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Abstract] A physiological pharmacokinetic hybrid model was developed in order to predict
the disposition kinetics of diphenythydantoin (DPH) in the brain from the plasma concen-
tration data of DPH. The model was constructed under the assumptions of well-stirred, plasma
flow-limited and linear tissue disposition kinetics of DPH. DPH was administered intravenously
to the rats at a dose of 10 mg/kg together with/without sodium salicylate (SA; 10 mg/kg) and
the DPH concentrations in the plasma and brain were determined. Plasma protein binding
of DPH was also determined using equilibrium dialysis technique. Then the model was test-
ed for its predictability of DPH concentrations in the brian from the plasma data of DPH.
It was found that the predicted values of DPH concentrations in the brian were in fair agree-
ment with the experimental values in the rats of both treatments. The 2-fold increase in the
brain concentrations of DPH by SA-coadministration was predicted well from the plasma
concentration and plasma free fraction (f,) data of DPH using the model. Therefore, the
hybrid model was concluded to be very useful for the prediction of the concentrations of
DPH in the brain from the plasma concentration data. Finally, DPH concentrations in the
human brian was calculated using this model from plasma DPH data in the literature, yet
the scale-up of this model to the human is not convinced.
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In drug therapy, it is important to know the con-
centrations of a drug in the target organ. Pharmacoki-
netic theories such as compartment theory, statistical
moment theory!.2 and polyexponential decay
model?, in general, can not give any informations on
the drug concentrations in the target organ(s). This is
because the parameters obtained by these theories such
as Vd,, K,, K, K;;, CL and t,,, do not have any
physiological or anatomical meanings. Moreover, the
effects of the pathological changes, species differences
and concurrent drugs4® can not be reflected on the
drug concentrations in the target organ by these theories.

To overcome these problems, a physiologically ba-
sed pharmacokinetic model® has been developed. Using
this model, drug concentrations in the target organ(s)
could be predicted directly from the plasma data in
some cases. Some anatomical and physiological
parameters such as organ blood flow (Q;) and organ
volume (V;), together with biochemical parameters
such as metabolic enzyme activity and protein bind-
ing were incorporated into the model.

Based on this physiological model, some investi-
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gators developed an animal scale-up technique’!2
which enabled the prediction of the concentration pro-
files of some drugs in the human organs from the in vivo
and in vitro animal data. Although the physiological
model could predict the drug concentrations in the tar-
get organ(s) from the drug concentration data in
plasma, it has some shortcomings as follows!3: 1)
inflexibility of the responses for the many parameters
involved in the model, 2) the complexity of the equa-
tions used, and eventually, 3) time-consuming for
the data analysis.

To overcome these shortcomings, a physiological-
ly based hybrid pharmacokinetic model has been de-
veloped!3). In this hybrid model, only the phamacoki-
netically important organs such as target organs, el-
mination organs and main distribution organs are ta-
ken into considerations based on both the well-stirred
model and classical compartment model.

The hybrid model offers considerably convenient
way to predict drug profiles in the target organ from
the plasma concentration data, since it needs only a
few parameters such as Vy, Cr, Qr, K, and f, etc,
the meanings of which will be explained later in the
experimental section of this manuscript. It does not
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need overall informations on the drug disposition in
all the organs in the body. Changes in the plasma
protein binding of a drug, which might happen by
the disease state or drug interactions, can be reflected
on the disposition kinetics of the drug in the target
organ by this hybrid model.

In this study, a physiologically-based hybrid model
was developed in order to predict the brain concen-
trations of diphenylhydantoin (DPH) from the plas-
ma concentration data. DPH (10 mg/kg) was injected
intravenously to the rats together with or without
10 mg/kg of sodium salicylate (SA). The blood pool
and the brain were selected as the physiological com-
partments. The suitability of the model was tested by
comparing the predicted DPH concentrations in the
brain with the experimentally determined ones. Final-
ly, DPH concentration in human brain was simulat-
ed by this model using human plasma DPH data
in the literature.

EXPERIMENTAL METHODS

Materials

DPH sodium (Samjin Pharm.), DPH (Sigma),
sodium salicylate (SA: Kanto), acetonitrile (HPLC
grade: B & J), methanol (HPLC grade: Merck),
heparin (Choong Wae Pharm.) and tris reagent
(Sigma) were used as purchased. All other chemi-
cals were of reagent grade. For instruments, HPLC
(Hewlett-Packard: 1090A model), equilibrium dial-
ysis cell (Plexiglass two chambered apparatus:
Technilab Ins.), dialysis membrane (36/32 size:
Union Carbide) and tissue-mizer (Fisher) were
used.

