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Purpose. To bridge in vitro, in situ and in vivo kinetic analyses of the
hepatic clearance of a cyclopentapeptide, BQ-123, by using dispersion
models that assume nonlinear pharmacokinetics.

Methods. Rat livers were perfused by the muitiple indicator dilution
method with doses of BQ-123 ranging from 1-1000 pg. The outflow
dilution curves were fitted to a two-compartment dispersion model
that was solved numerically by the finite difference method. Further,
in vivo plasma concentrations of BQ-123 after bolus injection were
analyzed with a hybrid physiological model that incorporates the
hepatic dispersion model.

Results. The calculated Michaelis-Menten constants (K, = 12.0 uM,
Viax = 321 pmol/min/10° cells, Py; = 1.2 wi/min/10° celis) were
comparable to those obtained previously from the in vitro isolated
hepatocyte experiment (K, = 9.5 uM, V., = 517 pmol/min/10° cells,
Py = 1.1 pl/min/10¢ cells). The plasma concentrations of BQ-123 at
doses of 1-25 mg/kg were explained well by the hybrid physiologi-
cal model.

Conclusions. These results suggest that carrier-mediated transport on
the sinusoidal membrane was responsible for the in vivo hepatic elimi-
nation of BQ-123.

KEY WORDS: nonlinear pharmacokinetics; dispersion model; multi-
ple indicator dilution method; BQ-123; hepatic transport; finite differ-
ence method.

INTRODUCTION

Non-steady-state liver perfusion by the multiple indicator
dilution (MID) method is appropriate for analyzing various
processes in the liver because it can differentiate sinusoidal
influx and efflux of substances (1-4). An advantage of a perfu-
sion study is that the physiology of the liver is maintained.
However, to evaluate the hepatic clearance of drugs, in vitro
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isolated or cuitured hepatocyte experiments are generally pre-
ferred over perfusion studies. This is not only because of experi-
mental difficulties with perfusion, but also because of
methodological difficulties in analyzing non-steady-state perfu-
sion. It is a challenging issue to analyze nonlinear pharmacoki-
netics with MID data.

Goresky et al. proposed injecting a trace bolus dose of a
radio-labeled compound into a liver being perfused constantly
with various concentrations of the non-labeled compound to
analyze nonlinear pharmacokinetics (1,5). In this method,
dynamic change of the drug concentration in the organ can be
ignored; accordingly, the analysis becomes simple. The disposi-
tion of bromosulfophthalein-glutathione in the liver was ana-
lyzed by this method, and it was found that various factors, not
only transporters and metabolizing enzymes but also saturable
binding with intracellular proteins, govern the nonlinearity of
the hepatic clearance (3). This method has been useful to gain
insights into the behavior of drugs in the liver; however, the
experimental technique is rather circuitous for routine use.

Uptake of serotonin by the lung was analyzed in a more
straightforward manner by Malcorps et al. (6). They analyzed
the MID data of various bolus doses directly by the distributed
tube model (without background constant infusion). However,
the bolus input is a difficult precondition for the distributed
tube model because the drug concentrations are estimated as
infinity by the model due to lack of micro-mixing (7,8). To
avoid this problem, Malcorps et al. approximated pre-dispersion
of the drug before perfusate enters the liver (6). It should be
noted that the extent of the approximated pre-dispersion has a
significant influence on the analysis.

In contrast to the distributed tube model, the dispersion
model assumes micro-mixing of the blood stream a priori (7).
Since it was proposed by Roberts et al. (9,10), the dispersion
model has been used frequently to analyze MID data (11,12).
Although the model has been criticized in terms of its mathemat-
ical complexity (13), the problem can be overcome by applying
numeric calculation methods such as the fast inverse Laplace
transform (FILT) method (11), and more recently, the finite
difference method (FDM) (14,15). In the present study, MID
experiments of a test drug were performed in a manner similar
to that of Malcorps et al., but the data were analyzed with the
dispersion model solved by FDM.

