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ABSTRACT

Transporter-mediated alterations in bile acid disposition may have
significant toxicological implications. Current methods to predict
interactions are limited by the interplay of multiple transporters,
absence of protein in the experimental system, and inaccurate
estimates of inhibitor concentrations. An integrated approach was
developed to predict altered bile acid disposition due to inhibition
of multiple transporters using the model bile acid taurocholate
(TCA). TCA pharmacokinetic parameters were estimated by mech-
anistic modeling using sandwich-cultured human hepatocyte data
with protein in the medium. Uptake, basolateral efflux, and biliary
clearance estimates were 0.63, 0.034, and 0.074 mL/min/g liver,
respectively. Cellular total TCA concentrations (Ciceis) Were se-
lected as the model output based on sensitivity analysis. Monte
Carlo simulations of TCA C; ceuis in the presence of model inhibitors
(telmisartan and bosentan) were performed using inhibition

constants for TCA transporters and inhibitor concentrations, in-
cluding cellular total inhibitor concentrations ([l];ce)) or unbound
concentrations, and cytosolic total or unbound concentrations. For
telmisartan, the model prediction was accurate with an average fold
error (AFE) of 0.99-1.0 when unbound inhibitor concentration ([l],,)
was used; accuracy dropped when total inhibitor concentration ([l],)
was used. For bosentan, AFE was 1.2-1.3 using either [I],, or [l};- This
difference was evaluated by sensitivity analysis of the cellular
unbound fraction of inhibitor (fy ceninnibitor), Which revealed higher
sensitivity of fy, ceilinnibitor fOr predicting TCA C ceis When inhibitors
exhibited larger ([ll;cew/ICsq) values. In conclusion, this study
demonstrated the applicability of a framework to predict hepato-
cellular bile acid concentrations due to drug-mediated inhibition of
transporters using mechanistic modeling and cytosolic or cellular
unbound concentrations.

Introduction

Transporters play a critical role in the absorption, distribu-
tion, and elimination of many drugs and endogenous com-
pounds, such as bile acids. Transporter-mediated drug-bile acid
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interactions may have significant toxicological implications, such
as troglitazone- and bosentan-induced hepatotoxicity due to
inhibition of the bile salt export pump (BSEP) (Woodhead
et al., 2014, Yang et al., 2014). Transporter inhibition assays
have been adopted by the pharmaceutical industry or in-
cluded in the recent regulatory guidelines to predict drug-
drug interactions (DDIs) (http://www.fda.gov/downloads/
Drugs/GuidanceComplianceRegulatoryInformation/Guidances/
UCM292362.pdf). However, the static method, based on the ratio
of total plasma maximum concentration and ICsy or inhibition
constant (K;) of the inhibitor, may not accurately predict the
hepatic disposition of victim substrates. Limitations associated
with the static method may explain the lack of cholestatic liability
of some multidrug resistance-associated protein (MRP)2 and
BSEP inhibitors (Dawson et al., 2012; Pfeifer et al., 2013a). To
accurately translate transporter inhibition data (i.e., IC5q or K;) to
the prediction of hepatocellular exposure of victim substrates, a
number of factors should be considered.

First, hepatic bile acid exposure is regulated by hepatic
uptake transporters [e.g., sodium taurocholate-cotransporting
polypeptide (NTCP) and organic anion-transporting polypep-
tides (OATPs)], as well as canalicular (e.g., BSEP) and baso-
lateral efflux transporters (e.g., MRP3 and MRP4). Often,
inhibitors of efflux transporters also inhibit uptake trans-
porters, which may exert protective effects (Leslie et al., 2007).
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However, the static model based on inhibition data from
overexpression systems considers uptake and efflux as iso-
lated processes. To overcome this limitation, mechanistic
pharmacokinetic modeling coupled with data from sandwich-
cultured hepatocytes has been used to deconvolute the
relative contribution of various clearance (CL) pathways
to the disposition of rosuvastatin, mycophenolic acid, and
3H-taurocholic acid (TCA) (Pfeifer et al., 2013c; Matsunaga
et al., 2014; Yang et al., 2015). Transporters are expressed and
properly localized in the sandwich-cultured hepatocyte system,
which can be used to assess the function of multiple trans-
porters (Yang et al., 2016). Thus, this cellular model is uniquely
suited to evaluate the interplay of multiple transport path-
ways and predict the net effect due to inhibition of multiple
transporters on the hepatic disposition of victim substrates.
Secondly, the presence of protein in plasma is an important
physiologic factor. However, albumin at physiologic concentra-
tions [e.g., 4% bovine serum albumin (BSA)] (Doherty et al., 2006;
Wolf et al., 2008) has not been added routinely into in vitro
experimental systems, such as membrane vesicles, to study
transporter-based interactions and assess ICs or K; values. In
addition, according to the free drug hypothesis, the inhibitory
effect is driven by the local unbound concentration of inhibitor,
which is the cytosolic unbound inhibitor concentration ([I], cyt) for
efflux transporters, and the medium unbound inhibitor concen-
tration ([Ilymea) for uptake transporters (Smith et al., 2010).
Some high-throughput methods have been used to measure
cellular total and unbound inhibitor concentrations ([I]; .y and
(I]y cen, respectively) (Mateus et al., 2013). However, the isolation
of cytosol and measurement of cytosolic total and unbound
inhibitor concentrations ([Il;y and (Il ¢y, respectively) add
complexity (Pfeifer et al., 2013b). Thus, []; ey or [T}y e has not
been adopted routinely into the prediction of efflux transporter-
based drug interactions. The necessity of measuring the cellular
unbound fraction of inhibitor (£, cen inhibitor) and/or the cytosolic
unbound fraction of inhibitor (f, cyt,inhibitor) Needs to be assessed.
The purpose of this study was to develop an integrated
approach to predict altered bile acid disposition mediated by
inhibition of multiple transporters in sandwich-cultured human
hepatocytes (SCHH), with a focus on TCA, a prototypical bile
acid. TCA is generally not metabolized and is commonly used in
BSEP and NTCP assays because its transport mechanism is well
characterized. First, the hepatobiliary disposition of deuterium-
labeled TCA (dg-TCA) was characterized in the presence of 4%
BSA, and pharmacokinetic parameters were estimated using
mechanistic pharmacokinetic modeling. Total hepatocellular
concentrations (Cicens) were identified as the most sensitive
model output according to sensitivity analysis. The effect of two
model inhibitors, telmisartan and bosentan, on TCA C; ceps Was
predicted based on medium and intracellular inhibitor concen-
trations (i.e., [Ilcen, [Hucen, Tt,cyt, and [Ily oyt, Separately) and bile
acid transporter inhibition data. The predictive performance of
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the model was evaluated by comparing the simulation results
with experimental data and calculating the average fold error
(AFE). To determine the necessity of measuring £, cei inhibitor
for future studies, sensitivity analyses of f; cein inhibitor Values for
the model inhibitors and a set of theoretical inhibitors were
performed. Based on the simulation results, a framework was
proposed to help guide future study design.

