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Purpose. The objective of the present simulation study was to investi-
gate the effects of hepatic zonal heterogeneity of membrane transporter
proteins and intrinsic elimination activities on hepatic clearance (CL)
and drug concentration gradient profiles in the sinusoidal blood and
hepatocytes.

Methods. The model used in the simulations assumes an apparent
unidirectional carrier-mediated transport and a bidirectional diffusion
of substrates in the hepatic sinusoidal membrane as well as a nonlinear
intrinsic elimination. Three different distribution patterns of the trans-
porter and the metabolizing enzyme along the sinusoidal flow path
were used for the simulations. The effects of changes in the Michaelis-
Menten parameters for those nonlinear processes, and in the unbound
fractions of the drug in blood and tissue components were investigated.
Results. Significant differences in CL occurred when the distribution
patterns of the transporter and/or the metabolizing enzyme activities
were altered under nonlinear conditions. The highest CL values were
observed when the transporter and the metabolizing enzyme had similar
distribution patterns within the liver acinus, while opposite distribution
patterns produced the lowest CL values. Tissue concentration profiles
were significantly affected by the distribution patterns of the transporter,
but the changes in blood concentration profiles were relatively small.
Altering protein binding in blood produced significant changes in CL,
and blood and tissue concentration gradients, while altering protein
binding in tissue affected only drug accumulation patterns within hepa-
tocytes, regardless of the distribution patterns of the transporter or the
metabolizing enzyme.

Conclusions. The present simulations demonstrate that hepatic zonal
heterogeneities in the transporter and the metabolizing enzyme activi-
ties can significantly influence hepatic clearance and/or drug concentra-
tion gradient profiles in the sinusoidal blood and hepatocytes.
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GLOSSARY C,,, C,,, substrate concentration in sinusoidal blood and
hepatocytes at any given point x along the sinusoidal blood flow path
of L (0 = x = L), respectively; CL, hepatic clearance; CL,,, CL,,,
CL;,, CL,,, uptake, efflux, intrinsic and diffusional clearance at x,
respectively; fi, f;, fraction of drug unbound to blood and tissue compo-
nents, respectively; K,,,, K., 3, Michaelis-Menten constant of the trans-
porter and metabolizing enzyme, respectively; L, length of the
sinusoidal blood flow path; Q, blood flow rate; V. 1, Vinar 3, maximum
capacity of the transporter and metabolizing enzyme, respectively;
Viax1 oo Va3 €apacity of the transporter and metabolizing enzyme
at x, respectively.
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INTRODUCTION

Hepatic parenchymal cells are known to display various
histochemical and functional heterogeneities in relation to their
location in the liver acinus (1,2). Well documented are the
zonal differences in metabolic functions of hepatocytes (1-4).
Investigations have indicated that there are also intrinsic zonal
heterogeneities in membrane transport abilities of hepatocytes
for various endogenous and exogenous compounds, including
bile acids (6), amino acids (7), dibromosulfophthalein (8,9),
cysteine (10), ouabain (8) and rhodamine B (11). For instance,
it has been demonstrated that the sodium-dependent uptake of
taurocholic acid is more active in zone 1 (periportal region) than
in zone 3 (perivenous region), while the sodium-independent
transport is more active in zone 3 than in zone 1 (6). Studies
on zonal differences in the uptake of several fluorescent com-
pounds into acinar hepatocytes in the rat (12) have demonstrated
distinct concentration gradient profiles of different substrates
along the hepatocyte acinus varying from a consistent decline
to a flat distribution or even a gradual increase from zone 1 to
zone 3; these concentration profiles were dependent on the
infusion concentrations. This reversed cellular gradient, which
has also been reported in other studies (11,13), suggests that
uptake processes are not homogeneously distributed along the
hepatic acinus.