BQ-123, a cyclopentapeptide, was used as the test com-
pound. BQ-123, which is the first reported selective antagonist
of the endothelin A receptor (16), is frequently used to elucidate
the biology of endothelin (17,18). The compound has therapeu-
tic potential (18,19); however, its very short plasma half-life
(2—4 min in rats) hinders practical clinical use (20). BQ-123
is not metabolized in the body and is excreted rapidly into the
bile in unchanged form (20). BQ-123 is taken up into isolated
rat hepatocytes very efficiently by a carrier-mediated active
transport mechanism (20). In addition, BQ-123 is transported
across the bile canalicular membrane in an ATP-dependent
manner (21). This canalicular transport is deficient in EHBR
rats (21), suggesting the involvement of cMOAT, an MRP trans-
porter family protein (22--24). In this study, we analyzed these
contributions quantitatively with the aid of the dispersion model.
Preliminary analysis of the MID study of BQ-123 was reported
previously (14).

0724-8741/99/0100-0103816.00/0 © 1999 Plenum Publishing Corporation
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MATERIALS AND METHODS

Chemicals and Reagents

Unlabeled BQ-123 (sodium cyclo[D-Trp-D-Asp-L-Pro-D-
Val-L-Leu]) was synthesized at the Tsukuba Research Institute
of Banyu Pharmaceutical Co. Ltd. (Tsukuba, Japan). *H-BQ-
123 was obtained from Amersham (Buckinghamshire, UK).
Fluoresceine isothiocyanate dextran (FID, average molecular
weight 40500) was purchased from Sigma Chemical (St. Louis,
MO, USA). Water was purified with the MilliQ system (Milli-
pore, USA). All other chemicals and reagents were commercial
products of analytical grade.

In Situ Liver Perfusion Study

Single-pass liver perfusion was performed by the Morti-
more method (4,14). Briefly, male Sprague-Dawley rats (7-8
weeks, 250-350 g, Charles River Japan, Tokyo, Japan) were
anaesthetized with ketamine (235 mg/kg) and xylazine (2.3
mg/kg), and the liver was perfused from the portal vein with
oxygenated Krebs-Ringer-bicarbonate buffer containing 10 mM
D-glucose and 2% bovine serum albumin (BSA). The perfusate
flow rate was 32--33 mil/min. Continuous secretion of the bile
was regarded as an indicator of liver viability. After a stabiliza-
tion period of 10 min, 200 pl of the perfusate containing *H-
BQ-123 and 50 pg of FID as an extraceliular reference was
injected into the system. The eluate from the cannula inserted
into the hepatic vein was fractionated at 0.83-sec intervals over
30 sec to holes on a turntable. Radioactivity in the eluate was
measured by liquid scintillation counting. The concentration of
FID was measured as previously reported (14). The dilution
curves were not corrected for the void volume of the cannula
in this study. Instead, lag time was calculated by fitting analysis.

Protein Binding

The protein binding of BQ-123 to 2% BSA in 10 mM
phosphate buffer-saline (pH 7.4) was determined by an uitrafil-
tration method as reported previously (20). The protein binding
of BQ-123 to 2% BSA was 27%.

Nonlinear Dispersion Model

The dispersion model is a stochastic model which assumes
that movements of a solute by the blood stream flowing through
the heterogeneous micro-capillaries are describable in terms of
the dispersion (9,10). The general equation of the one- and
two-compartment model (7,11) is expressed by the following
partial differential equations for the drug concentrations in the
liver (10,14):

dChus Dy Qy3Cus  Qy 9 Chs
= - — +
3t Vs 0 72 Vs 9 Z Trug(Cug, Cur) (1)
aC
3 :lT = Tryr(Cug, Cur) (2)

where Cyp and Cyy are drug concentrations in the hepatic blood
vessel and hepatic tissue, respectively, Vg is the volume of
the hepatic blood vessel that includes Disse space, Dy is the
normalized dispersion coefficient, Qy is the hepatic blood flow
rate, t is time, and Z is the dimensionless axial coordinate from
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the entrance of the liver. Equations 1 and 2 have occasionally
been represented in a dimensionless form in the literature
(10,11), but we used them as they were to retain flexibility in
performing the simultaneous fitting. The characteristics of the
model depend on Tryg() and Try(), which represent the disap-
pearance and/or exchanging of the drug in the hepatic blood
vessel and tissue, respectively. A detailed description of Models
1-4 tested in this study is given in Scheme la.