Materials and Methods

Materials. All chemicals were purchased from Sigma-Aldrich
(St. Louis, MO), unless otherwise stated. BioCoat cell culture plates
and Matrigel were obtained from BD Biosciences (San Jose, CA).
QualGro seeding medium and QualGro hepatocyte culture medium were
obtained from Qualyst Transporter Solutions (Durham, NC). dg-TCA,
ds-TCA (internal standard for dg-TCA), telmisartan, ds-telmisartan
(internal standard for telmisartan), bosentan, and ambrisentan (in-
ternal standard for bosentan) were obtained from Toronto Research
Chemicals (Toronto, Canada). OmniPur BSA (Fraction V, Heat Shock
Isolation) was purchased from Thomas Scientific (Swedesboro, NJ).
Pierce bicinchoninic acid protein assay was obtained from Thermo
Fisher Scientific (Rockford, IL), and the LDH Cytotoxicity Detection Kit
was purchased from Roche Diagnostics (Indianapolis, IN).

Sandwich-Cultured Human Hepatocytes. B-CLEAR-HU
Transporter Certified cryopreserved human hepatocytes (lot numbers
HUMA4045, HUM4061B, and HUM4059 purchased from Triangle Research
Laboratories, Durham, NC) were seeded in QualGro seeding medium at a
density of 0.4 x 10 cells/well in 24-well BioCoat plates and 1.75 x 10°
cells/well in 6-well BioCoat plates, and cultured in a sandwich configuration
(overlaid with Matrigel) in QualGro hepatocyte culture medium, as
previously reported (Swift et al., 2010). Donors included one Caucasian
male, one Caucasian female, and one Hispanic female ranging in age from
2 to 44 years old with a body mass index ranging from 18.3 to 30.

Uptake and Efflux Studies of dg-TCA in SCHH. Uptake and
efflux studies of dg-TCA were performed in SCHH, as reported previously,
with minor modifications (Pfeifer et al., 2013c). Briefly, on day 6 of cul-
ture, SCHH seeded in 24-well plates were preincubated with standard
(Ca®*-containing) or Ca®*-free (Ca?*/Mg?*-free buffer containing EGTA)
Hanks’ balanced salt solution (HBSS) for 10 minutes. Incubation with
standard HBSS maintains the integrity of the tight junctions, whereas
incubation with Ca2*-free HBSS disrupts the tight junctions, allowing the
contents in the bile canaliculi to be washed into the medium (B-CLEAR
technology; Qualyst Transporter Solutions, Durham, NC). Following
preincubation, the uptake phase was initiated by treating the SCHH
with dosing solution (1 uM dg-TCA in 0.3 mL/well standard HBSS,
with 4% BSA) for up to 20 minutes. At the end of the uptake phase,
the dosing solution was removed, and the SCHH were washed twice
with standard or Ca®*-free HBSS at 37°C for 1 minute, and incubated
with the third application of buffer for a 15-minute efflux. Accumulation of
dgTCA in Cells + Bile (standard HBSS) and Cells (Ca?*-free HBSS)
during uptake (2, 5, 10, and 20 minutes) and efflux (2, 5, 10, and
15 minutes) phases was determined by terminal sampling of triplicate
wells at each time point. During the efflux phase, incubation buffer also
was collected at 2, 5, 10, and 15 minutes. At the end of incubation,
the hepatocytes were washed with ice-cold standard HBSS three
times, and the samples were stored at —80°C for future analysis.

ABBREVIATIONS: AFE, average fold error; BSA, bovine serum albumin; BSEP, bile salt export pump; CL, clearance; CLg;e, biliary CL; CLg,
basolateral efflux CL; CLgfsiux, Sum of CLg. and Clgiie; CLinnibitors CL in the presence of inhibitor; CLyptake, uptake CL; C; cenis, total concentration in
Cells; dg-TCA, deuterium-labeled TCA; DDI, drug-drug interaction; f,, unbound fraction; f, ceiinnibitor Cellular unbound fraction of inhibitor; fy, ¢yt inhibitors
cytosolic unbound fraction of inhibitor; f, mes, unbound fraction in the medium; HBSS, Hanks’ balanced salt solution; [l]ce, cellular inhibitor
concentration; [I];, total inhibitor concentration; [I]; cen, cellular total inhibitor concentration; [I]; o1, cytosolic total inhibitor concentration; [I],, unbound
inhibitor concentration; [I], cen, cellular unbound inhibitor concentration; [I], cyt, cytosolic unbound inhibitor concentration; [I], mes, Medium unbound
concentration of inhibitor; K;, inhibition constant; LDH, lactate dehydrogenase; MRP, multidrug resistance-associated protein; NTCP, sodium
taurocholate cotransporting polypeptide; OATP, organic anion-transporting polypeptide; SCHH, sandwich-cultured human hepatocytes; TCA,
taurocholic acid; X; gie, total amount in Bile; X; cens, total amount in Cells; X; cens+siles total amount in Cells + Bile.
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Determination of Kinetic Parameters for dg-TCA Using
Mechanistic Modeling. A model scheme incorporating linear uptake
and efflux CL was adopted (Pfeifer et al., 2013c; Yang et al., 2015) and
was fit to dg-TCA Cells + Bile, Cells, and incubation medium total mass-
time data from three individual SCHH experiments (Fig. 1A). The
model fitting was performed with Phoenix WinNonlin, v6.3 (Certara, St.
Louis, MO) using the stiff estimation method and a power model to
account for residual error. Differential eqs. 1-5 describe the changes in
the amount of TCA in the different compartments in this model.

