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ABSTRACT

Organic solute transporter (OST) a/b is a key bile acid transporter expressed in various organs, including the liver under
cholestatic conditions. However, little is known about the involvement of OSTa/b in bile acid-mediated drug-induced liver
injury (DILI), a major safety concern in drug development. This study investigated whether OSTa/b preferentially transports
more hepatotoxic, conjugated, primary bile acids and to what extent xenobiotics inhibit this transport. Kinetic studies with
OSTa/b-overexpressing cells revealed that OSTa/b preferentially transported bile acids in the following order:
taurochenodeoxycholate > glycochenodeoxycholate > taurocholate > glycocholate. The apparent half-maximal inhibitory
concentrations for OSTa/b-mediated bile acid (5mM) transport inhibition by fidaxomicin, troglitazone sulfate, and ethinyl
estradiol were: 210, 334, and 1050mM, respectively, for taurochenodeoxycholate; 97.6, 333, and 337mM, respectively, for
glycochenodeoxycholate; 140, 265, and 527mM, respectively, for taurocholate; 59.8, 102, and 117mM, respectively, for
glycocholate. The potential role of OSTa/b in hepatocellular glycine-conjugated bile acid accumulation and cholestatic DILI
was evaluated using sandwich-cultured human hepatocytes (SCHH). Treatment of SCHH with the farnesoid X receptor
agonist chenodeoxycholate (100mM) resulted in substantial OSTa/b induction, among other proteomic alterations, reducing
glycochenodeoxycholate and glycocholate accumulation in cellsþbile 4.0- and 4.5-fold, respectively. Treatment of SCHH
with troglitazone and fidaxomicin together under cholestatic conditions resulted in increased hepatocellular toxicity
compared with either compound alone, suggesting that OSTa/b inhibition may accentuate DILI. In conclusion, this study
provides insights into the role of OSTa/b in preferential disposition of bile acids associated with hepatotoxicity, the impact
of xenobiotics on OSTa/b-mediated bile acid transport, and the role of this transporter in SCHH and cholestatic DILI.
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Organic solute transporter (OST) a/b, a bidirectional heteromeric
transporter localized on the basolateral membrane of hepatic, in-
testinal, and kidney epithelial cells, is important in the homeosta-
sis of bile acids and other steroid hormones (Ballatori et al., 2008;
Frankenberg et al., 2006; Rao et al., 2008; Sultan et al., 2018; Wang
et al., 2001). OSTa/b-mediated transport is driven by the substrate-
concentration gradient on either side of the cell membrane
(Ballatori et al., 2005; Malinen et al., 2018). Hepatic OSTa/b expres-
sion is significantly increased in obstructive cholestasis (Chai
et al., 2015) and primary biliary cholangitis (Boyer et al., 2006;

Malinen et al., 2018), suggesting that this transporter facilitates ex-
cretion of bile acids in cholestatic liver disease, a condition in
which bile flow from the liver to the duodenum is impaired. It
was recently discovered that OSTa/b is overexpressed in patients
with nonalcoholic steatohepatitis (Malinen et al., 2018), a disease
characterized by elevated serum bile acid concentrations (Ferslew
et al., 2015), whereas a link between a genetic defect in OSTa/b and
cholestasis has also been reported (Sultan et al., 2018).

Bile acids are derived from hepatic cholesterol metabolism
and are important amphipathic molecules used by the body to
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enhance the absorption of fat and fat-soluble vitamins, and aid
the elimination of lipids and xenobiotics (Hofmann, 1999). Bile
acids act as steroid hormones and are ligands for the farnesoid
X receptor (FXR), a nuclear receptor that plays vital roles in regu-
lating the expression of proteins involved in bile acid homeosta-
sis, and the metabolism of glucose and lipids (Arab et al., 2017).
Primary bile acids are synthesized in the liver and can be conju-
gated with glycine (Byrne et al., 2002; Tagliacozzi et al., 2003) or
taurine (Alvaro et al., 1986a,b; Mizuta et al., 1999; Pellicoro and
Faber, 2007) prior to biliary excretion by the bile salt export
pump (BSEP). Secondary bile acids are formed in the intestine
by gut bacteria-mediated deconjugation, dehydroxylation, epi-
merization, and oxidation of primary bile acids (Wahlstrom
et al., 2016). The majority of bile acids (> 90%) excreted into bile
are reabsorbed and returned to the liver via enterohepatic circu-
lation, which is mediated by transporters; de novo bile acid syn-
thesis plays a smaller role, indicating that efficient hepatic and
intestinal transport processes are essential to maintain bile acid
homeostasis (Barrasa et al., 2013; Hofmann, 1977, 1984; Ørntoft
et al., 2017).

