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Abstract. There is considerable interest in developing methods to predict the asymmetric
distribution of unbound drug into tissues. The liver is of particular interest due to the
multitude of expressed transporters with potential implications for pharmacokinetics,
pharmacodynamics, and toxicology. Empirical correlations of in vitro unbound
hepatocyte-to-media partition coefficient (in vitro Kp,,) and in vivo unbound liver-to-
plasma partition coefficient (in vivo K,,,) have been reported without considering the
theoretical aspects which might confound the interpretation of such observations. To
understand the theoretical basis for the translation of K, between in vitro and in vivo
systems, we simulated in vitro hepatocyte and in vivo liver K, values using mechanistic
mathematical models of these systems. Theoretical comparisons of steady-state Kpuu
between in vitro and in vivo systems were performed using liver models which assumed a
number of segments ranging from one (i.e., a permeability-limited well-stirred model) to
infinity (i.e., a permeability-limited parallel tube model). Using a five-segment model, the
effect of zonal differences in metabolism was also explored in this context. The results across
the range of examined models indicated that theoretical differences between in vitro and
in vivo Ky, estimates exist and are expected to increase with an increasing degree of
extraction across the liver. However, differences were relatively small using what is perhaps
the most physiologically relevant, permeability-limited parallel tube model, suggesting that
direct correlations are reasonably valid and that the permeability-limited parallel tube
model is perhaps the most appropriate physiologically based pharmacokinetic (PBPK)
construct for supporting studies of this nature.

KEY WORDS: extended clearance model; five-compartment model; IVIVE; K,,,,; parallel tube model.

INTRODUCTION

Liver-to-plasma unbound partition coefficient (Kpuy)
provides useful information regarding the unbound drug
concentration ratio between the liver and the plasma and is
important for quantitative prediction of efficacy and toxicity
of intracellular targets. For drugs that are substrates of active
uptake transporters, intracellular unbound drug concentra-
tions may be higher than those in the plasma; so unbound
plasma concentrations may lead to an underestimation of the
potential for efficacy and toxicity in the liver. In contrast,

Electronic supplementary material The online version of this article
(https://doi.org/10.1208/s12248-019-0314-1) contains supplementary
material, which is available to authorized users.

!'Medicine Design Modeling and Simulation, Pfizer Inc., 1 Portland
St. Pfizer, Cambridge, Massachusetts 02139, USA.

2Pharmacokinetics, Dynamics and Metabolism, Pfizer Inc., Groton,
Connecticut, USA.

3To whom correspondence should be addressed. (e-mail:
zhenhong.li@pfizer.com)

» aaps

intracellular unbound drug concentrations may be lower than
those in the plasma for efflux transporter substrates, so that
unbound plasma drug concentrations can overestimate liver
efficacy and toxicity.

For these reasons, a number of in vitro assays have
been developed to estimate the hepatocyte Kyyuin vitro
including the binding method (1-3), temperature method
(4), and the kinetic method (5). Recently, we reported an
in vitro-in vivo correlation (IVIVE) for liver-to-plasma K,
for a small number of compounds along the line of unity
using cryopreserved suspension rat or human hepatocytes
from multiple donors in the presence of 4% BSA (3), which
infers that the drug-metabolizing enzymes and transporters
are functioning at levels consistent with those in vivo. Of
course, the broader predictive utility of such systems and
strength of such associated physiological and mechanistic
inference depend upon the assumed theoretical translatabil-
ity between in vitro and in vivo systems. Theoretical issues
relating to differing conditions at the time of sampling (e.g.,
steady state vs. pseudo-steady state), differing sites of
sampling (e.g., systemic vs. hepatic blood), differing dosing
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routes (e.g., IV vs. PO), and differing physiological pro-
cesses between systems (e.g., enterohepatic recirculation)
may challenge the validity of conclusions derived from such
empirical correlations and erode confidence in the general
predictive utility of in vitro systems.

To understand the theoretical basis for the direct Ky,
translation, we utilized several common physiologically based
pharmacokinetic (PBPK) models of in vitro (Fig. 1a) and
in vivo (Fig. 1b, c) systems. For the liver, model structures
employed a number of permeability-limited liver segments
(Fig. 1c), with each further split into one liver tissue and one
liver blood sub-compartment (Fig. 1b). The number of liver
segments ranges from one to infinity (essentially a
permeability-limited parallel tube model). Formulas that
translate K, from in vitro to in vivo were derived from
each model, and simulations were performed to evaluate such
correlations over a range of hepatic extraction ratios (ER). In
addition, the impact of zonation in metabolic clearance was
examined. The results are shown to be consistent with
previous publications and provide theoretically based insight
into the validity and limitations of empirical in vitro-in vivo
Ky correlations.

METHODS

To compare mathematical expressions of in vitro and
in vivo Ky, we assumed that all the transporters, enzymes,
and passive permeation processes in the in vitro assay were
maintained well through the incubation time (6) and
functioning at the same rates as those in vivo. As such, after
being scaled to the number of hepatocytes, passive perme-
ation into hepatocytes (CL,,), passive permeation out of
hepatocytes (CL, ,u), active uptake into hepatocytes
(CLyp), efflux out of hepatocytes (CL.), biliary clearance
(CLy;j), and metabolic clearance (CLy,e) in the in vitro and
in vivo systems are all the same with a unit of microliters per
minute per million hepatocytes. Although it is quite contro-
versial if transporters and enzymes in vitro operate as
efficiently as in vivo (7-14), this is a necessary hypothesis to
simplify the question and allow us to examine the theoretical
discrepancy between in vitro and in vivo K,,. In addition,
clearance rates in all equations mentioned above and in the
following are based on unbound drug concentrations.