Mass in standard HBSS:

+

—g;uﬁper = CLgr x C,'cos + Kpiux X X1 Bite — CLuptane
x Ct%uﬁ‘er — Ky x Xt.;?uffer Xguﬁ‘e: = Xiose €Y
Mass in Ca®"-free HBSS:
d 7u fer - —
%tﬁc = (CLpr + CLgie) x C; cos = CLuptake X Cy pyfer
— Kwash x Xt}}uffer XB;f)%ro = Xose (2
Mass in Cells:
dX,n- ) _
% = CLuyptake X C,gugrer — (CLpr, + CLpie) x C iy
Xir =0 3
Mass in Bile (standard HBSS):
dX, Bite
# = CLgite % Cyoeps
— Kriux X X Bite Xpge =0 4)
Mass in Cells + Bile (standard HBSS):
dX; Cells + Bil dXipie | Koo o
: :i; = (;t <+ :ite Xeetis+pie =0 (5)

where Cgcens represents the total intracellular concentration, and
was calculated as Xcens/Veens; Veens was calculated and fixed using
the protein content of each preparation and a value of 7.4 ul/mg
protein (Pfeifer et al., 2013c; Yang et al., 2015); “+” and “—” refer to
Ca?"-containing (standard HBSS) and Ca?*-free HBSS, respectively;
X, celis represents the total amount in Cells; X ceiis + Bile Tepresents the
total amount in Cells + Bile; X pjio represents the total amount in
Bile; C; pusrer represents the total Buffer concentration; Vg, was set
as a constant (0.3 mL); CLyptake represents total uptake CL; CLgy,

A Standard HBSS (X;ceigie: Xtgutter’):

represents total basolateral efflux CL; CLg; represents total biliary
CL; and Ky, represents the first-order rate constant that describes
the flux from bile networks into the medium due to periodic contraction
of the bile canalicular networks (Oshio and Phillips, 1981; Phillips
et al., 1982; Lee et al., 2010; Pfeifer et al., 2013c). CL units (nL/min/mg
protein) were converted to mL/min/g liver based on the protein content
in liver tissue (90 mg protein/g liver) (Sohlenius-Sternbeck, 2006). To
represent the 1-minute wash step, K,,.sn was activated for 1 minute at
the end of the 20-minute uptake phase using an if-then statement. K.,
was fixed at 1 x 10* min™*, which was sufficient to eliminate the dg-TCA
from the buffer compartment based on simulations. Initial param-
eter estimates were obtained from previous reports for >H-TCA (Yang
et al., 2015).

Sensitivity Analyses of Model Output. Sensitivity analyses
were conducted using Berkeley-Madonna v.8.3.11 to identify the most
sensitive SCHH model output with respect to changes in CL. Different
model outputs measured in the SCHH experiment, including the (A)
total concentration of TCA in Cells (Cy ceps), (B) total amount in Cells +
Bile X cens+sile)s (C) X¢gile, (D) ratio of the total amount of TCA in Cells
to the total amount of TCA in Cells + Bile (X cens/Xt cens+gite), (E) ratio
of the total amount of TCA in Bile to the total amount of TCA in Cells
(X;,Bile/X,celts), and (F) ratio of the total amount in Bile to the total amount
in Cells + Bile (X;gie/Xt,cens+Bile), Were simulated throughout the time
course assuming CLyptake and CLggux Were inhibited by 0- to 0.99-fold.
CLgmux Was defined as CLg; + CLgy, assuming CLg; and CLg;, were
impaired to the same extent. The simulated fold changes of the
model output values at steady state (120 minutes) were plotted against
the fraction of inhibition of CLyptake and CLggux in a three-dimensional
fashion using SigmaPlot v.11, Systat Software Inc. (San Jose, CA). The
fraction of inhibition was calculated as (CL — CL;jppipitor)/CL, where CL
and CLiynipiter represent the CL in the absence and presence of inhibitor,
respectively. A higher fraction of inhibition means more potent inhibition.

Determination of Cellular and Cytosolic Total and Un-
bound Concentrations of Inhibitors ([Ilcen, [Ilicyt, [Iu,cen, and
[Tly,cyts respectively). SCHH seeded in 6-well plates were preincu-
bated with Ca?*-free HBSS for 10 minutes, followed by a 20-minute
incubation with dosing solution of model inhibitors (1 and 10 uM
telmisartan, or 0.8 and 8 uM bosentan in standard HBSS with 4%
BSA). After the incubation, cells were washed with ice-cold HBSS
three times and stored at —80°C for future analysis. All the
incubations in this study were performed at 37°C.

Cells were fractionated, as reported previously, with minor modification
(Pfeifer et al., 2013b). Briefly, hepatocytes from the same treatment group
were pooled and homogenized by passing the cells in fractionation buffer
through a 27-g needle 20 times to disrupt the cell membranes. The
resultant cell lysate was subject to 10,000g centrifugation for 10 minutes
at 4°C to isolate cytosol (supernatant) from other cell debris. The protein

Ca?*-free HBSS (Xicenn Xigurer ):

Clume [l =5 —— ; oL ] i Cell+Bie |
Crpum® —pai_) E Cicer’ || Clgie 5 ! Cioutter | ——2ke o | Cycar |i ; e 3
Vaurer | Clg. |1 Veer tele | Veutter Cla, Vear || - ~ Fig. 1. (A) Model schemes depicting disposition of
] e R = T o = dg"TCA in SCHH using standard (Cells + Bile) HBSS
] Ale (left) and Ca?*-free (Cells) HBSS (right). (B) dg-TCA
Krux mass versus time data in SCHH lysate (left) and
incubation buffer (right). Closed symbols/solid lines
B Cell Lysate Incubation Buffer represent dg-TCA in Cells + Bile or standard HBSS, and
. - open symbols/dashed lines represent dg-TCA in Cells
< 420 5 - or Ca®'-free HBSS. Experimental data (circles)
S 100 3 represent the mean = S.E.M. (n = 3 SCHH prepara-
o 80 £ tions in triplicate per group). The simulated profiles
E £ 20 (lines) were generated from eqgs. 1-5 using the mean
g g 15 of best-fit parameter estimates from three SCHH
;% 40 ;:9 10 datasets (Table 2).
2 20 25
0 0
0 10 20 30 40 0 10 20 30 40

Time (min)

Time (min)
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TABLE 1
Inhibition constants (uM) of telmisartan and bosentan against transporters involved in the hepatic uptake and efflux of TCA
Clearance Transporter Telmisartan Reference Bosentan Reference
CLuptake NTCP 60 (K;) (Dong et al., 2014) 18 (K;) (Leslie et al., 2007; Lepist et al., 2014)
36 (IC50)
OATP1B1 0.44 (K;) (Hirano et al., 2006) 184
CLgjie BSEP 16-16.2 (IC50) (Morgan et al., 2013; Lai, 2014) 23-42 (ICs0) (Morgan et al., 2013) (Lepist et al., 2014)
CLgL MRP4 11-36 (IC50) (Sato et al., 2008) 22 (ICs0) (Morgan et al., 2013)
(Morgan et al., 2013)
MRP3 60 (IC50) (Morgan et al., 2013) 42 (IC50) (Morgan et al., 2013)