Due to detergent-like properties, the lipophilicity of bile
acids has been associated with hepatotoxicity (Attili et al., 1986).
Dysregulation of bile acid disposition, particularly by drug-
mediated inhibition of hepatic efflux transporters, can lead to
hepatocellular accumulation of toxic bile acid species resulting
in liver damage (Dawson et al., 2012; Köck et al., 2014; Morgan
et al., 2013; Perez and Briz, 2009). This is an important mecha-
nism of drug-induced liver injury (DILI), a major safety issue in
drug development and a primary reason that approved drugs
are withdrawn from the market (Onakpoya et al., 2016; Perez
and Briz, 2009; Temple and Himmel, 2002). The International
Transporter Consortium has acknowledged the potential impor-
tance of OSTa/b-dependent drug interactions (Kenna et al., 2018;
Zamek-Gliszczynski et al., 2018). Although several xenobiotics
are known to inhibit OSTa/b-mediated transport (Malinen et al.,
2018, 2019; Seward et al., 2003; Wang et al., 2001), thus far very
little is known about the potential role of OSTa/b in bile acid-
mediated DILI. A comprehensive analysis of various bile acids
as OSTa/b substrates has recently been performed, showing
that OSTa/b has low affinity but high capacity for transport of
numerous bile acids (Suga et al., 2019). To further understand
the role of OSTa/b in human health, disease and DILI, it is vital
to evaluate OSTa/b-bile acid interactions in the presence of
xenobiotics and in OSTa/b-expressing human hepatocytes.

To fill gaps in the understanding of hepatocellular OSTa/b-
mediated bile acid transport, this study focused on some of the
most prevalent, conjugated, primary bile acids in human
plasma (glycochenodeoxycholate [GCDCA], glycocholate [GCA],
taurochenodeoxycholate [TCDCA] (Schadt et al., 2016), and taur-
ocholate [TCA]) as OSTa/b substrates. The relatively lipophilic
GCDCA and TCDCA have been associated with hepatotoxicity,
whereas the more hydrophilic GCA and TCA are considered less
toxic (Chatterjee et al., 2014; Galle et al., 1990; Murakami et al.,
2020; Woolbright et al., 2014). This study evaluated preferential
OSTa/b-mediated transport of these bile acids, quantified the
hepatocellular accumulation of GCDCA and GCA when OSTa/b
was induced, and assessed the impact of OSTa/b inhibition on
OSTa/b-mediated bile acid transport and cholestatic hepato-
cellular toxicity.

MATERIALS AND METHODS

Chemicals. All chemicals were obtained from Sigma-Aldrich
(St. Louis, Missouri), unless specified otherwise. GCA, TCA

(Chem-Impex International, Wood Dale, Illinois), GCDCA and
TCDCA were used as unlabeled, putative substrates for bile acid
transport studies. Radiolabeled and deuterated compounds
were purchased from PerkinElmer Life Sciences (Boston,
Massachusetts) and Toronto Research Chemicals (Toronto,
Ontario, Canada), respectively. [14C]-GCA (46.3–51.6 mCi/mmol,
radiochemical purity > 97%), [3H]-TCA (9.74 Ci/mmol, radio-
chemical purity > 97%), GCDCA and TCDCA were used as probe
substrates in cell line transport studies, whereas d5-GCA and d7-
GCDCA were used as probe substrates in sandwich-cultured hu-
man hepatocytes (SCHH) transport studies.

Culture of OSTa/b-overexpressing cells. Flp-In 293 cells stably over-
expressing human OSTa and OSTb (named OSTab cells), and
mock-transfected Flp-In 293 cells (named Mock cells) were gen-
erated as described previously (Malinen et al., 2018). The cell
lines were cultured in high glucose Dulbecco’s Modified Eagle’s
Medium (catalog number: 11960044) supplemented with 1% (v/
v) GlutaMAX, 100 U/ml penicillin and 100 mg/ml streptomycin
from Thermo Fisher Scientific (Waltham, Massachusetts), and
with 10% (v/v) fetal bovine serum (EMD Millipore, Billerica,
Massachusetts). Culture medium was renewed every 2–3 days.
Cells were maintained at 37�C and 5% CO2, and subcultured
once a week. Trypan blue exclusion was used to determine cell
viability.