Derivation of a Mathematical Expression for In Vitro K,

The equation of in vitro K, was derived under the
assay conditions using suspension hepatocytes. Details of this
assay have been published previously (3). In summary, 0.5
million cryopreserved suspension hepatocytes were incubated
with 1 pM test compound in 1 mL InVitroGRO HI media
supplemented with 4% BSA for 4 h to achieve steady state.
The total extracellular concentration (C..), total intracellular
concentration (C;.), and fraction of unbound drugs in cells
(fuic) and in media (f,,c.) Were measured (2) to calculate free
drug concentrations in hepatocytes and media, from which
in vitro K, was obtained (Eq. 1).

Cic X fu‘ic

Cee X fuec @

Kpuu‘invitro =
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In the assay (Fig. la), compounds enter hepatocytes
through both passive permeation and active transport,
which are also the two mechanisms for compounds leaving
the cells. However, the passive permeation and active
transport from media to cells could be different than
those from cells to media. As a result, processes of CL i,
CLpout> CLyp, CLegr, CLpj, and CLy,e; were included in
Egs. 2 and 3 to describe the kinetics of C.. and C;.. Bile
canaliculi were not present in the in vitro assay; however,
both biliary and basolateral efflux transporters were
assumed to function as those in vivo with drug returned
to the media through CL.& and CLy; rather than being
eliminated. In addition, CL,,., was assumed to occur only
intracellularly.

d V
% = (CLypout + CLett + CLui) X Cic

X fu,ic_(CLPvi" + CL“P) x Cec X fu,ec (2)
dCic x V¢

dt = (CLp,in + CLup) X Cec

X fu_,ecf(CLp‘out + CLmet + CLbil + CLeff)
X Cie X fuje (3)

In Egs. 2 and 3, V,, and V. represent the volumes of
media and cells, respectively. If CL. is not zero, this
system can only produce a pseudo-steady-state (PSS)
condition when in vitro Ky, was obtained. Under the PSS
condition, both C;. and C,. decline with the same first-order
rate constant (kqcg), yielding a constant ratio of their
concentrations that is then converted to in vitro Ky, after
fuic and f, ¢ being considered (Eq. 1). The determinants of
this measurement are unclear and likely to differ from that
previously published under the assumption of a true steady
state (TSS) condition (2) (Eq. 4).

CLpiin + CLup
CLp,out + CLbil + CLeff + CLmet

Kpuu,invitra, TSS —

To better understand the potential difference between
the TSS and PSS Ky, in viro» We developed a mathematical
expression of the PSS Ky, in viro,» Which also facilitates a
better understanding of the theoretical translatability of this
in vitro measurement.

In the first step, we defined the rate of change of the total
amount of drug within the system via the summation of Egs. 2
and 3 (Eq. 5), leading to an algebraic representation of kg,
(Eq. 6). Likewise, under PSS conditions, Eq. 3 can be
rewritten to Eq. 7, using kgcg to formulate the rate of change
in total intracellular amount. Equation 8 is then derived to
represent the measured PSS Ky, in virro that equals Eq. 1.
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a A conceptual model of the in vitro system to derive the equation of in vitro K,

Drug
CLyin + CLyy

p, nvitre CLp,out + CLypet + CLpy +CL€ff

Drug
4
(0]

b Details of one liver segment coded in the model to derive the equation of in vivo K,

Liv, 9 Liv,: liver tissue;
Livy: liver blood
F;,: blood flow through the liver
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C A conceptual model that contains ‘n’ live segments to derive the equation of in vivo K,
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Fig. 1. Conceptual models and derived equations for Kp,, calculation. a Equation derivation for in vitro Kyy,. b Equation
derivation for in vivo Kpyyapp using well-stirred model. ¢ Equation derivation for in vivo Kpyyapp using five-compartment
model

Fiyy

Qh
CLmet + CLpy <K
n

)n

puu,invitro X fu,p

Ryp

d \% d(C; V. CLpin + CLy
(Cecdx m) + (Clcdx c) — —CLyet X Cie X fu‘ic Kpuu‘irwitm _ P p V-
t t ' CLp‘oul + CLmet + CLbil + CLelekdeg X fi
= —Kueg X (Cee X Vin + Cie X V) (5)
CLpjn + CLyp
. 1
CL, out + CLpj1 + CLeggr + CLppe m u,ic
k o Cme[ X Cic X fu,ic _ CLmet e " ! v (Kpuulinvilm * “//c * ;uvec - 1)
deg (Cec X Vin + Cic x Vo) Cec X Vi N V. (8)
Cic x fu,ic fu,ic
= CLmet (6) As a result, the difference between the PSS (Eq. 8) and
Vi n V. the TSS (Eq. 4) Kyuu, in vio depends upon the value of the
Kpuu,imiro X fuee  fuic expression within the brackets. As the value of this expres-

sion approaches 1, the PSS Kpuy, in virro Will approximate the

value of TSS Ki,uu, in virro- In order to appreciate the degree of

difference, one can consider typical values for the parameters

in the brackets. The ratio of Vy, to V. is assay dependent and

~kdeg X Cic X Ve = (CLpin + CLyp) X Cec approximately 700:1 fgr all compouqu (ie., 0.:5 million
hepatocytes suspended in 1 mL of media). The ratio of f;, i

x f u,ec_(CLp‘out + CLet + CLpit + CLeff) to fu ec i typically >1 (since 4% BSA was added to the
media in our studies). As a result, the effect of the term is

X Cie X fyje negligible even when PSS K,y in virro is as high as 100 (i.e., a
(7)  value higher than observed to date in our experience).