Animal treatment

Male Wistar rats weighing 230 to 260g were used.
All rats were normally fed until the operation. Rats
were immobilised at supine position on the opera-
tion plate under light ether anesthesia, and PE-50
catheters (Intramedic, Clay Adams) were inserted into
the fermoral vein and artery. After recovery from the
ether anesthesia, rats of one group (DPH only group,
n = 18) were received 10 mg/kg of DPH and rats of
another group (DPH-SA group, n= 18) were received
10 mg/kg of DPH and 10 mg/kg of SA intravenous-
ly. Drugs were dissolved in the mixed solution of nor-
mal saline, propylene glycol and ethyl alcohol (50 :
40 : 10). The injection volume was 200u//250g body
weight. Blood samples (200u/) were withdrawn at the
specified time. Plasma were seperated and stored at
—20°C until analysis. At specified times, three rats
were reanesthesized with ether and whole brain was
removed after cutting abdominal artery to prevent

Table 1. Plasma and brain tissue sampling schedule

Rat Sampling time {min)
series
(n=3) 2 S 10 15 30 60
A T
B P T
C P P T
D P P P T
E P P P P X
F P P P P P X

P; plasma sampling, T; brian sampling, X; brain and plas-
ma sampling.

blood influx into the brain. Blood remained in the
brain was removed by rapid washing with the ice-cold
saline and blotted dry with paper tissue. The brains
were stored also at —20°C until analysis. The sam-
pling times for brain and blood are shown in Table 1.

Serum protein binding of DPH

Serum protein binding of DPH was determined by
equilibrium dialysis technique. Ten#/ of DPH stock
solution (200,500,1000 and 2000 g/m/, respectively)
was spiked into 1 m/ of serum and the serum was dia-
lysed against 1 m/ of tris buffer (pH 7.4) through the
dialysis membrane at 37°C for 24 hrs. Effects of SA
(40-150ug/ml) on the protein binding of DPH was also
examined. Concentrations of DPH and SA in the se-
rum and buffer side of the dialysis cell were determined
and free fractions of DPH (f,) were estimated as
follows.

fp = Cbuffer/cserum (Eq 1)
where Cp, ., and Ci,,, represent DPH concentra-
tions in buffer and serum side respectively.

Drug analysis

To 1004/ of the respective plasma, serum and buffer
samples, 2001/ of acetonitrile (alkalinized to 0.001 N
by NaOH) was added and mixed for 30 seconds. After
centrifugation at 3000 rpm for 5 min, 50 #/ aliquo-
ts of the supernatant were injected onto the HPLC
column. For the assay of DPH in the brain, 500 mg
of the tissue was mixed with 1.5 m/ of 0.001 N NaOH
and homogenized. Then 3 m/ of acetonitrile was mixed
for 1 min and the mixture was centrifugated at
3000 rpm for 50 min. One hundred «/ aliquots of the
supernatant were injected on the HPLC column.
HPLC was performed according to the reported
method 4 after minor modification. The HPLC sys-
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tem was consisted of a pump (Hewlett-Packard, model
1090) with a UV detector adjusted at 214 nm for DPH
and 290 nm for SA. The mobile phase was a mixture
of 0.05 M phosphate buffer (pH 3.0) and acetonitrile
(60:40). The stationary phase was ODS chemically
bonded to porous gel (particle size 10#m) packed in
a 20 cm stainless steel column (0.46 cm id). DPH
and SA concentrations in the sample were determined
using the peak heights.

Development of hybrid model and simulation of
the brian DPH concentration in the rat

A physiological hybrid model developed in this
study is shown in Fig. 1. This model was developed
under the following assumptions; 1) brain tissue is well-
stirred, 2) drug distribution in the tissue is limited by
the blood flow rate, and 3) tissue to blood concentra-
tion ratio (K,) is independent of drug concentration.
Following equations were used to describe the model.
The values of parameters used are listed in Table II.
Some parameters were cited from the literature!$ and
the others were actually measured in this study.

Vy-dCr/dt=Qr (Ae- 1+ Be-5'~ Cr/K,,/f,)

~Jp CLjr Cr/ Ky, (Eq.2)
dCy/dt=Qr (C,— C)/ (K /) Vr (Eq.3)
C,=Ae-%'+Be-" (Eq.4)
K,,=C/(Cyfp) (Eq.5)

Where Vi, Cp Op K, f, CL,, and ¢ represent or-
gan volume, organ drug concentration, organ plasma

BRAIN (Kpy,Vr)

A

Qr

PLASMA ( fp)

Fig. 1. Diagram of a physiological hybrid model including
brain and plasma pool.