Nonlinear Least Squares Fitting of MID Data

The simulation and fitting of the experimental data were
performed by a multi-purpose nonlinear regression program,
Napp (14). The program generates dilution curves of the closed
boundary conditions by the finite difference method (FDM).

The dilution curves at all doses were simultaneously fitted
to the model. The kinetic parameters K,,, Vo Kios Kaos Ki2
and ky, (see Scheme 1 for definitions) were assumed to apply
to all dilution curves, while Dy, Vg and lag time were allowed
to take independent values. When the dilution curves of FID
(the vascular reference) were simultaneously fitted, Dy and lag
time were linked in a corresponding pair (BQ-123 and FID)
but were allowed to be free from the other curves. The ratio
of Vg of BQ-123 to that of FID were adjusted to be the same
for all dilution curves. The dilution curves of FID were fitted
to the 2-compartment model, and its k,; and k,; were allowed
to be independent from those of BQ-123. These complicated
conjunctions of the parameters were realized by using Napp’s
automatic model-generation feature for simultaneous fitting
(14).

The damping Gauss-Newton algorithm and half reciprocal
weight (1/Y) were used unless otherwise noted for nonlinear
regression analysis. For simultaneous fitting of multiple data
sets, weight balancing was adopted to compensate for the differ-
ences in values and sample size between each set of data (14).

Hybrid Physiological Model

To simulate the plasma levels of BQ-123 in vivo, a hybrid
physiological model was constructed. Schematic representation
of the mode! is shown in Scheme Ib. For the liver, a 1-compart-
ment nonlinear dispersion model, Model 1 (Scheme 1a), was
assumed. For systemic blood and tissue, the following differen-
tial equations were adopted,

dC
VBTB = Qu(Chpexin — Cp) + CL7Cy
i
- (CLB + R_B CLR,plasma) CB (3)
VTdd—(iT = CLgCp — CL;C7 4)

where Vg, V5, CLg and CL7 are the distribution volumes and
distribution clearances for the blood and peripheral tissue,
respectively, Rp is the blood to plasma concentration ratio (0.6
(20)), CLgpiasma is the renal plasma clearance (6 mi/min/kg
(20)), C7 is the concentration of the drug in peripheral tissue,
and Cyg i 1s the blood concentration at the exit of the liver
calculated by the dispersion model. The above equations were
combined and integrated numerically by the rational Runge-
Kutta method (14), and drug concentration versus time profiles
were obtained.
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Scheme 1. Structure of the nonlinear dispersion models (a), and the hybrid physiological model (b). K,, and V,,, are the
Michaelis-Menten constants for nonlinear transport or sequestration; K;o, kK;2, k3;, and kg are the first-order rate constants;
fg and fr are the unbound fractions of the drug in blood and hepatic tissue, respectively; Vyp is the distribution volume
of blood in the liver; and € is the ratio of the distribution volume for the hepatic tissue to Vyg. For further information,
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refer to Materials and Methods.

To adapt the model to the actual plasma levels, nonlinear
least squares fitting was performed as described for MID data.
Plasma levels after the intravenous injection of three doses of
BQ-123 (20) were simultaneously fitted to the model by
adjusting parameters Qg, Vg, CLp and CLy The other parame-
ters were fixed to the values obtained in the liver perfusion study.

Calculation of Kinetic Parameters for Isolated Rat
Hepatocytes

We previously reported the kinetic parameters for the car-
rier-mediated uptake of BQ-123 into isolated rat hepatocytes
(20). The K,,, values were 5.9 and 12.1 pM for Na*-dependent
and Na*-independent uptake, respectively. In the present study,
we combined these two uptakes to simplify the analysis. The
combined kinetic parameters were newly calculated by nonlin-
ear least squares fitting of the uptake data reported pre-
viously (20).