43 Page 4 of 11

Another consideration is that, given its value is always <1,
the expression within the brackets of Eq. 8 has negligible
influence when CL,¢¢ << [CL;, ou¢ + CLyii + CLeg], an assump-
tion that is often made in determining intrinsic metabolic
clearance rates in hepatocytes (i.e., the rate of clearance is
metabolic rate limited, not permeability limited). To further
explore this relationship, we also used Eqgs. 2 and 3 to
generate simulations comparing TSS and PSS Kuu, in vitro
under a wide range of substrate depletion conditions
(Supplementary Information 1). Based on these observations,
hepatocyte measures of PSS Kp,uyu, in viro (Egs. 1 and 8) were
assumed to adequately represent the TSS Kpuy, in viro (EQ. 4)
for this investigation.

Derivation of Mathematical Expressions for In Vivo K,

The equation of in vivo Ky, was derived based on
conditions of an IV infusion to steady state. The in vivo Ky
was estimated as a ratio of two in vivo measurements, which
are unbound drug concentrations in the liver tissue (Cy. )
and the systemic plasma (Csp, ) (Eq. 9). The fraction of
unbound drugs in the liver (f, ) and in the plasma (f, ) was
measured to convert total concentrations to the unbound
concentrations.

ClLu _
CSPaU

Ciee X fun
Copr X f, up

©)

Kpuu,invivo =

The model used to derive the equation of in vivo Ky, is
a PBPK model that contains “n” permeability-limited liver
segments, with each segment being further split into one liver
tissue and one liver blood sub-compartment (Fig. 1b, c). The
“n” segments represent the sequentially ordered hepatocytes
in hepatic lobules, the basic building units of the liver
composed of hepatocytes radiating outward from the central
vein to the peri-portal region (15,16). Drugs are carried into
the liver through the hepatic arterioles and the portal venules
and then partition between liver blood and hepatocytes in
each of the segments sequentially. The equation of in vivo
Ky was derived by examining passive permeation, active
transport, and clearance rates in each segment.

The major assumption of this model and the correspond-
ing derivation is that all the liver segments are equal in
volume, blood flow, passive permeation, active transport, and
clearance rates. Consequently, the in vivo observed ER is a
result of a sequential extraction by the “n” liver segments.
Secondly, we assumed that the measured unbound drug
concentration in the liver is an average of unbound drug
concentrations in the “n” liver segments (Cy,  ;, i=1, 2+n)
(Eq. 10). This is a reasonable assumption, because samples of
the liver tissue typically are big enough to contain all
hepatocytes that form a hepatic lobule (e.g., a hexagonal-
shaped liver lobule is only about 1 mm in length (15). In
addition, we did not consider enterohepatic recirculation
(EHR) that may happen for biliary excreted drugs. Instead,
we assumed that bile ducts functioned as a sink and drugs
were eliminated once secreted, comparable to the conditions
in the in vitro assay.
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Clt‘u — Z?:l CltAu,i 7
n

Based on this model, drug partition happens between the
blood and the tissue sub-compartments within each liver
segment. Equations 11 and 12 show the kinetics of drugs in
liver tissue and liver blood sub-compartments of segment 1.
At steady state, both Egs. 11 and 12 equal 0. When Eq. 11
equals 0, the ratio between Cy , 1 (i.e., Cy, 1 % fiu, 1r) and the
unbound drug concentration in the liver plasma (Ci, y, 1, Le.,

Civ 1 X fup
Ryp

represents the drug blood-to-plasma ratio and Cip, ¢ 1
represents the total drug concentration in the liver blood
sub-compartment of segment 1. Since each item of Eq. 13 is a
function of the segment size, the effect of segment size is
canceled out when the ratio is calculated. It is obvious that
Egs. 4 and 13 share the same mathematic formula, and the
ratio of liver-to-plasma free drug concentrations in the
segment equals the TSS in vitro K., (Eq. 4), because it is
assumed that all passive permeation, active transport, and
clearance rates per million hepatocytes are the same in vitro
and in vivo.

i=1,2,3,~n (number of segments) (10)

) of segment 1 can be derived (Eq. 13), where Ry,

dCy1 x Vi
dt

Civoia X fup

= (CLpjin1 + CLuyp1) % Rop

~(CLpout1 + CLmet1 + CLyit1 4+ CLefr1) X Cigt X fu
(11)

dCry1 X Vi1

dt = Qh x Csb‘t_(CLp,inJ + CLup,l)

Clb,t,] X fu,p
>< .
Ryp

X Cigq X fu—Qh x Cip i1

+ (CLpout1 + CLett1)

ClLu,l _ CLp,inJ + CLup,l
Cipu1  CLpoutt + CLiet1 + CLpig + CLegr 1

_ CLp,in + CLup
CLp,out + CLmet + CLbil + CLeff

= Kpuu.invizru.TSS (13)

When the sum of Egs. 11 and 12 equals 0, it gives the
ratio of the total drug concentration in liver blood of segment
1 to that in the systemic blood (Eq. 14), which is essentially (1
—ERy).

