine (QD),
chlorpromazine (CPZ), propranolol (PL),
pentazocine (PZ), diazepam (DZP) and AP. The
Boxenbaum approach, which can predict phar-
macokinetic parameters (#,, ,, ¥ and CL,,) of
various drugs using the regression line of a
log-log plot on the CLu;, and Vry/fur between
rat and human was investigated.'? The predic-
tions of #; ,, V and CL, in humans using rat
data of the intrinsic parameters ( Vy/ fut and
CLu;,) were successful for many drugs. Applica-
tion of physiologically-based pharmacokinetics
in the extrapolation of animal data to humans
was reported by many investigators,”3-21 but
little study has been done on the prediction of
plasma concentration-time curves in humans
using the intrinsic clearance and tissue distribu-
tion data in animal species.

In the present study, the concentration-time
curves of seven drugs, DPH, PB, HXB, QD, TB,
VA and DZP in human plasma were predicted
by a physiologically-based pharmacokinetic
model using metabolic and tissue distribution
parameters extrapolated from rat data, and
parameters for the binding to blood components
and physiological parameters in humans.

METHODOLOGY

The concentrations of seven drugs, i.e., PB,
DPH, HXB, QD, TB, VA and DZP, in human
plasma were predicted by a physiological-
ly-based pharmacokinetic model?? using CLuj,,
and tissue-to-plasma unbound concentration
ratios (Kpu) extrapolated from rat data, and
plasma protein binding, blood-to-plasma con-
centration ratio ( Cy/ C) and physiological
parameters in humans.

In our previous reports, the apparent volume
of distribution after distribution equilibrium
and the ratio of distributive tissue volume to the
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unbound fraction in the tissue ( ¥/ fut) of CPZ,
imipramine, PL, disopyramide, lidocaine, QD,
meperidine, PZ, chlorpheniramine, PBZ, DPH,
HXB, TB, VA, DZP, PB, PEB, WA, AB, and me-
thacyclin were compared in animal species and
humans.'?23 In two parameters, statistically sig-
nificant correlation between animals and
humans was obtained when the parameters were
plotted on a log-log scale. The correlation coeffi-
cient between Vy/fur was significantly higher
than that between the apparent volumes of
distribution (p <0.05). In general, there was
little difference between Vi/ fur of various basic
drugs in animals and that of humans. The value
of Vi/ fur is expressed by the following equation.
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FIG. 1. Pharmacokinetic Model for the Disposition
of Various Drugs in Humans
The spleen and pancreas compartments were
neglected for the simulation of the concentration
profiles in PB, DPH, HXB, TB and DZP. The
pancreas compartment was also neglected for the
simulation of the concentration profiles in QD
(see Text).
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where Py ; is the volume of i-th tissue (ml) and
Kpur ; is the tissue to plasma unbound concen-
tration ratios in the i-th tissue. From these find-
ings, we used the Kput, values of rats as those
of humans.

Furthermore, we compared the metabolic
clearance (CL,,) and intrinsic clearance of the
unbound drug (CLu;,,) for nine weak acidic and
six weak basic drugs in rat and humans.!® With
regard to the two parameters, statistically signifi-
cant correlations were obtained, when the
parameters were plotted on a log-log plots. Cor-
relation coefficients between the intrinsic
parameters (CLu;,) was higher than that be-
tween the hybridized parameters (CL,,). Ac-
cordingly, the CLu;,, of humans was calculated
by substituting that of the rat into the following
equation.'?

( CLu;n) human = 0.130 ( CLUim) 9{353 (2)

With regard to CLy of PB and QD, the ob-
served values in humans was utilized for the
pharmacokinetic simulation. A physiologically
based pharmacokinetic model for the distribu-
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tion, disposition, and excretion of various drugs
in humans is shown in Fig. 1. The complete set of
differential equations is given in Appendix II
and was solved numerically by the Runge-Kut-
ta-Marson method.2¥ Physiological constants
used in the simulation for a 70-kg human are
listed in Table I. Various parameters for plasma
protein binding and metabolism of drugs used in
the simulation are summarized in Table II. The
Kpu of DPH,?® TB,22 DZP,'? HXB,2® PB,26)
VA?? and QD?? were obtained from the litera-
tures.