RESULTS

In Situ Liver Perfusion Study

The analysis of the mean outflow dilution curves of BQ-
123 at doses of 1, 10, 100 and 1000 pg in the MID studies is
shown in Fig. 1. Hepatic extraction of BQ-123 was saturable
as evidenced by increasing availability from 42% at 1 pg to
91% at 1000 pg. The dilution curves of FID (the vascular
reference) were independent of the dose of BQ-123. Fig. 1d
shows the ratio plot, a logarithmic plot of the ratio of FID to
BQ-123. The shape of the plot depressed as the dose increased.
This has been reported as a characteristic of nonlinear kinet-
ics (6,14,15).

The mean dilution curves of BQ-123 were analyzed with
the nonlinear 'dispersion models shown in Scheme 1. Model 1,
a l-compartment model and the simplest method, explained
the saturation reasonably, although it could not describe the tail
part of the dilution curves (Fig. 1a). Model 2 gave a moderately
good approximation but some systematic errors remained (Fig.
1b), suggesting disagreement between the data and the model.
Model 3 failed to fit to the data by any means. Model 4 explained
the experimental data most satisfactorily as judged from the
lowest Akaike’s information criteria (AIC) value (25) (Table
1, Fig. 1c). Model 4 is a 2-compartment model, but the seques-
tration is assumed to occur from the blood compartment. From
these data, we concluded that Model 4 was the most appropriate
model to describe the local pharmacokinetics of BQ-123 in rat
liver but Model 1 was acceptable in some cases to estimate
availability.

Analysis of the mean dilution curves was helpful in select-
ing the model; however, the obtained parameters were not very
reliable. This is because the dilution curves varied considerably
from animal to animal (the CV values of the mean dilution
curves were approximately 50%). We assumed that the variance
was enhanced by the differences in the distribution volume and
the extent of approximate dispersion. To overcome this problem,
simultaneous fitting of 12 sets of individual dilution curves was
performed, and it was found that Model 4 explained all of the
dilution curves satisfactorily (Table 2 and Fig. 2). The values
of the parameters were compared with those obtained in the
isolated hepatocyte study (Table 3). Although V ,,, was moder-
ately lower in the perfusion study, K,, and Py were in excel-
lent agreement.

Without using the dilution curves of FID, some of parame-
ters Dy and Vyg were difficult to estimate due to scattering.
The fitting worsened by fixing Vyg, or ky, and k,; of FID to
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Fig. 1. Schematic representation of least squares fitting analysis of mean dilution curves of BQ-123 to Model 1
(a), Model 2 (b), and Model 4 (c), and (d) ratio of FID (vascular reference) to BQ-123 in the perfusate. Each point
is the mean of three perfusions at a dose of 1 pg (closed squares), 10 pg (open squares), 100 pg (closed circles),
and 1000 pg (open circles). In panel (d), the curve for the dose of 10 g was omitted for clearer representation.

the corresponding values for BQ-123. The fitting also worsened
when k;, was omitted from the model (data not shown), sug-
gesting that the hepatic extraction of BQ-123 consists not only
of a saturable component but also of a linear component.

Analysis with the Hybrid Physiological Model

Plasma levels of BQ-123 after intravenous injection of the
compound in rats (20) were fitted to a hybrid physiological

Table 1. Fitting of Various Models to the Mean Outflow Dilution
Curves of BQ-123 in Perfused Rat Liver

Model 1 Model 2 Model 3 Model 4
# of parameters 15 17 17 17
Weight 1 1 ] 1
ss 0.00812 0.00286 - 0.00066
AIC —461 —563 — —713

Note: The structure of the models was shown in Scheme 1.
“ The calculation did not converge.
b Akaike’s information criteria.

model in which the nonlinear dispersion model was incorpo-
rated for hepatic clearance (Fig. 3). In this analysis, Ky, Viax
and k;, obtained from the in situ liver perfusion study were
used. The plasma levels of three doses were explained well by
the model, indicating that the non-linearity of CL,, observed
in vivo was ascribable to the saturation of hepatic uptake
observed in the perfusion study.