1-ER, — Civt1
sb,t
h
_ Q (14)
(CLmet,l + CLbil,l) X Kpuu,invitro X fu,p
OQh + R
bp
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Based on the assumption that each segment of the liver
has the same passive and active uptake, passive and active
efflux, as well as the same metabolic and biliary clearance
rates, Egs. 11 to 14 can be applied to liver segments 2 to n.
The derivation suggests that ER; (i=2, 3...n) = Eg,, = ERy.
The Cy, o, ; in each segment can then be calculated using
ERyyp, (Egs. 15 and 16). By substituting the unbound liver
plasma drug concentrations, Eq. 17 can be derived to
calculate the unbound drug concentrations in liver plasma
that leave the liver and enter the venous pool. Equation 18
then solves the relationship between the ER and E,, and
the unbound drug concentrations in liver plasma of segment i
can be described as a function of those in systemic plasma
using a general equation (Eq. 19).

Cipu1 = Cpu x (1-ERy) (15)
Cipui = Cipui1 X (1-ER;), i=2-n (16)
Cipun = Copu X (1=Egp)" = Copu x (1-ER) (17)
(1-Ewp)" = (1-ER) (18)
Cipus = Cpu x (Y/TER)) s i=1om (19)

Since it is assumed that each segment has the same
passive permeation, active transport, and clearance rates,
each liver segment shares the same liver-to-plasma free drug
concentration ratio (Eq. 20). It is obvious that the right side
of Eq. 20 is the same as that in Eqs. 4 and 13, identical to TSS
in vitro K. As a result, the unbound liver tissue concentra-
tion can be described using Eq. 21.

Citu1 _ Ciu2 _ Ciyu,i
Cpui  Cpuz Cipui
CLpin + CLyp

- =K invitro 20
CLpout + CLet + CLpjg + CLegp - PUumiroTss (20)

Clt,u,i = Clp,u,i X Kpuujnvitro i=1-n (21)

The in vivo Ky, can then be represented using Eq. 22 as
a function of in vitro K. By substituting Eq. 19 into Eq. 22,
the formula is further simplified to Eq. 23. In Eq. 23, the term
in the brackets can be viewed as a correction factor (CF) that
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translates Kpuuin vitro t0 Kpuu,in vive- The CF is a function of
ER as well as “n,” the number of liver segments coded in the
model. If ER is zero (ie., the liver does not serve as an
elimination organ), CF equals one regardless of the value of
n. When ER is non-zero and n approaches infinity (e.g.,
similar to parallel tube model but considers the asymmetric
drug distribution into the hepatocytes), the limit of CF can be
derived in Eq. 24 using MATLAB® R2017b.

K o Clt,u _ Z?:lclt,uﬁi
puu,invivo — - ~
Copu nxCspu
z’:lzlclpJ.li
=K uu,invitro = 22
poimr ¢ LG 22)
s (¢/d-ER))’
Kpuu,inviva = Kpuu,invitro X {% (23)
-ER
Kpuinvivo = K invitro T o1 D 24
put puuinvitro X [Ln(l—ER)} (24)

To better understand how ER and “n” coded in the
model affect the value of CF, simulations were conducted in
MATLAB® R2017b by varying » from one to infinity and ER
from 0 to 0.999.

Prediction of In Vivo K,,,, Using In Vitro K, and In Vivo
ER from Literature

To examine the predictive power of the equations, we
applied the derived Eq. 24 to reported literature information
regarding the observed in vitro and in vivo Ky, for nine
compounds in rats and two compounds in humans (2,3). For
each compound, ER was either obtained from literature or
calculated based upon in vivo hepatic clearance from
publication. The reported in vitro Ky, and in vivo ER were
inserted into Eq. 24 to predict in vivo K, which were then
used to compare to the reported in vivo K, measurements.

Derivation of Mathematical Expressions for ER

As CF is a function of ER, we further derived equations
to calculate ER from in vitro data, with the same “n”-segment
liver model used to derive the Kp,,, equations. By cominbing
Egs. 14 and 18, ER can be expressed as shown in Eq. 25,
where CL,,; and CLy; refer to the metabolic and biliary
clearance rates for the whole liver. For example, if the in vitro
metabolic rate is measured in units of microliter per minute
per million hepatocytes, the CL,.; for a whole liver can be
calculated by multiplying the in vitro rate with the total
number of hepatocytes in the liver. Since “n” represents the
number of segments coded in the model, in each segment, the
metabolic clearance will be CLn"‘e‘. Further, the same holds for

CLyi. When “n” approaches oo, the model performs similarly
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to a parallel tube model but considers the asymmetric drug
distribution in the liver tissue, and the limit can be solved in
MATLAB® R2017b, which is an exponential function as
shown in Eq. 26. The difference between this formula and the
one from traditional parallel tube model is that Eq. 26
considers the potential of asymmetric intracellular drug
concentrations using Kpyy.