Kpw Vi Qr and f, represent free drug partition

coefficient between brain and plasma, volume of the

brain, plasma flow into the brain and plasma free

fraction.

Table II. Parameters used in the simulation

Parameters Rat (250g) Man (70 kg)
Ky 6.435 6.435¢
DPH 0.152+0.015 0.14
N (n=18)
DPH +SA 0.295+0.038 —
(n=18)
Brain weight (V9) 1.846 +0.165 1500
(g/body) (n=42)
Plasma flow 1.16 8180
to brain (Qy)
(m//min)

2 Determined by eqilibrium dialysis technique at 37°C.
DPH and SA concentration were in the ranges of 2-20+ g
/mi and 40-150 pg/m/ respectively, ® cited from refer-
ence 17, ¢ assumed value, ¢ cited from the reference 21.

flow, ratio of organ concentration to free plasma con-
centration, drug free fraction in plasma, intrinsic clear-
ance and time, respectively. A, B, @ and g represent
intercept (4, B) an the slopes (a , g ) of the curves
fitted to the conventional 2-compartment model. K,
was calculated using NLS programs!'®). Vy and f,
were determined in this study, and Q was cited from
the literature!”. f,-CL;,, was determined by Dose/
AUC where Dose is the administered dose of DPH and
AUC is the area under the plasma DPH concentration-
time curve. Simulation was performed by Runge-
Kutta-Gill method!® and plasma concentration pro-
files were analyzed by MULTI program!9 after mi-
nor modification. The simulated results were evalu-
ated using mean percent predictability (MPP), mean
standard error (MSE), and mean squared standardized
error (MSSE) (Appendix).

Prediction of DPH concentration in the human
brain

The concentration of DPH in human brain was
also simulated from the reported plasma concentra-
tion data of the human in the literature?® using the
same model. V5, Qr and f, for human were cited
from the literatures!”.20. K, value obtained from the
rat was used in the model. Table II summarizes the
parameter values used in the simulation.

RESULTS AND DISCUSSION

Serum protein binding
Protein binding of DPH is known to be affected
by the concentration of albumin2224 and tempera-
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Fig. 2. Observed plasma concentrations of DPH in the
DPH only (O) and DPH + SA (e) rats.
SA concentrations in the DPH + SA group were also

expressed as [J. Each point represents the mean
+S.D. of 3 determinations based on Table I.

ture2s-28), Protein binding of DPH was determined
at 37°C over the actual concentration range of DPH
in the plasma after /v injection of DPH (10 mg/kg).
The free fractions (f,) of DPH were constant in the
concentration range examined and calculated to be
0.152 for the DPH only group and 0.295 for
DPH + SA group (Table II). Significant (p<10-9)
increase in f, by SA coadministration indicates the
replacement of protein binding of DPH by SA.

Plasma and brain concentration profiles

The plasma concentration profiles of DPH and SA
in the two groups are shown in Fig. 2. Fig. 3 shows
the brain concentration-time curves of DPH in the two
groups. SA concentration in the brain was below the
detection limit (S#g/m/) in the rats of DPH+SA
group. The plasma concentration of DPH was not af-
fected significantly by the coadministration of SA (Fig.
2), however, the brain concentration of DPH was in-
creased 2-folds by SA (Fig. 3). The increased f, of
DPH by the concurrent administration of SA (Table
II) may be responsible for the increased diffusion of
DPH to the organs such as brain.

Evalulation of the model

The calculated concentration values of DPH in the
brain was in good agreement with the experimentally
obtained ones in the brain. [t was supported by MPP,
MSE and MSSE values, which were 96.5+10.5,
-0.032 and 0.53 for DPH only group and
103.5+12.5, 0.036 and 0.081 for DPH + SA group
(Fig. 3). It means that the model developed in this
study predicts fairly well the brain concentration of
DPH from the plasma concentration data of DPH.

TIME {(min )}

Fig. 3. Observed and simulated brain concentrations of
DPH in the DPH only (O) and DPH + SA rats (®).
Each point represents the mean + S.D. of 3 determi-
nations. Each line represents the simulated brain con-
centrations of DPH in the DPH only (below) and
DPH + SA rats (above), respectively.