Bile acid transport studies using OSTa/b-overexpressing cells. OSTab
and Mock cells were used to study uptake of [14C]-GCA, [3H]-
TCA, GCDCA, and TCDCA. To assess differences in time-
dependence of OSTab- and Mock-mediated transport of bile
acids, uptake was assessed at designated time points (5, 10, 15,
and 30 s; 1, 2, 5, and 10 min). Differences in concentration-
dependent OSTa/b-mediated transport of bile acids were evalu-
ated at designated concentrations (5, 10, 25, 50, 100, 250,
500 mM). In addition, to evaluate substrate-dependent inhibition
of bile acid uptake (5mM), three OSTa/b inhibitors: fidaxomicin
(FDX; Cayman Chemical Company, Ann Arbor, Michigan), tro-
glitazone sulfate (TS, the sulfate metabolite of troglitazone
[TGZ]; Toronto Research Chemicals), and ethinyl estradiol (EE;
Cayman Chemical Company) were studied at concentrations of
0.125, 0.5, 2.5, 10, 40, 100, 200mM; apparent half-maximal inhibi-
tory concentrations (IC50,app) were determined. These OSTa/b
inhibitors were identified previously from a panel of DILI-
associated xenobiotics and inhibitors of other transporters using
dehydroepiandrosterone sulfate (DHEAS) as an OSTa/b probe
substrate (Malinen et al., 2019). All transport studies in OSTab
and Mock cells were performed on three separate days (ie, n¼ 3).
On each day, experiments were conducted in triplicate wells.

Two days before uptake experiments, OSTab and Mock cells
were seeded at a concentration of 5.0 � 105 viable cells/well in
24-well Corning BioCoat Poly-D-Lysine Multiwell Plates (Thermo
Fisher Scientific). Cells were washed and preincubated for
10 min at 37�C with modified extracellular fluid buffer (ECF, pH
7.4) containing 125 mM potassium chloride and no sodium chlo-
ride, as described previously (Malinen et al., 2018, 2019). For inhi-
bition studies, an OSTa/b inhibitor was included in the
preincubation phase. Following the preincubation phase, cells
were incubated with bile acid substrate in ECF for designated
times (various incubation times for time-dependence studies
were used as described above, and a single incubation time
[30 s] within the linear range of the initial uptake vs time profile
was used for concentration-dependence and inhibition studies).
After substrate incubation, the reaction was stopped by two
washes with ECF at 4�C. Samples were stored at �20�C until
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analysis. Substrate-associated radioactivity accumulated in
cells was extracted from cells by incubating the thawed plates
for 20 min on a plate shaker with lysis buffer, consisting of
0.005% (v/v) antifoam A (Sigma), and 0.5% (v/v) Triton-X100 in
phosphate buffered saline. Radioactivity was analyzed using a
Bio-Safe II counting cocktail (RPI Corp, Mt Prospect, Illinois) and
a Tri-Carb 3100TR low activity liquid scintillation analyzer
(PerkinElmer, Inc). Bile acid substrates from nonradioactive
samples were extracted from cells by incubating the thawed
plates for 20 min on a plate shaker with 70% methanol and 30%
water (v/v) containing an internal standard (IS; 100 nM), which
was followed by liquid chromatography tandem mass spec-
trometry (LC-MS/MS) analysis. The amount of substrate taken
up by cells per time interval was normalized based on total pro-
tein present in a cell culture well treated with lysis buffer using
the Pierce BCA Protein Assay kit (Thermo Fisher Scientific) per
the manufacturer instructions.

SCHH studies. Transporter certified cryopreserved human hepa-
tocytes isolated from one Caucasian female, one Asian male,
and two Caucasian male donors (Lots MLM, WWQ, and WID
obtained from BioIVT [Durham, North Carolina], and HU8246
obtained from Gibco [Gaithersburg, Maryland]; age range, 22–
71 years; body mass index range, 22.0–26.9) were used for SCHH
experiments. After thawing, hepatocytes were seeded on
BioCoat collagen-coated plates (Corning, Durham, North
Carolina) at a density of 4.0–4.5 � 105 viable cells/well in a 24-
well format for bile acid accumulation studies, and at 5.6–6.3 �
104 cells/well in a 96-well format (Corning) for cytotoxicity
experiments. Cell viability was determined by trypan blue ex-
clusion. The following day, cells were overlaid with 0.25 mg/ml
Matrigel (Corning) in QualGro culture medium, resulting in
SCHH. Each subsequent day, culture medium was replaced with
fresh medium. After 48 h of culture, SCHH in the 24-well format
were treated every 24 h for the next 72 h (until the start of the
bile acid accumulation study) with 100 mM chenodeoxycholate
(CDCA; at a final dimethyl sulfoxide [DMSO] concentration [v/v]
of 0.1%) to induce OSTa/b protein in SCHH (Guo et al., 2018) or
0.1% (v/v) DMSO as the control condition. OSTa/b expression is
low in healthy human hepatocytes under basal conditions
in vivo and in vitro, but under cholestatic conditions or following
treatment of SCHH with a potent FXR agonist (eg, CDCA), OSTa/
b is induced substantially (Guo et al., 2018; Jackson et al., 2016;
Krattinger et al., 2016).