Qh

ER = 1- e (25)
%XK uu invitro X [y,
Qh + o .
(CLmet + CLbil) X Kpuu.invitro X fu >
ER = 1-exp| - ' P 26
o e (26)

Apparently, ER is also a function of “n,” the number of
liver segments coded in the model. To better understand how
“n” (i.e., different liver models) affects ER estimation,
simulations were conducted in MATLAB® R2017b by
varying n from one to infinity. Since the purpose of this
simulation is to explore the effect of “n,” the clearance
parameters (CLye+ CLyi) and Kpuyin viro Were lumped as
one (essentially intrinsic clearance rate). In addition, both the
values of f,, and Ry, were fixed to one for simplicity.

Effects of Zonal Distribution of Liver Enzymes on In Vivo
Kpuu

The above derivations were based upon an assumption
that all the liver segments function equally. However, major
drug metabolism enzymes like UGTs and CYPs have been
reported to locate mainly at the peri-venous region around
the central venin (16). To explore how assumptions of this
nature affect in vivo K, and ER estimation, we coded a five-
segment liver model (7,8) in MATLAB® R2017 b and
simulated the effect by assuming metabolic enzymes are (1)
mainly at the peri-portal region, (2) evenly distributed, and
(3) mainly at the peri-venous region. All three conditions
were simulated for two cases: (1) CLy. being a small
contributor to in vitro Ky, and (2) CLpe being a big
contributor of in vitro Kpy,. All the model parameters used
in these simulations are listed in Table I, where CL;, and
CL; out were assumed to have the same value. In
Supplementary Information 2, we repeated the simulation of
the two cases by assigning CL,,;, to a value that equals 5- or
0.2-fold of CL,, o to explore potential effects.

RESULTS

Simulation Results of the CF as a Function of both ER and
“n” Coded in the Model

The simulation results of CF as a function of ER and “n”
are presented in Fig. 2a. As previously illustrated, when ER is
zero (i.e., the liver does not serve as the clearance organ), no
matter how many liver segments were coded in the model, the
CF equals one (i.e., in vitro K, = in vivo Kp,,,). However, as
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long as ER is a non-zero, CF is a function of both ER and
“n.” When ER is low, CF is relatively insensitive to the value
of “n” (e.g., 0.95-0.97 when ER =0.05). At the other extreme,
CF is highly sensitive to “n” when ER is very high (e.g., 0.01-
0.21 when ER=0.99). However, the practical relevance of
this observation is likely to be limited, because the K, for
compounds with such a high ER are rarely examined since
they are unlikely to advance along the drug discovery
pipeline. At moderate ER values, CF is modestly sensitive
to n (e.g., 0.5-0.72, when ER =0.5). Given that the CF is
within twofold of unity over much of the moderate ER range,
it is unlikely to seriously confound the direct correlation
between in vitro and in vivo Kpy,.

Simulation Results of the ER as a Function of “n” Coded in
the Model

The effects on ER prediction by the number of liver
segments coded in the model are presented in Fig. 2b. When
intrinsic clearance rate (i.e., (CLmet+ CLpit) X Kpuujin virro) 18
low (e.g., <10 mL/min/kg), the ER prediction is not sensitive
to the number of liver segments. However, the sensitivity
increases with the increasing intrinsic clearance rate, and the
maximal sensitivity shows up when intrinsic clearance rate is
around 50 to 100 mL/min/kg. After that, the sensitivity
decreased again. This is because the maximal prediction of
ER approaches a value of one for all models when intrinsic
clearance rate is high enough.

Comparison of Predicted and Observed In Vivo K,

The predicted in vivo Ky, using models that contain 1,
5, or an infinite number of liver segments were summarized in
Table II. When ER is high, the results from models that
contain a higher number of liver segments (e.g., infinity) are
more consistent with previous reports that demonstrate a
good IVIVE (2,3). The three compounds from Riccardi et al.
(2) are metabolically stable with low ER, leading to a
successful translation no matter how many liver segments
were coded. Riccardi et al. (3) evaluated the translation of
Ky from in vitro to in vivo in both human and rats. In
human, the hepatic ER of rosuvastatin and pravastatin were
reported in a range from 0.3 to 0.6 (19,20), indicating a
negligible CF in the context of the experimental variability.
Based upon the total plasma clearance calculation, three out
of six compounds (cerivastatin, fluvastatin, and PF-04991532)
evaluated in Riccardi et al. have hepatic ER less than 0.3 in
rats (e.g., total plasma clearance less than 1/3 of hepatic
plasma flow), leading to a negligible CF. Pravastatin has a
hepatic ER of 0.7 in rats (21), with which the one-segment
liver model predicts a CF of 0.3 and the infinite-segment liver
model predicts a CF about 0.6 (a twofold difference between
the two models). Rosuvastatin has a hepatic ER ranging from
0.42 (22) to 0.93 in rats (23). With this degree of extraction,
the one-segment liver model predicts a CF of 0.07 to 0.58,
while the infinite-segment liver model predicts a CF around
0.35 to 0.77 (a fivefold difference between the two models if
ER is 0.93). The compound, PF-05187965, has a very high
blood clearance, greater than the hepatic blood flow in rats
(0.29 mL/s), an observation that confounds the current
analysis to some degree. However, according to the infinite-
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Table I. Parameters Used in the Five-Compartment Model to Simulate the Effects of Enzyme Zonation