100

T,
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120 240 360 480 600 720
TIME (hr)
Fig. 4. Brain concentration of DPH in the human simulai-
ed (—) from the human plasma concentration data
of DPH ( @—e) in the literature.

DPH CONCENTRATION {ug/ml or ug/g)

It also implies that all the assumptions adopted for
the development of the model are valid.

Prediction of DPH concentration in the human
brain using the model

Fig. 4 shows the simulated concentration profile
of DPH in the human brain which was calculated
using the hybrid model from the plasma concentration
data in the literature?®) and parameters listed in
Table 1I. Contary to the rat, the concentration profile
of DPH in human brain was calculated to be lower
than that in the human plasma. It could be explained
by smaller £, (0.1) and Q7 per V7 (0.545 m//min/g
human brain) for the human than f,, (0.152) and Qy
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per Vy (0.596 m//min/g human brain) for the rat,
which yield much smaller brain to plasma concentra-
tion ratio of DPH (X)) for the human than that for
the rat.

Simulation of the concentration profile of DPH
in the human brain after intravenous injection was
very simple, while the application of the hybrid model
to the human should wait further confirmations.

CONCLUSION

A physiologically based pharmacokinetic hybrid
model was developed in order to examine the predic-
tability of DPH disposition in the brain from the plas-
ma DPH data. DPH was injected intravenously to the
rats together with or without SA, and the plasma and
brain concentrations of DPH were determined. SA did
not affect the plasma DPH concentrations significant-
ly, but increased the brain DPH concentrations by ap-
proximately 2-folds. This may be due to the increased
serum free fraction (f,) of DPH in the presence of
SA. In the DPH only rats, the simulated brain DPH
concentrations were in good agreement with actual
brain concentrations. The simulation was performed
using Runge-Kutta-Gill method. The effect of SA on
the plasma and brain concentration of DPH was also
predictable by incorporating the change of plasma free
fraction (f,) of DPH into the equations of the model.
Finally, brain concentrations of DPH in human was es-
timated using the model from the plasma DPH con-
centration data in the literature. Prediction of DPH
concentration in the human brain would be possible
using the hybrid model from the DPH concentration
data in the human plasma as long as the assumptions
adopted in this study hold. The scale-up of hybrid
model from rat to human, however, must wait ex-
perimental verification before confirmation.

APPENDIX

Parameters used for the evaluation of the predicat-
ability of the model are as follows;

Cops : Observed concentration.
C,. : Predicted concentration.
PP : Percent predictability.
PP =(Copy/ Cpre) X 100
SE : Standardized error.
SE= (Cobs'Cpre)/ Cpre

SSE  : Squared SE.

SSE= /SE
MPP : Mean PP (X PP/N).
MSE : Mean SE ( X SE/N).
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MSSE : Mean SSE ( 2 SSE/N).

10.

11.

12.

LITERATURE CITED

. Yamaoka, K., Nagagawa, T. and Uno, T.:

Statistical moments in pharmacokinetics. J. Phar-
macokin. Biopharm. 6, 547 (1978).

. Boxenbaum, H., Riegelman, S. and Elashoff, R.:

Statistical estimations in. pharmacokinetics. J.
Pharmacokin. Biopharm. 2, 123 (1974).

. Wagner, J.: Linear pharmacokinetic equations al-

lowing direct calculation of many needed phar-
macokinetic parameters from the coefficients and
exponents of polyexponential equations which has
been fitted to the data J. Pharmacokin. Bi-
opharm. 4, 443 (1976).

. King, F.G. and Dedrick, R.L.: Physiological

model for the 2-deoxycofomycin in normal and
leukemic mice. J. Pharmacokin. Biopharm. 9, 519
(1981).

. Terasaki, T., Iga, T., Sugiyama, Y. and Hanano,

M.: Pharmacokinetic study on the metabolism
mechanism of tissue distribution of doxorubicin:
Inter organ and inter species variation of tissue
to plasma partition coefficients in rats, rabbits,
and guinea pigs. J. Pharm. Sci. 73, 1359 (1984).

. Himmelstein, K.J. and Lutz, R.L.: A review of

the application of physiologically based phar-
macokinetic modeling. J. Pharmacokin. Bi-
opharm. 1, 127 (1979).

. Boxenbaum, H.: Inter species scaling, allometry,

physiological time, and the ground plan of phar-
macokinetics. J. Pharmacokin. Biopharm. 10,
2011 (1982).

. Dedrick, R.L.: Animal Scale-up. J. Pharmacokin.

Biopharm. 1, 435 (1973).