RESULTS AND DISCUSSION

The recent development of anatomically and
physiologically realistic pharmacokinetic
models for drug disposition based on actual
organ blood or plasma flows and physiological
volumes?8-39 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 dis-
ease states may be simulated by altering esti-

TABLE 1.  Physiological Parameters for Modeling in 70 kg Adult Standard Human

Tissue Volume (ml) Blood flow rate (ml/min)

Brain 14004 7009 ( Qgg)

Lung 600 % 4620 ( Qo)

Heart 300 b 240 b) ( QHE)

Liver 3900 1580% (Qy)

Kidney 300% 12409 (Qg)

G.I tract 31809 11009 (Qgp

Muscle 30000 6007 ( Q)

Skin 3000% 60% (Qsk)

Adipose tissue 10000% 2002 (Qap)

Spleen 2009 2009 ( Qsp)

Pancreas 200 200¢ (Qpy)

Blood artery 17007

vein 33907

a) Obtained from ref. 43. b) Obtained from ref. 44. QO +Q0ur + 0y +0r + Oy +

Osx + Oup. d) Obtained from ref. 45. e) Assumed to be equal to the value for spleen. N2

Blood volume was calculated according to the report of Bischoff et al.*®
V, = V,/ (1 — hematocrit), hematocrit = 0.42

kg)O 99

V, = 44 X (body weight,
The volume ratio of (artery blood)/ (ve-

nous blood) was assumed to be the same as that for humans (i.e., 0.5).19
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TABLE II.  Parameters_for Physiological Pharmacokinetic Simulation in Humans

Kpu® and tissue binding parameters?®

Kpu NY Kd? N/Kd+1?
Pheny- Tolbuta- Diaze- Hexo- Pheno-  Val- Quinidi
toin mide  pam barbital barbital proate Hnidine
Lung 352 109 225 527 109 0.588 942 0270 350
Heart 354 0767 151 181 130 0.687 390 143 283
Liver 106 0551 337 963 257 1.12 319 00400 799
G.I tract 515 0324 128 204 222 1.25 274 0470 593
Kidney 515 0537 159 244 104 1.13 169 290 593
Muscle 277 0339 944 101 140 0331 149 0840 187
Skin 433 0784 232 147 171 1.87 146 065 225
Adipose tissue  4.85 0465 889 265 0425 0314 840 1.11 7.57
Brain 398 0155 703 163 1901 0339 790 177 446
Pancreas -0 0.400 ) 0 _c —c _c o _c
Spleen - 0595 =9  _9d —J 0481 100 085 119
fud 0.120 0093 0032 0534 0.543 0.113 0.230
C,/CY 0610 0752 104 100 0861 0.28 092
C%ﬁi’/fnn/kg)e) 415 0635 722 955 0152 144 164
(ml/min/kg) 000 000 000 000 001397 000 1.58
CLinr ) )
(mtl/min/kg) 0.0256¢ 7.61¢
Dose (mg/kg) 200 154 0.100 737 191 6.25 4.00—5.00

a) The tissue-to-plasma unbound concentration ratios (Kpu) were obtained from the literatures, i.e.
phenytoin (DPH)?® tolbutamide (TB)?? diazepam (DZP)}'® hexobarbital (HXB)?® phenobarbital
(PB)?2® valproate (VA)?" and quinidine (QD) 29 b) Non-linear tissue distribution of quinidine was
reported by Harashima et al*® N (ug/ml) and Kd (ug/ ml) are the binding capacity and dissociation con-
stant, respectively. ¢) Not determined. d) The plasma unbound fraction (fu) and the blood-
to-plasma concentration ratio (Cy/ C) of human were obtained from the literatures, i.e., DPH 4" TB®
DZP#» HXB/%5%9) PB51=53) VA5 qnd QD.5559 e) The metabolic intrinsic clearance of unbound
drug (CLuin, 1) predicted using those in the rat. See the text for detail. f) The values of renal clearance
(CLR) of human were obtained from the literatures, i.e., PBY and QD5  g) The values of the real
unbound intrinsic clearance (CLuin, r) of human were calcualted by the equation:

CLtjy g = _ CLROg
! JSu (Og _C%)

mates of organ blood flow,5:3" metabolic clear-
ance of the drug, urinary or biliary clearance of
the drug,?? or plasma and tissue binding of the
drug. Furthermore, the most important applica-
tion is interspecies scale-up, where the large data
base required to develop a physiological pharma-
cokinetic model may be determined in a labora-
tory animal and scaled up to apply to humans.