Parameter Symbols Values 1° Values 2° Units Reference
Hepatic blood flow Oh 25 25 mL/min/kg (7,8)

Systemic total blood concentration Copy 1 1 uM Fixed as IV infusion
Passive permeation clearance into the liver CLpin 50 5 mL/min/kg (7,8)

Passive permeation clearance out the liver CL; out 50 5 mL/min/kg (7,8)

Active uptake clearance into the liver CLyp 2000 200 mL/min/kg (7.8)

Active efflux clearance out the liver CLft 50 5 mL/min/kg (7.8)

Total metabolic clearance CL et 10 100 mL/min/kg (7,8)

Ratio of CLy; among compartments Faige 1 1 - Varied [0.25, 1, 4]
Fraction of unbound in the plasma fup 1 1 - Assumed
Fraction of unbound in the liver fun 1 1 - Assumed

Blood plasma ratio Ry, 1 1 - Assumed

Volume of liver blood Vib 0.33 0.33 L (7,8)

Volume of liver tissue Vie 1.8 1.8 L (7,8)

In vitro Ky, - 18.6 1.86 - Calculated

Total intrinsic clearance CLin¢ 186 186 mL/min/kg Calculated

“Values of parameter set 1 that defines the CLy,e as 10 mL/min/kg and the in vitro Ky, as 18.6. The simulation results from these parameter

values are presented in Fig. 3a—c

b Values of parameter set 2 that defines the CLy,; as 100 mL/min/kg and the in vitro Ky, as 1.86. The simulation results from these parameter

values are presented in Fig. 3d—f

segment liver model, the CF is only 0.22 even if the ER is as
high as 0.99; in contrast, a one-segment liver model predicts a
CF of 0.01 (a 22-fold difference between the two models).
Here, it is interesting to note that the reported in vitro K, of
this compound was greater than that of the in vivo measure-
ment (i.e., 42 vs 2.4), directionly consistent with the model
prediction.

Simulation of the Effects on K, Translation by Metabolic
Zonation in the Liver Segments

To simplify the equation derivations, we assumed that all
liver segments in the model functioned equally with the same
Equp- This hypothesis has been used in literature for five-liver-
segment PBPK models as well as the traditional parallel tube
models (7,8,18). However, depending on the enzymes, some
demonstrate a zonal distribution. For example, it has been
reported that CYP and glucuronidation, two major drug-
metabolizing enzymes, are mainly in the peri-venous region
around the central vein (16).

The effects of zonal distribution of metabolic enzymes
were explored by simulating the five-liver-segment model,
and the results indicate that the in vitro K, can better
represent in vivo K, (Fig. 3a—c) when the clearance mainly
distributes at the peri-venous region, when CL,, is not the
determining factor of in vitro Kpy,. This is not surprising
when the drug concentration in the liver plasma sub-
compartment (Cy,,) is considered. Figure 3a shows an
immediate drop of Cyp, when intrinsic clearance was mainly
at the peri-portal region. In contrast, Cy,, was maintained at
a high level similar to that in the systemic circulation until the
drug reached the metabolic enzyme at the peri-venous region
(Fig. 3c). Since in vivo Ky, is the ratio between Cy, and Cp
and in vitro Ky, is closer to the ratio of Cyy and Cyp, it is
not surprising to see that in vitro Ky, represents in vivo Ky,
better when Ci,, is closer to Cs,, (ie., clearance mainly
occurs around the central vein). When metabolic clearance is

a big contributor of in vitro K, the values of in vitro Ky,
should be relatively low since drugs that distribute into the
tissue are cleared fast and cannot accumulate. Under such
conditions, the simulated in vivo Ky, is a result of interplay
between the plasma-tissue partition and the CLy (Fig. 3d
—f). With the current parameterization, the in vivo K, was
predicted to be greater than one only when enzymes are
mainly located at the peri-venous region (Fig. 3f), comparable
to the in vitro Ky, (4.6 vs 1.86). Changing the ratio between
CL,;n and CL, oy values did not change the above observa-
tions and conclusions (Supplementary Information 2).

DISCUSSION

Hypothesis About Enzyme and Transporter Activities in the
In Vitro System

To explore the theoretical basis for direct translation of
Ky from in vitro to in vivo, we made a hypothesis that all
the hepatic enzymes and transporters in the in vitro system
were functioning the same as those in vivo. The hypothesis is
based upon experimental data obtained under our assay
conditions (e.g., 4% BSA in InVitroGRO HI media), which
showed a strong in vitro and in vivo correlation of liver Ky,
(2,3,24). This suggests that the in vitro system is likely to
function similarly to in vivo in terms of drug-metabolic
enzymes and transporters. It is important to note that
in vitro assay conditions are critical to assess in vivo
performance. Certain conditions, such as plated hepatocytes
without BSA or plasma, tend to under-predict in vivo OATP
transport and metabolic functions, leading to the necessity of
using empirical scaling factors (7).