. Ichimura, F., Yokogawa, K., Yamana, T., Tsuji,

ji, A., Yamamoto, K., Murakami, S. and Mizuka-
mi, Y.: Physiological pharmacokinetic model for
distribution and elimination of pentazocine, II.
Study in rabbits and scale-up to man. Int. J. Phar-
maceut. 19, 75 (1984).

Lin, J.H., Sugiyama, Y., Awazu, S. and Hanano,
M.: In vitro and in vivo evaluation of the tissue
to blood partition coefficient for physiological
pharmacokinetic models. J. Pharmacokin. Bi-
opharm. 10, 637 (1982).

Lin, J.H., Sugiyama, Y., Awazu, S. and Hanano,
M.: Physiological pharmacokinetics of ethoxyben-
zamide based on biochemical data obtained in
vitro as wells as physiological data. J. Pharmac-
okin-Biopharm. 10, 649 (1982).

Lin, J.H., Hayashi, M., Awazu, S. and Hanano,



226

13.

14.

15.

16.

17.

18.

19.

20.

S.-H. Song. C.-K. Shim, M.-H. Lee and S.-K. Kim

M.: Correlation between in vitro and in vivo
metabolism rate: Oxidation of ethoxybenzamide
in rat. J. Pharmacobio-Dyn. 6, 327 (1978).
Weiss, M.: On pharmacokinetics in target tissues.
Biopharm. Drug. Disp. 6, 57 (1985).

Joachin, H.: Routine determinations of psycoac-
tive drugs, biological/biochemical applications of
liquid chromatography, vol.4, Dekker, p.211
(1984).

Dedrick, D.L., Zaharko, D.S. and Lutz, R.L.:
Transport and binding of methotrexate in vivo.
J. Pharm. Sci. 62, 882 (1973).

Yamaoka, K., Nakagawa, T. Tanaka, H., Yasu-
hara, M. and Hori, R.: A nonlinear multiple
regression program, MULTI 2 (BAYES), based on
bayesian algorithm for microcomputers. J.
Pharmacobio-Dyn. 8, 246 (1985).

Saunders, W.B.: Handbook of biological data.
p.163 (1956).

Yamaoka, K., Taniwagara, Y., Nakagawa, T. and
Uno, T.: Pharmacokinetic analysis program
(MULTI) for microcomputer, J. Pharmacobio-
Dyn. 4, 879 (1981).

Yamaoka, K. and Nakagawa, T.: A nonlinear
least square program based on differential equa-
tions, MULTI (RUNGE), for microcomputers, J.
Pharmacobio-Dyn. 6, 595 (1983).

Guglar, R., Manion, C.V. and Azarnoff, D.L.:
Phenytoin: Pharmacokinetics and bioavailabili-
ty. Clin. Pharmacol. Ther. 135, 19 (1976).

21

22.

23,

24,

25.

26.

27.

28.

. Evans, W.E., Schentag, J.J. and Jusko, W.J.:
Applied Pharmacokinetics 2nd ed., Applied ther-
apeutics p.493 (1986).

Loescher, W.: A comparative study of the pro-
tein binding of anticonvulsant drugs in serum of
dogs and man. J. Pharmacol. Exp. Ther. 208, 429
(1979).

Benedek, 1.H., Blouin, R.A. and Mcnamara,
P.J.: Influence of smoking on serum protein com-
position and the protein binding of drugs. J.
Pharm, Pharmacol. 36, 214 (1984).

Kurata, D. and Wilkinson, G.R.: Erythrocyte up-
take and plasma binding of diphenylhydantoin,
Clin. Pharmacol. Ther. 16, 355 (1974).

Lunde, P.K.M., Range, A., Yaffe, S.J., Lund,
L. and Sjoqvist, F.: Plasma protein binding of
diphenylhydantoin in man. Interaction with other
drugs and the effect of temperature and plasma
dilution. Clin. Pharm. Ther. 11, 846 (1970).
Salle, E.D., Pacini, G.M. and Morselli, P.L.:
Studies on plasma protein binding of carbamaze-
pine. Pharmacol. Res. Commun. 6, 193 (1974).
Hooper, W.D., Dubetz, D.K., Bochner, F. Cot-
ter, ..M., Smith, G.A., Eadie, M.J. and Tyrer,
J.H.: Plasma protein binding of carbamazepine.
Clin. Pharmacol. Ther. 17, 433 (1975).
Loescher, W.: Serum protein binding and phar-
macokinetics of valproate in dog and mouse. J.
Pharmacol. Exp. Ther. 204, 255 (1978).