Bile acid uptake studies in SCHH. SCHH were washed with stan-
dard Hank’s Balanced Salt Solution (HBSS; preserving tight junc-
tion integrity) or Ca2þ-free HBSS (disrupting tight junctions and
allowing contents in the bile canaliculi to be washed into the
medium), followed by a 10-min preincubation with standard
HBSS or Ca2þ-free HBSS at 37�C (B-CLEAR technology [U.S. pat-
ent 6,780,580], BioIVT) (Liu et al., 1999a,b). Then, SCHH were ex-
posed to 2.5 mM d7-GCDCA or 2.5 mM d5-GCA in standard HBSS for
10 min to assess differences in accumulation of a relatively lipo-
philic versus a more hydrophilic glycine-conjugated, primary
bile acid in DMSO- and CDCA-treated SCHH. Deuterated sub-
strates were used to distinguish administered bile acids from
endogenous hepatocellular bile acids. Transport was termi-
nated by washing SCHH with ice cold buffer, after which the
plates were stored at �80�C to enhance cell lysis for extraction
of the bile acid substrate from cells prior to LC-MS/MS analysis.
d5-GCA and d7-GCDCA were extracted from SCHH by incubating
the thawed plates for 20 min on a plate shaker with 70%

methanol and 30% water (v/v) containing an IS. To also evaluate
the impact of CDCA treatment on the biliary excretion of d5-
GCA and d7-GCDCA, the biliary excretion index (BEI) was calcu-
lated as the difference between the amount of compound accu-
mulated in cells and total accumulation in cells and bile,
relative to total accumulation of compound in cells and bile.
Bile acid uptake studies in SCHH were performed in triplicate
for one hepatocyte donor (MLM) and in duplicate for another do-
nor (HU8246).

LC-MS/MS analysis of bile acids. LC-MS/MS with an API 6500 triple
quadrupole instrument mass spectrometer (Sciex, Framingham,
Massachusetts) coupled to an Agilent 1260 LC or 1290 Infinity LC
system and autosampler (Agilent Technologies, Santa Clara,
California) was used to measure cell lysate concentrations of
bile acids in transport studies. Concentrations of GCDCA and
TCDCA (with d7-GCDCA and d5-TCDCA as the IS, respectively)
were determined in cell line transport studies as described pre-
viously (Notenboom et al., 2018). Using comparable methods,
concentrations of d5-GCA (with d7-GCDCA as IS) and d7-GCDCA
(with d5-GCA as IS) were analyzed in SCHH transport studies.
The LC-MS/MS apparatus utilized Analyst 1.6.3 software (Sciex)
and Analyst device driver software (Agilent Technologies).
Compounds were separated using an AQUASIL C18 analytical
column (3 lm; 50� 2.1 mm, Thermo Scientific, Waltham,
Massachusetts). The aqueous mobile phase (A) consisted of
0.1% formic acid in water, and the organic mobile phase (B) 0.1%
formic acid in acetonitrile. The elution gradient was as follows:
0 min 70% A/30% B, 2–2.5 min 20% A/80% B, and 2.6–4 min 70%
A/30% B with a flow rate of 0.6 ml/min and column temperature
of 40�C. The injection volume was 10 ml. Negative electrospray
ionization was achieved using nitrogen as a desolvation gas
with the ionization voltage set at �4.5 kV. The source tempera-
ture was set at 500�C. The multiple reaction monitoring (MRM)
transitions used in the MS/MS detection are described in
Supplementary Table 1. Calibration curves were prepared in ex-
traction buffer (70% methanol and 30% water [v/v]) containing
IS for quantification of the bile acid concentrations. MultiQuant
2.1 software (Sciex) was used to perform peak integration and
data analysis for LC-MS/MS results.