Computer simulation studies by Sato et al. (15) have dem-
onstrated that in the presence of a diffusional barrier the extrac-
tion ratio of substrates was significantly affected by the
distribution patterns of intrinsic metabolizing enzyme activity.
The effect of various distribution patterns for metabolizing
enzymes has also been examined in the absence of a transport
barrier (16,17). However, the assumptions of these models
regarding hepatic transport, i.e., a simple diffusional barrier or
no barrier (instant equilibrium of drug between sinusoidal blood
and hepatocytes) may not be physiologically relevant for many
organic anions and cations, since in vitro and in vivo hepatic
transport studies have demonstrated the presence of several
distinct facilitated carrier-mediated transport systems for vari-
ous endogenous and exogenous substrates (18,19). Additionally,
although several pharmacokinetic studies have evaluated the
influence of membrane transport and/or intrinsic elimination
(metabolism and biliary excretion) for certain drugs under linear
conditions (20,21), little is known concerning the influence of
zonal differences in uptake and elimination processes on the
apparent hepatic clearance or the concentration gradient profiles
in blood and hepatocytes under nonlinear conditions.

The purposes of the present simulation study were to inves-
tigate 1) the effects of zonal heterogeneities of a carrier-medi-
ated membrane transport system and a capacity-limited
metabolizing process, 2) the effects of changes in Michaelis-
Menten parameters for those nonlinear processes, and 3) the
effects of blood and tissue protein binding, on clearance and
concentration gradient profiles of substrates in sinusoidal blood
and hepatocytes.

THEORY

The present simulation study uses an extended parallel
tube model with capacity-limited sinusoidal uptake as well as
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capacity-limited elimination (model II described in the accom-
panying paper, 22). In brief, the model is composed of two
compartments: the sinusoid and hepatocyte. The liver is viewed
as parallel sinusoids of equal length with the same transit time
of blood through each sinusoid. The simulation studies were
designed to mimic a single pass liver perfusion experiment with
varying steady state input concentrations of drug at a constant
blood flow rate. Intrinsic metabolism and/or biliary excretion
of substrates are assumed to be governed by an apparent unien-
zyme system which is designated as a “metabolizing enzyme”
to simplify the model description. The important assumptions
of this model are the same as previously described (22).
Although the maximum capacities of the transporter (V.. 1)
and the metabolizing enzyme (V,,,. ;) are assumed constant
(equations 1 and 2, respectively), their activities at any given
point x along the sinusoidal blood flow path of L (0 = x =
L)Y, Vypax1x and V., 3 ., Tespectively, may vary in accordance to
the zonal distribution patterns used in these simulations.

L
Vmax,l = J Vmax,l,xdx (1)
0

L
Vmax,3 = J Vmax,3,xdx (2)
0

At steady state, the rate of drug disappearance over an
increment dx from x can be described as follows.

dc;,
dx

0 = L (CLufiC = CLLC) )

Q is the hepatic blood flow rate. C, , and C, , are drug concentra-
tions in the sinusoid and the hepatocyte compartments at x,
respectively. CL;, is the uptake clearance of drug from the
sinusoidal compartment into the hepatocyte compartment by
both a carrier-mediated system and passive diffusion (equation
4), and CL, , is the diffusional efflux clearance from hepatocytes
into the sinusoid at x (equation 5).

CL — Vmax,l,x + CL (4)
bx Km,l + fb C_v.x x
CLZJ = CLd,x (5)

CL,, is the diffusional clearance at x. At steady state, the uptake
rate of drug from sinusoidal blood into hepatocytes is equal
to the sum of the efflux and intrinsic elimination rates from
hepatocytes (equation 6).

CL1xf5Cox = CLyx fiCr + CL3fCo Q)
CL;, is the intrinsic clearance at x as in equation 7.

Vmax,3,x

CcL, = ——————
e Km,3 + ft Cl,x

(N
METHODS
Three different distribution patterns of the transporter and

the metabolizing enzyme activities from the input (periportal)
to the output (perivenous) regions of blood in the liver are
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Table 1. Reference Parameters for a Hypothetical Substrate
Q Vma.x. 1 K m CLd Vmax,} K, m3
ml/min  mg/min  mg/ml ml/min  mg/min mg/ml f f
10 10 1 0.01 10 10 1 1

described in Figure 1: a linear decrease (model 1), an even
distribution (model 2), and a linear increase (model 3). Possible
combinations of these three distribution patterns of the trans-
porter and the metabolizing enzyme (a total of 9 pairs) were
used for simulations.