This approach has been applied successfully to
predict the disposition of thiopental,'® metho-
trexate,!¥  1-B-D-arabionofuranosylcytosine,”
lidocaine,'® sulfobromophthalein,'® adriamy-
cin,!” digoxin,'® B-lactam antibiotics,333%
PZ,39 DZP,'® and QD.2?

The tissue-to-plasma unbound concentration
ratios (Kpu) were calculated by the following
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equation and are listed in Table II:

_ Cri _Kpri . G
KpuT,i - Cu - fu C (3)

where T, i represents all tissues studied. Various
drugs showed characteristic tissue distributions
with respect to their magnitude and marked dif-
ferences in the Kpu values among tissues. The
Kpu values of basic drugs such as QD and DZP
were larger than those of acidic drugs such as
DPH, TB, HXB, PB and VA. The characteristic
tissue distribution of QD and DZP may be ex-
plained by their extensive tissue bindings.2” The
Kpu values of TB and VA were not greater than
one in any tissue studied. The unusual tissue
distribution of these drugs in rat may be attribut-
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ed to several possible mechanisms, such as pH
differences between the intra- and extracellular
fluids,38) existence of intracellular space which is
impermeable to these drugs, and heterogenous
distribution of drugs in the tissue.

Twelve or thirteen differential equations (see
Appendix II) were solved by the Runge-Kutta-
Marson method using parameters listed in
Tables I and II. The predicted plasma concentra-
tion time courses of various drugs after i.v. ad-
ministration are shown in Figs. 2 and 3. The con-
centration-time course of various drugs in
tissues or organs calculated simultaneously with
those in plasma was not shown here because of
the lack of observed data for the comparison.
Comparatively good agreements were obtained
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FIG. 2. Predicted and Observed log Plasma Concentrations of Various Drugs after i.v. Administration in

Humans

(a) phenobarbital (PB), (b) phenytoin (DPH), (c) hexobarbital (HXB), (d) quinidine (QD). Key:
(@ O, A, A) data of each subject, and (—) predicted concentration of various drugs. Observed
values were obtained from the literatures for PB>Y DPH*® HXB*® and QD%
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between the predicted and observed plasma con-
centrations of PB, DPH, HXB and QD in
humans (Fig. 2), while a discrepancy during the

terminal phase was observed for TB, VA and
DZP (Fig. 3). This seemed to be due to an under-

estimation of CLu;,, of TB and an overestima-
tion of CLu;,, for VA and DZP. The difference
in TB may be due to the human data from the di-
abetic and that in VA may be due the interspe-
cies difference in metabolism process, namely in
rats VA is extensively metabolized by oxidation
while in humans by glucuronidation. The large
difference in CLu;,, for DZP between rat and
humans may be due to that in the metabolic pro-
cess. At present time, we cannot clear the pri-
mary factor. This finding may imply a limitation
of using Eq. 2 in order to predict the CLu;q for
some drugs in humans from that in an animal
However, the predictions for V seemed to be
successful, because the simulated plasma concen-
tration at initial distribution phase agreed with
the observed values.

In the extrapolation of human pharmaco-
kinetic parameters from animal data, the interin-
dividual difference is most important. However,
in the case of WA,33® PL39 QD,*" and
DPH,* a good relationship was observed be-

Y.Sawada, etal.

tween V (or CL) and fu (or fuy). Therefore, Vy/
fur and CLu;,, did not show a large inter-
individual difference and so fu is the primary
factor of the interindividual difference in V (or
Vo) and CL,. Thus, the interindividual dif-
ference seems not to be the primary factor of the
variation in the intrinsic parameters.

Another probrem is the variation in Qy. In
rats, in the case of the high intrinsic clearance
(for example, HXB and DZP) the value of
CLu,, is changed in the range of 2—4 times by
+/— 30% change of Q. The extrapolation of
this rat value to the CL for humans may result
in the low predictability. On the other hand, the
drug of which CLu;,, for rats is low, shows also
low values of CLu,, for humans and therefore
both values of CL for rat and humans may be
little affected by Qn.

In the future, the precision of predictions
from data from many species may become
higher than that obtained using data from one
species only, as in the present study.