“Not available and therefore assumed to be the same as NTCP.

content of cell lysate was determined by Pierce bicinchoninic acid protein
assay. The lactate dehydrogenase (LDH) activity of each fraction (i.e., cell
lysate, cytosol, and suspended pellet) was measured using a LDH
cytotoxicity detection kit to reflect LDH recovery from cytosol. Glucose-
6-phosphatase, succinate dehydrogenase, and acid phosphatase activity of
each fraction were measured to assess microsomal, mitochondrial, and
lysosomal contamination, respectively. The percentage of the organelle-
specific enzyme activity measured in each fraction was calculated in
comparison with the whole lysate to assess recovery. The unbound fraction
(f,) was determined by equilibrium dialysis, as previously reported (Pfeifer
et al., 2013b). Briefly, triplicate aliquots of samples (dosing solution, cell
lysate, and cytosol) were loaded into a 96-well equilibrium dialysis
apparatus (HTDialysis, Gales Ferry, CT) and incubated at 37°C for
8 hours with shaking, which was sufficient to achieve equilibrium for most
compounds (Banker et al., 2003). The f,, was back-calculated based on eq.
6 to account for dilution during the homogenization and fractionation
process, as described previously (Kalvass et al., 2007).

1/D

1
((fu.measured> - 1) * l/D

where D represents the dilution factor.

The total mass of inhibitors in cell lysate and cytosol samples was
measured. Cellular concentrations were calculated by dividing the
mass by the estimated cellular volume of 7.4 ul/mg protein (Pfeifer
et al., 2013c; Yang et al.,, 2015); cytosolic concentrations were
calculated by dividing the mass by the estimated cytosolic volume,
assuming cytosolic volume represents 70% of cellular volume
(Grunberg et al., 2009). Unbound inhibitor concentrations ([I],,) were
calculated as the product of total inhibitor concentration ([I];) and f,.

Simulation of Inhibitor Effects on TCA Disposition and
Comparison with Experimental Results. dg-TCA C;ces Were
measured after the following treatments: a 10-minute preincubation
of SCHH with telmisartan (1 or 10 uM) or bosentan (0.8 or 8 uM) in
Ca®"-free HBSS with 4% BSA, followed by a 10-minute coincubation
with dg-TCA (1 uM) and telmisartan or bosentan in standard HBSS
with 4% BSA. TCA C cens after 10-minute uptake were simulated using
egs. 1-5 and CLjypipitor values, which were calculated using eqs. 7-10.

Undiluted f, = (6)

CLUptake.inhibitor =0.7 x CLUptake / 1+ [I]u.imed
' ICs0.nTCP

I
+ 0.3 x CLyptake / 14 Mumea )
IC50,0aTP1B1

[I]cell ) (8)

1Cs0, MrP3

[I]cell > (9)

ICs0, MRP4

(een
ICso, BsEP

CLBL, inhibitor = CLBL / <1 +
CLBL, inhibitor = CLBL / <1 +

CLagile, inhibitor = CLBile / (1 + (10)

where CLuptake,inhibitors CLBLjnhibitor, 80 CLBjte innibitor Tepresent the
CLuptakes CLpr, and CLgge of TCA in the presence of inhibitors, re-
spectively; [I], mea represents the unbound concentration of inhibitor in the
medium; [I].; represents the cellular inhibitor concentration; and differ-
ent types of cellular concentration were used in the simulation, including
[Mcen, Mucen, Meeyts Mlucyt (obtained as described in the previous section;
values are shown in Table 3). The mean ICs values for each transporter in
Table 1 were used with the assumptions that NTCP and OATPs contribute
70% and 30%, respectively, to CLyptake (Shitara et al., 2003; De Bruyn
et al., 2014), BSEP mediates CLg;. (Noe et al., 2002; Chandra and
Brouwer, 2004; Hayashi et al., 2005), and CLgy, is governed by MRP3
(Zhang et al., 2003) or MRP4 (Rius et al., 2006). Because the relative
contribution of MRP3 and MRP4 is unknown, two extremes were
simulated assuming MRP3 (eq. 8) or MRP4 (eq. 9) contributes 100% to
CLgL. Monte Carlo simulations of 40 individuals were performed 10 times
using parameter estimates and the associated variance (Table 2); CL was
assumed to be normally distributed. The fold changes in the TCA Cy ceps in
the presence versus the absence of inhibitors were calculated and
compared between predicted and observed results. Arithmetic mean and
95% confidence intervals of the fold changes were reported. The precision
of the prediction was evaluated using the AFE (eq. 11) (Vildhede et al.,
2016).

Tlo Predicted fold change
g Observed fold change
Number of predictions

AFE =10 11)

Sensitivity Analyses of Model Input. The sensitivity of f, ceil inhibitors
a compound-specific parameter for telmisartan and bosentan, on
model output (TCA Cq cens) was evaluated. Monte Carlo simulations
were performed to predict the fold changes in the TCA Cgcens at
steady state (120 minutes) using parameters and the associ-
ated variance in Table 2, and eqs. 1-5 and 7, 8, and 10, where
Mlcenn = Mlg,cen X fucelt,inhibitor- Different f, cent innibitor values (0.02-1)
were used in the simulations. [I]¢ cen and [I]y mea in SCHH incubated
with telmisartan (1 or 10 uM) and bosentan (0.8 or 8 uM) were
obtained from Table 3, as described above.

Furthermore, to generalize the sensitivity analysis of f,, cent inhibitor t0
abroader range of inhibitors, TCA C; cens at steady state (120 minutes)
in the presence of theoretical inhibitors with different ([I];ce/ICs0)
values (ranging from 0.5 to 60) was simulated assuming f;, ceil inhibitor =
1 or 0.02, respectively. In these simulations, IC5y represented the

TABLE 2

Recovered estimates of dg-TCA total uptake clearance (CLyptake),
basolateral efflux clearance (CLgy), biliary clearance (CLgje), and Kgyyy in
the presence of 4% BSA

Estimates were based on the model scheme and time-course data depicted in Fig.1.
The model was fit to data generated from n = 3 independent SCHH preparations
(triplicate measurements) separately.