The reference conditions (Table 1) and changes in parame-
ter values were designed such that uptake process of drug plays
an important role in determining clearance (CL) over a range
of steady-state input concentrations (C;p), and heterogeneous
distribution patterns of the transporter and metabolizing enzyme
activities can produce significant effects on drug disposition in
blood and hepatocytes. Q and CL, were kept constant at 10
ml/min and 0.01 ml/min, respectively.

The rate of drug disappearance in the sinusoid compart-
ment over an increment dx from x was numerically calculated,
using Euler’s method (23) with 500 iterative incremental steps
(dx = 1/500 of flow path). The hepatic clearance was estimated
using equation 8.

CL - QC.Y,O C.r,L (8)
C_v,O

The concentration gradient profiles of the drug in the
sinusoidal blood and hepatocyte compartments were simulated,
at a constant C;4 of 1 mg/ml. Cso of 1 mg/ml was chosen,
since at this concentration there were significant differences in
CL and concentration gradient profiles as a result of distribu-
tional heterogeneities in the transporter and the metabolizing
enzyme activities without significant saturation of the trans-
porter activity.

RESULTS
Effects of Changes in K,,; and V.3

Figure 2 demonstrates the changes in CL as a function of
C,o with a declining V,,, . and various distribution patterns

0 L 0 L 0 L
j
o

PP PV PP PV pp pv
Model 1 Model 2 Model 3

Fig. 1. Distribution patterns of the transporter and the metabolizing
enzyme activities along the sinusoidal flow path. In each model, V.
and V., are held constant, while the activities (y-axis) at different x
(x-axis) are varied along the sinusoidal blood flow path from input (0)
to output (L) in the liver; pp and pv represent the periportal and
perivenous regions, respectively.
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Fig. 2. Relationship between C, and CL with a linearly declining V..., ; . and various distribution
patterns of V,,,, 5 . at the reference conditions (Table 1, A), at 10 fold higher K, or V,.,., (B, C).
In this and subsequent figures, the units for X, and V,,,, are mg/ml and mg/min, respectively.

Of Vypar3.0 at different K, and V,,, . Significant changes in
CL were observed at different X,,; or V,,., (Fig. 2, B and C),
compared with that under the reference conditions (Fig. 2,
A), irrespective of zonal heterogeneities. A declining V.3
produced the highest CL, while an ascending V,,,, ;.. estimated
the lowest. The simulations of blood and hepatocyte concentra-
tion gradient profiles at C; g of 1 mg/m] along the length normal-
ized sinusoidal flow path are shown in Figure 3. The
concentration of drug in the sinusoid gradually declined along
the acinar pathway, with pronounced differences due to the
distribution patterns of V,,,, 5, when V. | . and CL, were much
larger than V,,,, 5 . and CL;. Significant accumulation of drug in
hepatocyte compared with in neighboring blood was observed.
There were also distinct differences in the tissue concentration
gradient profiles due to the distribution patterns of V,,;, 3 ,,. An
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Fig. 3. Sinusoidal blood and hepatocyte tissue concentration gradient
profiles along the length-normalized flow path for the conditions
described in the Figure 2 legend at C,y = 1 mg/ml.

opposite distribution pattern of V.1, t0 Ve 3, produced the
sharpest decline of tissue concentrations from the periportal
region across the acinus, while there was only a slight decrease
In tissue concentrations with the same distribution patterns of
Vimaxix and V.3 (Fig. 3, A and B) except at higher V,.,,
(Fig. 3, C). The evenly distributed V,,,.3, produced a tissue
drug concentration profile somewhere between the other two
conditions. These effects became less evident with an increasing
Vimax1» Where a significant drug accumulation in the periportal
region followed by a sharp decrease was seen with all three
distribution patterns of V., 3.,.

The differences in CL caused by the zonal heterogeneities
of Va3 were less evident with an evenly distributed V.. 1
(data not presented) than with a declining V.. Even if
the blood concentration gradient profiles had distinct shapes,
depending on distribution patterns of V,,,, ;,, the drug concen-
trations at the blood outlet were not different from one another.
In these simulations, in some cases, hepatocyte drug concentra-
tions increased along the flow path.