In conclusion, our proposed approach in the
present paper might be useful for developing in-
sight into the prediction of plasma and tissue
concentration-time courses in humans.
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FIG. 3. Predicted and Observed log Plasma Concentrations of Various Drugs after i.v. Administration in

Humans

(a) tolbutamide (TB), (b) valproate (VA), (c) diazepam (DZP). Key: (@, O, A, A) data of each
subject, and (— ) predicted concentration of various drugs. Observed values were obtained from the lit-
eratures for TB*® VA% and DZP?®
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APPENDIX I: NOMENCLATURE

General

vV : volume of distribution at terminal
phase (ml)

Ve :volume of distribution at steady
state (ml)

Vri : tissue or organ volume of i-th tissue
or organ (ml)

Vo : plasma volume (ml)

I8 : blood volume (ml)

Kpur,; :tissue-to-plasma unbound concentra-
tion ratio of i-th tissue or organ

Kpr ; : tissue-to-plasma concentration ratio
of i-th tissue or organ

CL, : plasma clearance (ml/min/kg)

CL,, : metabolic clearance (ml/min/kg)

CLy : hepatic clearance (ml/min/kg)

CLy : renal clearance (ml/min/kg)

CLu;,, :intrinsic clearance of unbound drug
(ml/min/kg)

CLu;, y : hepatic intrinsic clearance of un-
bound drug (ml/min/kg)

CLu;,x :renal intrinsic clearance of unbound
drug (ml/min/kg)

G : blood concentration of drug (ug/ml)

C :plasma concentration of drug
(ug/ml)

Cu :unbound concentration of drug
(ug/ml)

C,/C  :blood-to-plasma concentration ratio

Sfu : plasma unbound fraction

S : serum unbound fraction

Sfur : tissue unbound fraction

D : dose

6 : reciplocal of injection time (ml~?)

R, : infusion rate (ml/min/kg)

I(t) : injection function

12z : half life at terminal phase (min)

AUC : area under concentration-time curve
((ug/ml) -min)

PB : phenobarbital

DPH : phenytoin

HXB : hexobarbital

QDb : quinidine

TB : tolbutamide

VA : valproate
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DZP : diazepam
Subscripts

b : blood

A : artery

\" :vein

HE : heart

G.L : gastro-intestine
SK : skin

PA : pancreas

AD : adipose

P : plasma

pul : lung

BR : brain

M : muscle

H : liver

SP : spleen

R : kidney

T,i : i-th tissue or organ

APPENDIX II: MODEL EQUATIONS
The following mass balance blood flow equa-
tions describe the drug concentration in each
compartment of the pharmacokinetic model
shown in Fig. 1.
Artery blood:
VadCya/ dt =(Couf Kptipyy — Ca) * Qpui
Venous blood:
VydCy/ dt = Cggr Opr/ Kpsr + Cur Qur/ Kpug
+ CuQu/ Kpu + Cr Or/Kpr
+ Cv OM/ Kpm + Csk Osk/ Kpsk
+ Cap Qap/ Kpap + I(0) (5)

4)

Lung:

Vpul deul/ dt =( CV - Cpul/ Kppul) N qul

Liver:

VudCy/ dt =(Qu — Qg1 — Qpa — Osp) - Ca
+ Co1Qc/ Kpc1 + Csp Osp/ Kpsp
+ Cpa Opa/ Kppa — Cu On/ Kpy

©6)

— CLutine s Cri/ K 7)
Kidney:
VrdCg/dt =(Cp — Cg/Kpr) * Or

— CLuj g/ Kpug 8)
Non-eliminating organ and tissue:
VT,idCT,,'/ dt =( Cp — CT,i/KPT,i) . Q'r,i ©)

where subscripts A, pul, V, BR, HE, M, SK, H,
GI, SP, PA, R, AD, and T,i denote the artery,
lung, vein, brain, heart, muscle, skin, liver, gas-
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tro-intestinal tract, spleen, pancreas, kidney, adi-

pose tissue and non-eliminating oragn or tissue,

respectively. D is the dose and I(#) is the injec-
tion function given by

For TB, DZP,PBand VA

I®) = D-6(81)2(1—01)?

(D: dose; § =10 min~1)42
For DPH and HXB
It) = Ry; Ry = 0.107 mg/min/kg, 0 < ¢t <
18.7 min (DPH), and Ry, = 0.123 mg/
min/kg, 0 < ¢ << 60.0 min (HEB), re-
spectively.

Tissue-to-blood partition coefficients (Kp)
in egs. 4—9 were calculated by
Kpr,;= (C/ G - fu: Kpur, (10)
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