DISCUSSION

The dilution curves of BQ-123 were fitted most satisfacto-
rily to Model 4 (Fig. 1), in which the saturable sequestration
occurred directly from the blood compartment, suggesting that
the rate-limiting step of hepatic elimination was sinusoidal
transport from the blood to hepatocytes. The meaning of the
second compartment was not determined in this study. We
surmise that the second compartment represents the adsorption
of the drug to the surface of the micro-capillaries or cells.
Considering the similarity in the shape of the curves, the reason
for the bi-phasic decline of FID may be the same as for BQ-
123. Temporal adsorption of a drug to the surface of the perfused
liver has been reported previously (26).
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Table 2. Simultaneous Nonlinear Least Squares Analysis of Outflow
Dilution Curves of BQ-123
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Table 3. Michaelis-Menten Constants of Hepatic Uptake of BQ-123 in Rats

K. Vimax Pais (Ko * Vhe)
# of parameters 44 Method (uM)  (pmol/min/10° cell)  (wV/min/10° cell)
# of data sets 12
# of sampling points 619 Isolated hepatocyte 9.5 517 1.1
weight 1 Liver perfusion 12.0 321° 1.2%¢
K, (uM) 120 = 0.9 @ The following values were adopted to calculate the parameters: body
V... (LM/min) 186 + 14 weight 0.3 kg, liver weight 44.4 g/kg, number of liver cells 1.25 X
B + 108 /g liver.
ko (/min) 0.69 = 0.15 b 321 (pmol/min/10° cell) = 186 (uM/min) X 2.87 (ml) X 10°/ 1.25
kiz (/min) 21201 X 10°/44.4 0.3,
€ fu kay (/min) 1272 0.6 ¢ 1.2 (wW/min/10° cell) = 0.69 (/min) X 2.87 (ml) X 10° / 1.25 X
(fz Kiz)pp (/min) 2.6 £ 0.1 108/ 44.4 /0.3
(€ fu Ko))pp (/min) 14.5 * 0.4
Dy 0.093 * 0.034¢
Vs (mi) 2.87 + 0.4
Vus/(Vup)rip 1.i2 £ 0.01 perfusion rate, protein binding, the viability of the perfused
Lag time (sec) 0.58 + 0.58¢

Note: Individual dilution curves of BQ-123 and FID were fitted to a
nonlinear two-compartment dispersion model (Model 4). See Scheme
I for definitions of the parameters.

4 The mean and s. d. of twelve estimated parameters.

The Michaelis-Menten constants (K., and V,,,) obtained
from the MID study were comparable to those from the isolated
hepatocyte study (Table 3), indicating that the sinusoidal trans-
port observed in the hepatocyte experiment plays a fundamental
role in the physiological liver. The reason for the moderate
difference in V,,, is unclear. To clarify this issue, we probably
need to take into consideration various factors such as the

liver, and the physiological conditions of the hepatocytes.
Using a hybrid model, we demonstrated that the plasma
concentration versus time profiles of BQ-123 after various intra-
venous doses were kinetically explainable by the saturation of
hepatic uptake observed in vitro and in situ (Fig. 3). In this
analysis, the hepatic blood flow and blood volume were not
fixed, but were converged within reasonable ranges. The present
analysis suggests that the influx process on the sinusoidal mem-
brane of the liver accounts for the in vivo excretion of BQ-123.
Shin et al. demonstrated that BQ-123 was transported from
the liver to the bile by a primary active system on the canalicular
membrane (21). This is an essential step in the excretion of
BQ-123, since most of the dose was found to be excreted in
the bile in unchanged form. However, it does not seem to be
the rate-limiting step in vivo in rats, because the sinusoidal