The CF derived in this study reflects the theoretical
differences between in vitro and in vivo measured Kpy, (i.e., if
the same parameters were measured in vitro and in vivo),
while it does not account for potential differences in enzyme
and/or transporter activities. Empirical scaling factors (7,8)



43 Page 8 of 11

1 v v T T T ]
. a
[V
o,
_§ 0.1 —n=1 4
E —n=2 \
c n=>5 |
2 001f —n=15
[&]
) n =100
o n = infinity
(&}
0.001 F — ER=0.99 ]
0 0.2 0.4 0.6 0.8 1
Hepatic Extraction Ratio (ER)
1 .
N b
& osf
§e]
©
@ 06 -
pt —n=1
9 —n=2
©S  04°t n=5
g —n=15
ﬁ n =100
027 n = infinity
10° 10° 102 10°

(CLmet + CLbil) x Kpuu (mL/min/Kg)

Fig. 2. Simulation results of CF as a function of both ER and “n,” the
number of liver segments coded in the model. When ER is low, CF is not
sensitive to “n”; however, the sensitivity increases with increasing ER.
When ER is 0.99, the model with one liver segment predicts a CF of 0.01;
in contrast, the model with 100 or infinity number of liver segments
predicts a CF of 0.21. Majority PBPK models contain only one liver
segment, including the extended clearance model (17). The
permeability-limited five-liver-segment PBPK model has also been used
in the industry (7,8). The traditional parallel tube model treats the liver
as a tube that essentially contains infinity number of liver segments (18)
but does not consider the asymmetric drug distribution in the liver tissue.
We updated the parallel tube model to include this feature in this study
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typically either refer to the differences in enzyme/transporter
activities or lump all the differences between in vitro and
in vivo systems together in a composite value.

From another side, our simulation results indicate that
there should be some room to further improve our in vitro
K, assay, that is, hepatic enzyme and/or transporter
activities might be further optimized. According to the
models, the in vitro measured Ky, should always be equal
to (e.g., the liver does not serve as an elimination organ) or
great than (e.g., the liver serves as an elimination organ) the
in vivo Kpy, if all passive permeation, active transport, and
clearance rates are the same in vitro and in vivo. This is
because (1) Eq. 8 will always be > Eq. 4, although we have
proved that the values of Egs. 8 and 4 are very close and, (2)
in Eq. 23, the CF converting the in vitro K, to the in vivo is
always > 1. However, the majority of the compounds listed in
Table II have measured in vitro K, values smaller than
those measured in vivo. After applying Eqs. 23 and 24, the
predicted in vivo K, values are even smaller. For example,
rosuvastatin had a measured in vitro Ky, of 35 in rats; the
predicted in vivo K, ranged from 12 to 27 using the updated
parallel tube model and even smaller values using the models
with 1 or 5 liver segments. Compared to the measured in vivo
Kpuu of 57, the measured in vitro K, seems more accurate
but is still lower than the in vivo measurement.

Limitations of the Current Analysis

When it comes to more complicated research topics, e.g.,
non-steady-state tissue-to-plasma concentration ratio, a full
PBPK model should be a better way to simulate the effects,
other than algebraic equations derived at TSS in vivo or PSS
in vitro in this analysis. In reality, most pharmaceuticals are
dosed as either IV or PO boluses rather than IV infusion. The
time-dependent profile of the non-steady-state tissue-to-
plasma concentration ratio is more useful than steady-state
Kpuu to predict the downstream efficacy or toxicity.

Table II. Comparison of Model-Predicted In Vivo K, to the Observations

Compounds Observed Observed in vivo ER? Observed in vivo Kpu,* Predicted in vivo Kpuu"
in vitro Kpu"
Number of liver segments
Infinity 5 1
Rats
PF-06649298 14+2.6 Minimal 16+1.3 14 14 14
PF-06649297 05+0.2 Minimal 2.4+0.6 0.5 0.5 0.5
PF-06761281 1.5+0.3 Minimal 1.7+04 1.5 1.5 1.5
Cerivastatin 21+£2.0 <0.3 29+8.5 >18 >17 >15
Fluvastatin 22+1.5 <0.3 44+ 8.7 >19 >18 >15
Rosuvastatin 35+0.6 0.42 (20)-0.93(21) 57+9.5 12-27 9.3-25 2.5-20
Pravastatin 3.0+£03 0.7 (19) 22+15 1.7 1.5 0.9
PF-04991532 7.1+0.1 <03 57+1.6 >6.0 >6 >5
PF-05187965 42+0.2 ~0.99 2.4+0.57 ~0.9 ~0.5 ~0.04
Humans
Rosuvastatin 39+5.0 0.36 (18)-0.63 (17) 10 25-31 22-30 14-36
Pravastatin 23+0.2 0.31 (18) 20t05.3 1.9 1.9 1.6

“Data are summarized from paper (2,3)

b Predictions are calculated from in vitro Ky and in vivo ER using the CF from models that contain one, five, and infinity number of liver

segments
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Fig. 3. Simulation results of the effects of enzyme zonation. For all simulations, the total CL;,, is 186 mL/min/kg. For panels
a—c¢, the CLp, is 10 mL/min/kg and the in vitro Ky, is 18.6. For panels d—f, the CL is 100 mL/min/kg and the in vitro Ky,
is 1.86. For panels a and d, metabolic clearance locates mainly at the peri-portal region. The ratio of metabolic clearance in
compartment i to that in compartment i + 1 equals 4 (i=1, 2, ...5). For panels b and e, metabolic clearance distributes evenly.
For panels ¢ and f, metabolic clearance locates mainly at the peri-venous region. The ratio of metabolic clearance in
compartment i to that in compartment i + 1 equals 0.25 (i=1,2,...5). The in vivo Kpyyapp Was simulated to be 1.5 in panel a,