Parameter Estimate Mean SD CV%
CLyptake (mL/min/g liver) 0.63 0.12 20
CLg;, (mL/min/g liver) 0.034 0.011 32
CLgje (mL/min/g liver) 0.074 0.030 36
Ky (min 1) 0.018 0.0015 8
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TABLE 3

Measured total and unbound concentrations of inhibitors ([I]; and [I],, ©M) in the medium ([I]eq), whole-cell lysate ([Ilcen), and cytosol ([I]ey)

SCHH were treated with telmisartan (1 or 10 M) and bosentan (0.8 or 8 uM) for 20 min in the presence of 4% BSA. Data were generated from n = 1 SCHH preparation.
Unbound concentration and f, data were expressed as mean values obtained from triplicate measurements, and values in parentheses represent ranges. Total concentrations

were from single measurements.

Medium Cell Lysate Cytosol
Inhibitor
Ml mea [Mlumed fumed [T cen [y cen fu cell inhibitor [T eyt (L1 fu eyt inhibitor
Telmisartan 1 0.012 0.012 16 2.1 0.13 16 0.85 0.053
(0.0098-0.014) (0.0098-0.0134) (1.6-2.5) (0.099-0.16) (0.8-0.9) (0.050-0.056)
10 0.20 0.02 40 3.7 0.094 35 2.8 0.080
(0.18-0.22) (0.018-0.022) (2.7-4.8) (0.068-0.12) (1.8-3.4) (0.052-0.098)
Bosentan 0.8 0.031 0.039 1.9 0.79 0.41 1.7 0.21 0.12
(0.023-0.039) (0.029-0.048) (0.66—-0.93) (0.34-0.48) (0.21-0.21) (0.12-0.12)
8 0.45 0.057 17 3.8 0.22 14 N/A N/A
(0.44-0.47) (0.055-0.058) (3.1-4.5) (0.18-0.26)

N/A, not available.

inhibitory potency against efflux transporters, and CLg;, and CLg;,
were assumed to be inhibited to the same extent. All simulations were
performed with and without 50% inhibition of CLyptake-

Bioanalysis. Lysis solution [500 wL 70% methanol/30% water con-
taining internal standard (25 nM d-TCA, ds-telmisartan, or ambrisentan)]
was added to each well of previously frozen 24-well or 6-well plates
containing study samples. Plates were shaken for ~15 minutes, and the
cell lysate solution was filtered, evaporated to dryness, and reconstituted.
Medium samples (100 pL) were extracted with 300 nL. 100% methanol
containing internal standard, filtered, evaporated, and reconstituted.
Standards and quality control samples were prepared by adding a known
amount of standards into a blank cell plate or medium, followed by the
same sample processing methods with test samples. The dg-TCA samples
were reconstituted in 60% methanol/40% water containing 10 mM
ammonium acetate and analyzed by liquid chromatography with triple
quadrupole mass spectrometry (LC-MS/MS) using a Shimadzu binary
high performance liquid chromatography (HPLC) system (Columbia, MD)
and Thermo Electron TSQ Quantum Discovery MAX (Waltham, MA)
with an Ion Max ESI source using negative electrospray ionization
mode. Samples (10 uL) were injected onto a 100 x 1.0 mm Hypersil
Gold Cyg column (Thermo Scientific, Bellefonte, PA). The mobile phase
was methanol/water with 0.5 mM ammonium acetate at a flow rate of
50 uL/min. The transitions monitored (parent m/z > product m/z) were
522 > 128 and 518 > 124 for dg-TCA and d4-TCA. The calibration
curve range was 0.5-100 pmol/well. Telmisartan samples were recon-
stituted in 70% methanol/30% water with 0.1% formic acid and
analyzed by the same LC-MS/MS system using positive electro-
spray ionization mode. The mobile phase was methanol/water with
0.1% formic acid at a flow rate of 50 wL/min. The transitions
monitored were 515.2 > 276.2 and 518.2 > 279.2 for telmisartan
and ds-telmisartan, respectively. The calibration curve range was
0.01-10 pmol/well. Bosentan samples were reconstituted in 60%
methanol/30% water with 0.1% formic acid and analyzed by
LC-MS/MS using a Shimadzu binary HPLC system (Columbia,
MD) and Applied Biosystems (Foster City, CA) API-3000 mass
spectrometer operated in positive electrospray ionization mode.
Samples (10 uL) were loaded onto a 100 x 1.0-mm Hypersil Gold
Ci5 column (Thermo Scientific, Bellefonte, PA). The mobile phase
was acetonitrile/water with 0.2% formic acid. The transitions
monitored were 522.3 > 202.2 for bosentan and 379.1 > 303.1 for
ambrisentan. The calibration curve range was 0.05-50 pmol/well.
Acceptance criteria for percentage of accuracy of back-calculated
values was 15-20%. TCA accumulation in cell lysate was corrected
for nonspecific binding to the BioCoat plate without cells.

Results

Hepatobiliary Disposition of dg-TCA in SCHH. The
model scheme depicted in Fig. 1A and eqs. 1-5 was used to

describe SCHH data (TCA in Cells + Bile, Cells, and
incubation medium) from three human livers. Data were
analyzed as three independent data sets and were well
described by the mechanistic model (individual fits are not
shown). The mean (+=S.E.M.) data and simulated mass-time
profiles generated using the mean of best-fit parameter
estimates from the three SCHH data sets (Table 2) are
presented in Fig. 1B. After 20-minute uptake, TCA C¢ cens
was 5.6 uM. The mean kinetic parameters and the associated
variance estimated by fitting the differential eqs. 1-5 to TCA
mass-time data from three independent SCHH preparations
are presented in Table 2. The estimated total CLyptake of TCA
was approximately one order of magnitude greater than total
CLgje and total CLgp;, estimates; TCA CLg;j. was approxi-
mately twofold greater than CLgy.. These parameter estimates
were used in subsequent simulations.

Sensitivity Analyses of Model Output. To identify a
model output that was sensitive to impairment in both
CLuyptake and CLgmux, the simulated fold changes in different
endpoints of the SCHH assay (at steady state) were plotted
against the fraction of inhibition of CLyp¢ake and CLgg1ux in Fig.
2, where CLggux = CLgr, + CLgje. The most sensitive model
output to both CLyptake and CLggmux of TCA was Cy cenis. Cycelis
decreased to 0.01-fold of baseline when CLyptake Was inhibited
by 99% and CLggu, was not inhibited, and increased to
approximately 15-fold of baseline when CLgm.x was inhibited
by 99% and CLyptake Was not inhibited. Other endpoints were
only sensitive to either CLyptake (€.8., Xt,celis+Bile) OF CLgg1ux (€.8.,
X Biles Xt,Bile/Xt,Cellss and X pie/Xy,cells+Bile); and the fold changes
were less pronounced. Therefore, the TCA C cens Was chosen
as the model output in subsequent simulations to reflect the
altered hepatobiliary disposition of TCA in the presence of
inhibitors.