An ascending V., with a declining V,, 3, produced
the lowest CL estimates among the three different distribution
patterns of the metabolizing enzyme, although the differences
were small (Fig. 4). The blood concentration profiles did not
vary much except at higher V.., (Fig. 5). The tissue drug
concentration increased most dramatically within a short dis-
tance from the periportal region at ascending V, . ; cand V. 3 ..
The highest tissue accumulation at the perivenous region was
observed with a descending V,,,, 3, regardless of the magnitude
of CL Lo

Effects of Changes in K,,3 and V.. 3

There were no significant changes in CL by altering K, 3
or V.3, although the various distribution patterns of V4,3,
caused significant differences in CL, except at higher V,,,, 3, or
at evenly distributed V,,,,. 1 .. In general, altering V. 3, distribu-
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Fig. 4. Relationship between C,o and CL with a linearly increasing

Vimax,1» @and various distribution patterns of V.3, at the reference
values (A), at 10 fold higher K., ; or V... (B, C).

tion patterns produced similar effects on concentration gradient
profiles in tissue as those produced by altering the distribution
patterns of V. ., although blood concentration profiles were
different (data not presented).

Effects of Changes in f, and f;

Figure 6 illustrates the effects of f, and f, on CL, with
various V,,,. . distribution patterns and an evenly distributed
Vimarx At lower f,, a marked decrease in CL was seen (Fig.
6, B), whereas a decrease of f; did not affect CL (Fig. 6, C).
A decrease of f;, diminished the effects of the distribution pat-
terns of V ;.1 . on blood and tissue concentration gradient pro-
files (Fig. 7, B). A decrease of f; did not affect blood
concentrations but increased tissue concentrations (Fig. 7, C).
It is interesting to note that a 10 fold decrease in f, reduced
the tissue concentration more than 10 fold, compared with that
under reference conditions (Fig. 7, A), while changes in f;
produced the same magnitude of change in tissue concentra-
tions. This reflects the linear relationship between C,, and f; and
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0.0
0.0
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05 0.0 0.5 1.0

Sinusoid Hepatocyte
Length of sinusoid (/L)

Fig. 5. Sinusoidal blood and hepatocyte tissue concentration gradient
profiles along the length-normalized flow path for the conditions
described in the Figure 4 legend at C,y = 1 mg/ml.
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Fig. 6. Relationship between C;, and CL with various distribution

patterns of V,,,.,, and an evenly distributed V., 3, at the reference
conditions (A), at 10 fold lower f, or f; (B, C).

the exponential relationship between C; , and f, (see Appendix in
accompanying paper).

Comparison of CL Among Different Distribution
Patterns of V.1 and V0,3,

Figure 8 illustrates the relationships between C;, and CL
ratios obtained by normalizing CL estimates with the different
distribution patterns of V,,,,.,, and V,,,, 3,, by those obtained
with an evenly distributed V.3, under the reference condi-
tions. The same distribution patterns of V1. and Vi3,
produced the highest CL and the opposite ones showed the
lowest. With an evenly distributed V., ,, both declining and
ascending V.3 produced lower CL estimates than that with
an evenly distributed V5 ,. Relative CL differences among
various distribution patterns became more significant as Cq
increased.

DISCUSSION

The present simulations demonstrated that the spatial dis-
tribution heterogeneities of the sinusoidal membrane transporter
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Fig. 7. Sinusoidal blood and hepatocyte tissue concentration gradient
profiles along the length-normalized flow path for the conditions
described in the Figure 6 legend at C;q = 1 mg/ml.
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Fig. 8. Relationship between C;y and CL ratio: CL with different
distribution patterns of V,,.,, and V.3, was normalized by the
CL obtained with an evenly distributed V,,.,, using the reference
parameter values.

and the metabolizing enzyme (or hepatobiliary transporter)
could significantly affect CL, as well as substrate concentration
gradient profiles in the sinusoidal blood and hepatocytes. These
effects were dependent on the capacities and affinities of the
transporter and the metabolizing enzyme. These findings are
most relevant for our understanding of the hepatic disposition
and clearance of polar compounds, such as ionized organic
anions and cations, many of which undergo hepatic uptake and
hepatobiliary elimination by facilitated transport processes
(18,24).