2.5 in panel b, 11.4 in panel ¢, 0.44 in panel d, 0.25 in panel e, and 4.6 in panel f

Quantitatively, the non-steady-state ratios could be quite
different from the steady-state Kp,,. For example, in a PO
study, drug is first absorbed into the portal vein and then
distributed into the liver and subsequently the systemic blood;
as such, drug in the portal vein could contribute significantly
to the liver drug pool in addition to the systemic blood.
Depending on the absorption rate constant and dosing
amount, this could lead to an apparent “K,,,” that is
significantly higher than the one measured at the steady state
following an IV infusion.

Another limitation of this exercise is that we assumed
no EHR in vivo or the magnitude was small and negligible.
This simplified the questions to be addressed and helped
the equation derivation. However, EHR does happen for
some drugs that undergo biliary excretion. During the
process, biliary drug is secreted into the gut and some
fraction of this is then reabsorbed into the portal vein,
forming another source of drug in addition to the systemic
blood. As such, the observed in vivo “K,,,” could be much
higher, with the degree of “Kp,,” increase determined by

the fraction and the rate of the drug reabsorption into the
portal vein.

Given the degree of complexity of the above two cases
(i.e., PO and EHR), a full PBPK model should be a better
way to simulate the effects, other than algebraic equations.
However, parameters in Egs. 11 and 12 are needed in order
to run these simulations. Based on the current analysis, the
in vitro assay predicted in vivo K, well and has a theoretical
basis, indicating that the assay may indeed capture in vivo
enzyme and transporter activities to a reasonable degree.
Experiments using the assay can be designed to tease out the
value of each parameter in Egs. 11 and 12, which can then be
inserted in full PBPK models to predict in vivo non-steady-
state PK profiles that are more meaningful in the context of
efficacy or toxicity predictions.

Models and Updated Models in This Study

A model that contains “n” permeability-limited liver
segments was explored in this study, and we specifically
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focused on models with one, five, or an infinite number of
liver segments. The one-segment liver model is essentially a
permeability-limited well-stirred liver model that is well
accepted and widely used in PBPK models (25). The five-
segment liver model is used much less frequently but still
considered as a general practice and has been applied in the
industry (7,8). In contrast, there is almost no implementation
of parallel tube model in a PBPK setting, probably because it
treats the liver as a tube that essentially contains an infinite
number of segments and is lack of a flexibility to study the
inside of the liver. However, the traditional parallel tube
model has been demonstrated to have advantages over the
others when converting in vivo CLy, to CLj, (25).

The major purpose of this study is to understand the
theoretical basis of translating in vitro measured Ky, (of
hepatocytes to media) to in vivo (of the liver to the systemic
plasma). To do so, we examined and updated a couple of
traditional liver models using the permeability-limited con-
cept. The traditional PBPK models with a flow-limited liver
compartment (e.g., a well-stirred liver model (25)) use Kp
(i.e., the ratio of total drug concentration in the liver to that in
the venous blood leaving the liver) to calculate liver drug
concentrations and assume that the ratio of each drug holds
constantly even at non-steady state, which may not be true for
poor permeable compounds. In the updated models, we
treated drug distribution in each liver segment as a
permeability-limited process, allowing us to simulate the
dynamic profile of the liver to blood drug concentration ratio.
There are publications of the extended clearance model (17),
which holds a concept similar to the equation we derived
from the one-segment liver model (i.e., permeability-limited
well-stirred liver model) (25). However, we are not aware of
any publication that gives the equations for the five-segment
liver model or infinite number of liver segments (ie.,
permeability-limited parallel tube model).

It is very interesting to see that, when the number of liver
segments “n” is > 15, both ER and CF are insensitive to “n”
(Fig. 2). In reality, typically there are 15 to 20 hepatocytes
along the radius of each hepatic lobule (15,16). If we use one
liver segment in the model to represent the micro-
environment that contains one hepatocyte (e.g., liver tissue
sub-compartment coded in the model) and its surrounding
interstitial fluid (e.g., liver blood sub-compartment coded in
the model), we basically have little need to correct for
apparent differences between in vitro and in vivo Ky, (i.e.,
CF is only 0.36 even if the ER is as high as 0.9). Also, as
shown in (Fig. 2), the ER prediction from a model that has 15
liver segments is very similar to those predicted by models
that contain 100 or an infinite number of liver segments.

CONCLUSION

This study provides the theoretical basis for direct
translation of the K, from in vitro to in vivo. Most
compounds of high interest in drug discovery are likely to
have low to moderate ER. Even for compounds with ER
values as high as 0.9, CF estimated from models that contain
15 or more number of liver segments ranges from 0.36 to
0.39, suggesting a less than threefold difference between
in vitro and in vivo Kpy,. Such a small difference is not

The AAPS Journal (2019) 21: 43

likely to be very significant considering experimental
variability. In addition, this study also suggests that models
that contain 15 to an infinite number of liver segments (i.e.,
permeability-limited parallel tube model) are perhaps the
most appropriate PBPK construct to support studies of this
nature.
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