Determination of Cellular and Cytosolic Total and
Unbound Concentrations of Inhibitors. After 20-minute
incubation with SCHH, the total and unbound concentrations
of telmisartan and bosentan in medium, whole-cell lysates,
and cytosol were measured; the results are reported in Table 3.
The cytosol was isolated with ~100% recovery (based on the
LDH assay; data not shown) and low contamination of
subcellular organelles (3% recovery of the enzyme marker
for microsomal contamination; 5% recovery of the enzyme
marker for mitochondrial contamination). As shown in
Table 3, telmisartan was highly bound in the whole-cell lysate
and CytOSOl (fu,oe]l,inhibitor =0.09-0.13 and fu,cyt,inhibitor = 005—008),
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I 0.01-0.05

Fig. 2. Impact of impaired CLyptake and CLggmux (CLggnux = CLpr, + CLgjie) of TCA on different model outputs in SCHH: (A) TCA total concentration
in Cells (Cy cens), (B) TCA total amount in Cells + Bile (X¢ censsnite), (C) TCA total amount in Bile (X gjie), (D) ratio of the total amount of TCA in
Cells to the total amount of TCA in Cells + Bile (X cens/Xt,celis+Bile), (E) ratio of the total amount of TCA in Bile to the total amount of TCA in Cells
(X gite/X¢,cens), and (F) ratio of the total amount of TCA in Bile to the total amount of TCA in Cells + Bile (X¢piie/Xt,cenis+Bile). The Z-axis

(C, E, and F) have been rotated to improve visibility of the three-dimensional surface.

represents the fold change compared with baseline (shown in the color map on the right), based on simulations of TCA accumulation at steady state.

the cytosolic unbound telmisartan concentrations were only
5.3-7% of the total concentrations in the cell. The unbound
fraction of bosentan was higher than telmisartan (f, cein inhibitor =
0.22-0.41 and £, ¢yt inhibitor = 0.12); the cytosolic unbound
bosentan concentration was 11% of the total concentration
in the whole cell. More than one-half of the amount of
telmisartan (62-70%) and bosentan (58-63%) in the whole-
cell lysate was recovered in the cytosol. Considering that
cytosolic volume represents ~70% of the cellular volume

(Grunberg et al., 2009), the cytosolic and cellular total concen-
trations were similar.

TABLE 4

Comparison of Simulated and Observed TCA Dispo-
sition in the Presence of Inhibitors. The fold changes in
the TCA Cg cens in the presence of inhibitors (telmisartan and
bosentan) versus in the absence of inhibitors were simulated
and compared with experimental results (Table 4). Monte
Carlo simulations were performed for 40 individuals and
repeated 10 times using either eq. 8 or eq. 9 assuming either

MRP3 or MRP4 mediated the basolateral efflux of TCA. The

simulation results were similar, and therefore only the simu-

lations based on MRP3 inhibition were presented because

MRP3 expression was reported to be higher than MRP4

Experimentally observed and simulated alteration of TCA total concentration in Cells (Cy cens) due to telmisartan and
bosentan

Observed data are presented as fold change in the presence compared with the absence of inhibitors. SCHH were pretreated with telmisartan (1 and
10 pM) or bosentan (0.8 and 8 uM) for 10 min, followed by coincubation with dg-TCA and telmisartan or bosentan for 10 min. Observed data
represented arithmetic mean (range) measured in n = 1 SCHH preparation in duplicate. Monte Carlo simulations for 40 individuals were performed
10 times using parameter estimates and associated variance (Table 2), different inhibitor concentrations (Table 3), and ICs5, data (Table 1) assuming
CLuyptake Was mediated by NTCP (70%) and OATPs (30%), CLg;e was mediated by BSEP, and CLg;, was governed by MRP3. Simulation data are
presented as arithmetic mean of 10 simulations (95% confidence interval). Average fold errors were calculated based on eq. 11.

Fold Change in TCA Cq cens
Inhibitor Dosing Concentration Simulation
Observation
[Tt cen [Ty cen [Meeyt Myt
Telmisartan 1 uM 0.91 (0.87-0.95) 1.3 (1.3-1.4) 1.0 (0.99-1.1) 1.3(1.3-1.3) 1.0 (0.94-1.1)
10 uM 1.1(1.0-1.1) 14 (1.3-1.4) 1.0 (0.98-1.0) 1.3 (1.3-1.3) 0.96 (0.95-0.98)
Average fold error 14 1.0 1.3 0.99
Bosentan 0.8 uM 0.88 (0.83-0.92) 1.0 (0.99-1.0) 0.99 (0.96-1.0) 1.0 (0.99-1.0) 0.99 (0.97-1.0)
8 uM 0.81 (0.80-0.82) 1.2 (1.2-1.3) 1.0 (1.0-1.1) 1.1(1.1-1.2) N/A
Average fold error 1.3 1.2 1.3 N/A
N/A, not available.
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expression in human liver and hepatocytes (Vildhede et al.,
2015; Wisniewski et al., 2016). In the prediction of telmisartan’s
effect on TCA Ci cens, the AFE of simulations using (I, cen and
Mlyeyt was 1.0 and 0.99, respectively. The 95% confidence
interval of the simulation results overlapped with the range
of observed data. When [Il;cen and [I];cx were used in the
simulation, TCA Cy ceps was overpredicted and the AFE was 1.4
and 1.3, respectively. In the prediction of bosentan’s effect, the
mechanistic model slightly overpredicted the fold change for
TCA Cq cens, with an AFE of 1.2—-1.3, no matter which inhibitor
concentration was used. According to the simulations (Supple-
mental Fig. 1), telmisartan-induced changes in TCA Cqcens
increased as the uptake phase was extended. After a 30-minute
uptake phase, the simulated TCA C ¢y for telemisartan based
on [I]; cen was threefold of the simulation based on [I], cyt.

Sensitivity Analyses of Model Inputs. Because the use
of [I]y or [I]; affected the simulation of TCA Cgcens differ-
ently for telmisartan and bosentan, sensitivity analysis of
fu cell inhibitor for telmisartan and bosentan was performed
by simulating TCA C¢ cens using [I; cen of telmisartan and
bosentan and various £, cel1 innibitor Values (0.02—1) (Table 3).
Simulated TCA Cq cens at steady state were expressed as the
mean and S.D. of fold changes over baseline (without inhib-
itors) (shown in Fig. 3). The TCA Cicens Was sensitive to
changes in f;, cep1 inhibitor fOr telmisartan but not for bosentan at
both the low and high dosing concentrations. At the low dosing
concentration, the mean fold change in the TCA Cicens
increased from 0.8 to 2.5 when the £, el inhibitor fOr telmisartan
changed from 0.02 to 1; the mean fold change in the TCA Cy cens
increased from 0.8 to 1 when the £, ceninhibitor for bosentan
changed from 0.02 to 1. At the high dosing concentration, the
mean fold change in the TCA C; s ranged from 0.9 to 4 when
the £, cellinhibitor for telmisartan changed from 0.02 to 1; the
mean fold change ranged from 0.8 to 1.5 when the f;, ceip inhibitor
for bosentan changed from 0.02 to 1 (Fig. 3).