1ug 10 ug 100 ng 1000 pg
1
0.1 ik A f%%q%
0.01 q%‘l \"n [ b,
0.001 J !\'- = \\h\ !f %O%,,
o.ooo; \
= o .t 7, ﬁ%\ S
AN N
§ 0.001 T > % Dtg'“’%
0.0001
]
0.1 i f’”\ mk
0.01 b, ",
0.001 ’; \ ,-_-\ J S f \"n % %‘%&WD\V
0.00015 300 300 300 30
Time (sec)

Fig. 2. Schematic representation of least squares fitting analysis of individual dilution curves of BQ-123 to
a nonlinear two-compartment dispersion model (Model 4). Calculated parameters are shown in Table 2.
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Fig. 3. Least squares fitting analysis of plasma levels of BQ-123 by
a hybrid physiological modei (a), and actual and simulated plasma
clearance of BQ-123 (b), after intravenous injection of the compound
in rats. The values of the kinetic parameters obtained from the in situ
liver perfusion were used for the analysis. See the text for details. Each
point represents the mean * s. d. of three rats. Estimated parameters
were Qy = 58.7 = 42.6 mi/min/kg, Vg = 82.7 * 3.9 ml/kg, CLg =
16.5 = 5.8 mi/min/kg, and CL;Vg/V;y = 0.16 * 0.06 ml/min/kg.

transport explained the in vivo hepatic clearance quantitatively
as described above. The assumption is supported by the observa-
tion that systemic clearance in EHBR rats, whose canalicular
transport of BQ-123 is deficient, is almost the same as in normal
rats (21).

BQ-123 is monoacidic due to an arginic acid in its struc-
ture. There is some evidence that the carrier(s) responsible for
the hepatic transport of BQ-123 recognizes the anionic character
but not the antagonistic character or the peptidic structure of
the compound: the disposition of BQ-123 is influenced by the
distribution of endothelin receptors, but only at low concentra-
tions (<10 nM) (27), and the uptake of BQ-123 into isolated
hepatocytes is inhibited by the presence of various anions, but
is inhibited only weakly by an analogous (but not anionic)
peptide (20). It is noteworthy that several studies recently
showed that hepatobiliary transport plays a significant role in
the pharmacokinetics of various anionic drugs, pravastatin (28),
a prostaglandin I, agonist (29), and quinolone antibiotics (30).

In the present study, the dispersion model was useful in
constructing a systematic view of in vitro, in situ and in vivo
events. However, we must caution that the dispersion number
calculated by the dispersion model may contain some errors,

(well-stired) (Paralel-tube)

———

08

0.6

04

Availability

02

0.003
100
Dose (ug)

Fig. 4. Effect of the change in normalized dispersion number on the
prediction of hepatic availability of BQ-123 after bolus input by the
dispersion model. The dotted line and the broken line represent predic-
tions by the well-stirred and parallel tube model, respectively.
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because the dispersion assumed in the dispersion model is not
physical diffusion but the extent of blood mixing determined
primarily by the structure of the micro-capillaries (6,23). The
dispersion model hypothesizes that dilution occurs solely by
blood mixing; however, in reality dilution is ascribable to both
mixing and segregation of the blood flow (20). For this reason,
we simulated the effect of change in the dispersion number on
the hepatic availability of BQ-123 (Fig. 4). The simulation
indicated that several-fold changes in the dispersion number
had only a minor influence on the availability, suggesting
robustness of the analysis.

In conclusion, we have shown that the extent of saturation
of BQ-123 uptake observed in vitro (isolated hepatocytes), in
situ (liver perfusion), and in vivo (plasma levels) was in excel-
lent accord. It thus seems reasonable to conclude that carrier-
mediated uptake on the sinusoidal membrane of hepatocytes
accounts for the in vivo excretion of BQ-123 in rats. The nonlin-
ear dispersion model offers reasonable predictions of hepatic
availability and in vivo plasma disappearance of BQ-123.
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