Previous studies have demonstrated that in the absence of
a transport barrier, the distribution patterns of the metabolizing
enzyme along the sinusoidal flow path do not affect the overall
organ elimination of a substrate (25) under linear conditions.
However, in the presence of a diffusional barrier between blood
and hepatocytes, Sato et al. (15) found, also under linear condi-
tions, that the more skewed distribution of the metabolizing
enzyme produced the lower extraction ratio of drug. The present
simulation studies further investigated the effects of zonal heter-
ogeneities in transporter as well as metabolizing enzyme on
CL, assuming nonlinear conditions. An evenly distributed trans-
porter activity with decreasing or increasing metabolizing
enzyme distribution patterns along the sinusoidal flow path
produced a lower CL than that observed with an evenly distrib-
uted metabolizing enzyme activity (Fig. 8B). This is similar to
the findings of Sato et al. (15). However, when zonal heteroge-
neities occurred in both transporter and metabolizing enzyme
activities, the same distribution patterns of transporter and
metabolizing enzyme activities produced the highest CL esti-
mates, while the opposite patterns produced the lowest estimates
(Fig. 8A, C). Interestingly, the effects of zonal heterogeneities
in both processes on CL were not significant at the low input
concentrations, regardless of distribution patterns, indicating
that the magnitude of the effects of zonal heterogeneities of
transporter and/or metabolizing enzyme on CL can be concen-
tration-dependent as well.

Simulation studies on the effects of diffusional clearance
on blood and tissue concentration profiles of drug under linear
conditions assuming no protein binding to blood and tissue
components (26,27), suggested that with an evenly distributed
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metabolizing enzyme activity, tissue concentrations will always
be lower than or at best close to blood concentrations at any
point along the sinusoidal flow path. However, multiple indica-
tor dilution studies on the hepatic transport of rubidium (28)
indicated that the drug accumulated in hepatocytes against its
concentration gradient, when the uptake rate constant of the
substrate was greater than the efflux rate constant. The present
simulations demonstrated that the tissue concentrations of drugs
could be much higher than those in the neighboring sinusoidal
blood as a result of a facilitated transport system. Interestingly,
tissue concentration gradient profiles under the present condi-
tions were very similar to the transporter distribution patterns
(Figures 3 and 5), except in the case of an evenly distributed
transporter; in the case of evenly distributed transport activities,
the metabolizing enzyme distribution affected the localization
of drug within hepatocytes.

The changes in tissue binding significantly affected the
extent of drug accumulation in hepatocyte without altering
clearance or concentration gradient profiles in the sinusoid,
which agrees with previous simulations (26). Gumucio et al.
(29) have examined the effects of blood albumin on the concen-
tration of sulfobromophthalein (BSP) within hepatocytes of
each acinar zone after a steady state infusion of BSP in rats.
They found that BSP, perfused in the absence of albumin,
generated distinct profiles of decreasing cellular concentrations
from the periportal to the perivenous region; however, the addi-
tion of albumin in the perfusate significantly reduced the extrac-
tion ratio and distributed BSP more homogeneously throughout
the acinus. The studies on the effects of blood protein binding
(Figures 6 and 7) demonstrated that the extent of drug bound
to blood components can affect not only the clearance, but
also the zonal concentration gradient profiles of drug within
hepatocytes. Since the present model assumes a constant f;, and
f: throughout the liver, further development of the model is
needed to address the effects of nonlinear protein binding (30)
in blood and/or tissue, in the presence of zonal heterogeneity
of the capacity-limited transporter and metabolizing enzyme.

In conclusion, this simulation study has demonstrated that
1) zonal differences in the transporter and/or the metabolizing
enzyme distribution patterns have significant effects on CL, and
on blood and tissue concentration profiles, 2) the significance of
the effects of zonal heterogeneities in the transporter and the
metabolizing enzyme activities is dependent on the Michaelis-
Menten parameters for those nonlinear processes, and 3) the
extent of protein binding of drugs to blood or tissue components
can significantly affect CL and/or the zonal concentration gradi-
ent profiles of drugs in the sinusoidal blood and/or hepatocytes.
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