To explore the differential sensitivity of TCA C; cens to
fu cellinhibitor for different inhibitors, the TCA Cceps in the
presence of a set of theoretical inhibitors with various ([Tl cew/ICs0)
values were simulated using f;, cel inhibitor = 1 and 0.02 (Fig. 4). For
inhibitors with the same ([I];/IC50) value, if the inhibitor
exhibited no intracellular binding G.e., fceinhibitor = 1), the
simulated fold change in the TCA Cicens was greater than
when the inhibitor exhibited extensive intracellular binding
(i.e., £, cellinhibitor = 0.02). As the ([I]; cen/IC50) value increased, the
difference in simulated TCA C; cens between £, cent inhibitor = 1
and 0.02 increased. For inhibitors with ([Il;ce/IC50) > 1, the
predicted TCA C¢ cens When £y, ceil inhibitor = 1 Was more than
twice of the predicted TCA Cy cens when £, cen innibitor = 0.02.
These relationships were the same with or without 50%
inhibition of CLyptake (data not shown).

Discussion

In this study, an integrated approach was developed to
predict the net effect of inhibition of multiple transporters on
the hepatocellular disposition of the model bile acid TCA
based on inhibition constants and SCHH data using mecha-
nistic modeling. Importantly, the intracellular binding of
inhibitors was considered in the simulations, and a strategy
was proposed to determine whether it is necessary to measure
the intracellular binding a priori.

The following assumptions were made for the mechanistic
modeling. Linear kinetics was assumed because the un-
bound concentration of TCA in the medium (f; meq X 1 uM,
where f, neq refers to the unbound fraction of TCA in the
medium equivalent to 0.15 in 4% BSA) (Wolf et al., 2008)
was below the K., of TCA for the uptake transporter NTCP
(5-20 uM) and OATPs (5.8-71.8 uM) (Shitara et al., 2003;
Nozawa et al., 2004; Mita et al., 2006; De Bruyn et al., 2014).
In addition, the cellular total concentration of TCA (5.6 uM)
after 20-minute uptake was below the K, for the efflux
transporters BSEP (6.2 uM) (Hayashi et al., 2005), MRP3
(30 uM), and MRP4 (7.7 uM); if intracellular binding is taken
into account, the cellular unbound concentration of TCA would
be even lower. Passive diffusion was not included in the model
because active uptake plays a major role in the hepatocellular
accumulation of TCA (Shitara et al., 2003; Mita et al., 2006).

To simulate the effects of inhibitors on TCA disposition, egs.
7-10 were used. Due to low TCA concentrations, eqs. 7-10
held true regardless of the mechanisms of inhibition and the
IC50 value was substituted for K;. The inhibitory effects of
metabolites of telmisartan and bosentan were assumed to be
negligible. There are no literature reports about inhibitory
effects of telmisartan metabolites on human bile acid trans-
porters. Although a bosentan metabolite, Ro 47-8634, was
reported to be an inhibitor of rat Bsep (K; = 8.5 uM) (Fattinger
et al., 2001), the intracellular concentration of this metabolite
in human SCHH is less than 5% of bosentan (Matsunaga et al.,
2016). In addition, the concentration of this metabolite in
human plasma (Dingemanse et al., 2002) and feces (Weber
et al., 1999) is much lower than bosentan. Both MRP3 and
MRP4 have been reported to contribute to the basolateral efflux
of TCA without consensus on the relative contribution. The
expression of MRP3 is higher than MRP4 in human liver and
hepatocytes, whereas the affinity of TCA toward MRP4 (K, =
7.7 uM) (Rius et al., 2006) is higher than MRP3 (K,, = 30 uM)
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Fig. 3. Sensitivity analysis of cellular unbound fraction of inhibitor (£, ceir inhibitor)
for telmisartan and bosentan. Fold changes in the TCA Cy cens at steady
state compared with baseline (without inhibitors), in the presence of
telmisartan and bosentan, were simulated based on the average ICsq
values (Table 1), cellular total inhibitor concentration (Table 3), and
different f; cen inhibitor values using a Monte Carlo simulation approach.
Data were expressed as mean and S.D. of 40 simulated individuals.
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Fig. 4. The sensitivity of the predicted TCA Cy cepis to changes in f, cept inhibitor
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0.02 (white bar). The fold changes of TCA Cicens compared to baseline
(without inhibitors) are plotted on the y-axis.

(Zhang et al., 2003). Akita et al. (2002) reported that TCA
was not transported to a significant degree by MRP3.
Therefore, two extreme scenarios were simulated assuming
100% contribution of either MRP3 or MRP4; the simulation
results were similar, so MRP3 was selected as the main
basolateral efflux transporter for subsequent simulations.
In the current study, a physiologic concentration of protein
(4% BSA) was added to mimic the in vivo scenario. Using the
mechanistic model, the estimated total CLyptake of TCA was
0.63 mL/min/g liver (Table 2) and the unbound CLyptake of
TCA was 4.2 mL/min/g liver (calculated as total CLyptake/fumed)-
This value is close to the reported unbound CLuyptake
(2.2 mL/min/g liver) (Yang et al., 2015). CLgy, and CLg;. were
similar to values reported previously (CLgy, = 0.042 mL/min/g
liver and CLgj = 0.14 mL/min/g liver) (Yang et al., 2015).
In this study, we leveraged SCHH and a mechanistic model
to evaluate the net effect of uptake and efflux. The comparison
between simulated and experimental results for telmisartan
and bosentan provided an example of the applicability of this
approach to predict the net effect of inhibition at multiple sites
on the disposition of a model bile acid (Table 4). This
applicability is important because the interplay of multiple
transporters is common. Examples of dual inhibitors of BSEP
and NTCP include the nonhepatotoxic drugs pioglitazone,
telmisartan, and reserpine (Morgan et al., 2010; Dong et al.,
2014), as well as the hepatotoxic compound troglitazone
(Morgan et al., 2010; Yang et al., 2014). Some compounds
are dual inhibitors of both uptake and basolateral efflux of
TCA, such as a-naphthylisothiocyanate (Guo et al., 2014).
The slight differences between model predicted and exper-
imental results observed for bosentan’s effect on TCA Cy cens
could be attributed to the model assumptions discussed
earlier. It should be noted that inhibitor-mediated alterations
in TCA C; cens Were not extensive due to the short 10-minute
uptake phase in this study and simultaneous inhibition
of uptake and efflux. A more pronounced alteration in TCA
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Ctcens could be achieved by extending the uptake phase
(Supplemental Fig. 1). However, accurate measurement of
the TCA Cicens after an uptake phase >30 minutes is
technically challenging in sandwich-cultured hepatocytes.
When Ca®" is present during an extended uptake phase, the
tight junctions reseal, yielding a measured X cenis+Bile instead
of X; cens (Pfeifer et al., 2013c).

This is the first study to evaluate the impact of using
different cellular inhibitor concentrations to predict
transporter-mediated interactions in SCHH. Use of cytosol-
ic concentrations marginally improved the prediction of
telmisartan’s effects; the AFE dropped by <0.1 when cyto-
solic inhibitor concentration instead of [I]..; was used.
This difference was minor because telmisartan was recovered
primarily in the cytosol (62-70% of the total mass) and the
cytosolic concentration approximated the cellular concentra-
tion. The impact of using cytosolic inhibitor concentration
instead of [Il.en would likely be greater for drugs that are
trapped in subcellular organelles, such as furamidine (Pfeifer
et al., 2013b). Different enzymatic markers were used to
evaluate the purity and recovery of cytosol. However,
membrane-anchored proteins (e.g., the endoplasmic reticulum
marker glucose-6-phosphatase) would not be able to detect
whether content in the endoplasmic reticulum lumen had
been released into the cytosol. Lumen protein markers [e.g.,
ERp57 (Coe et al., 2010) or Glucosidase II (Zuber et al.,
2000)] could be measured in future studies to exclude this
possibility.

In drug-drug interaction (DDI) evaluations, [I]; .y is used
commonly to avoid false-negative predictions by assessing the
worst-case scenario, but this value can lead to false-positive
predictions. Pfeifer et al. (2013a) reported that using [I],, cen of
ritonavir correctly predicted no clinical MRP2-mediated DDI
between ritonavir and **™Tc-mebrofenin, whereas predictions
based on [I]; .. of ritonavir led to a false-positive prediction
of DDI liability. In the case of telmisartan, simulations using
[l¢,cen and [ ¢y slightly overpredicted TCA Cy cens compared
with simulations using (Il cen and [I]y cyt. Unlike telmisartan,
simulations for bosentan’s effect on TCA C; ceps were similar
regardless of whether total or unbound, cellular or cytosol,
concentrations of bosentan were employed (Table 4). Sensi-
tivity analysis revealed the differential sensitivity of TCA
C celts t0 £y cell inhibitor fOr telmisartan and bosentan (Fig. 3).
This difference suggested that, although it is ideal to use [I],,
it is not necessary to measure £, ceil inhibitor a0d use [Ily cen for
every inhibitor. Simulations of a set of theoretical inhibitors
showed that inhibitors with high ([Il; cen/IC50) values were
more sensitive to changes in f, cellinhibitor (Fig. 4). For
example, when ([I]; ce11/IC50) was >1, the simulation assum-
ing no protein binding overpredicted TCA Cicens by two
times or more. Inhibitors with large ([I];cen/ICs0) values
either tend to accumulate in the cells or serve as strong
inhibitors of efflux transporters. In these cases, ignoring
protein binding would greatly impact the prediction, and
thus, £, ceil inhibitor N€€ds to be measured. The ([I]; cen/ICs0)
value of telmisartan was 3.6 at the 10 uM dose level, and the
([Tt cen/IC50) value of bosentan was 0.8 at the 8 uM dose level.
This difference could explain the greater sensitivity of
predicted TCA Cq cens to changes in £, cell inhibitor Of telmisartan
compared with bosentan.

Based on the results of these studies, a framework was
proposed to predict the net effect of drug—bile acid interactions
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Fig. 5. Proposed framework to predict altered bile acid
disposition in SCHH mediated by inhibition of multiple
transporters. Black solid boxes represent experimental
observations, and black double lines depict the simulation
output, as detailed in Discussion. The kinetic parameters,
including uptake clearance (CLyptake), biliary clearance
(CLgje), and basolateral efflux clearance (CLgy), of the
victim bile acid (e.g., taurocholic acid), are estimated by
using mechanistic modeling; in the presence of inhibitors,
the clearance values (CLipphibitor) are estimated using egs.
7-10 based on inhibitor concentrations in the medium or
cells ([I].en) and ICsg or K; values. The choice of which [I] e
to use depends on the ([I];cen/ICs50) value of the inhibitor,
where [Il;cn represents cellular total concentration of
inhibitor. If this value is high, the cellular unbound fraction
of inhibitor (f, cen inhibitor) Should be measured to estimate

Simulation of altered cellular concentrations of victim bile acid

(Cycens) due to inhibition of multiple transporters

[Mlycen, where [Ilycen represents the cellular unbound
concentration of inhibitor. Otherwise, [I];c.i can be used.
Finally, the altered cellular total concentrations (Cy cens) of
the victim bile acid are simulated using CLinnibitor-

mediated by inhibition of multiple transporters (Fig. 5). The
kinetic parameters (CLyptake, CLgile, and CLgy,) of the victim
bile acid (e.g., TCA) are estimated by mechanistic modeling;
in the presence of inhibitors, the CL values are affected by
(Ilu,med Or [Ilcen and ICso or K; values. The choice of which
(I]cen value to use (e.g., [Il¢ cen, Llt,cyt, [Tlu,cert, Ml cyt) depends
on the sensitivity of the model output to f, cein inhibitor, Which is
determined by the ([Il;c./IC50) value of the inhibitor. If
this value is high, the model output, C; cens, is sensitive to
changes in f, ceninhibitor- In these cases, it is critical to
measure f, ceil inhibitor, @5 demonstrated in this study. For
inhibitors that sequester in subcellular organelles, it may be
necessary to isolate cytosol and measure [I], ¢yt Finally, the
altered hepatocellular disposition of the victim bile acid,
namely C celis, can be simulated using CLj,pipitor (calculated
using eqs. 7-10). This approach could be applied to evaluate
transporter-mediated interactions involving other victim
substrates (e.g., hepatotoxic bile acids), which would have
significant toxicological implications.
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