Quantitative targeted absolute proteomics analysis. SCHH treated for
72 h with CDCA or DMSO were harvested from duplicate or trip-
licate cell culture wells, after which the ProteoExtract Native
Membrane Protein Extraction Kit (Calbiochem, San Diego,
California) was used to extract membrane proteins per the man-
ufacturer instructions. Protein samples (20mg), as previously de-
scribed (Khatri et al., 2019; Morse et al., 2020), were digested with
trypsin. Added stable isotope labeled peptide standards, pur-
chased from JPT Peptide Technologies (Berlin, Germany), were
used to calculate drug and bile acid metabolizing enzyme and
transporter concentrations. Analysis was by nanoLC-MS/MS
(Khatri et al., 2019; Morse et al., 2020). Human liver microsome
samples were used as positive controls for the majority of trans-
porters and metabolizing enzymes (data not shown). Tryptic
peptides and corresponding MRM transitions that were ana-
lyzed are listed in Supplementary Table 2, and were processed
as reported previously (Khatri et al., 2019). For the purposes of
data analysis, protein concentrations between the lower limit of
quantification of 0.1 pmol/mg protein and 0.02 pmol/mg protein
were used as calculated, whereas concentrations < 0.02 pmol/
mg protein were imputed as 0.02 pmol/mg protein, as previously
described (Khatri et al., 2019).
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Hepatocellular toxicity assays. The C-DILI assay (BioIVT), a novel,
mechanism-based in vitro platform developed to predict chole-
static DILI (Jackson and Brouwer, 2019; Jackson et al., 2018), was
used to evaluate cholestatic hepatocellular toxicity associated
with test compounds of interest, per the manufacturer instruc-
tions. After four days of culturing hepatocytes in a 96-well for-
mat, cells were treated for 24 h with compounds of interest in C-
DILI Sensitization Medium (creating conditions that sensitize
hepatocytes to the cholestatic hepatotoxic potential of a test
compound) or C-DILI Standard Medium (control condition), both
obtained from BioIVT. Solvent concentrations across conditions
were kept constant, and did not exceed 0.25% (v/v) DMSO con-
tributed by test compound stock solutions. TGZ (75mM), a thia-
zolidinedione that was withdrawn from the market after
reports of severe hepatotoxicity (Isley, 2003), was used as a posi-
tive control for cholestatic hepatocellular toxicity per the manu-
facturer instructions (BioIVT). Although all conditions were
tested at least in triplicate for one hepatocyte donor (WWQ), all
conditions except TGZ (75 mM) were tested at least in duplicate
for a second donor (WID), due to limited availability of hepato-
cytes. The CytoTox-ONE Homogeneous Membrane Integrity
Assay (Promega, Madison, Wisconsin) was used as a fluorescent
method for quantifying extracellular lactate dehydrogenase
(LDH) released from plasma membrane-damaged hepatocytes.
Per the manufacturer instructions, the kit relies on a LDH-
mediated enzymatic reaction that results in the formation of
resorufin, the fluorescence of which is measurable with an exci-
tation wavelength of 560 nm and an emission wavelength of
590 nm. In addition, the CellTiter-Glo Luminescent Cell Viability
Assay (Promega) was used as a luminescent method for quanti-
fying hepatocellular adenosine triphosphate (ATP), indicative of
metabolically active cells. Per the manufacturer instructions, a
luciferase-catalyzed oxygenation reaction of luciferin in the
presence of ATP, oxygen and Mg2þ produced the luminescence
that was used to quantify the ATP content.

After 24-h treatment of SCHH with compounds of interest,
100 ml of the cell culture supernatant was transferred to a black
opaque 96-well plate (Thermo Fisher Scientific). Subsequently,
100 ml of LDH reagent was mixed with the supernatant for
10 min, followed by the addition of stop solution, after which
the fluorescence was recorded using a BioTek Cytation 3 instru-
ment. After discarding the remaining supernatant from the 96-
well culture plate, 100 ml of ATP reagent was added per well and
mixed for 2 min on an orbital shaker, after which the superna-
tant was transferred to a black opaque 96-well plate. After a 10-
min incubation, luminescence was measured with a BioTek
Cytation 3 instrument.

Western blotting. The ProteoExtract Native Membrane Protein
Extraction Kit (Calbiochem), was used to extract membrane pro-
teins from SCHH. Total protein from the membrane fraction
was determined using the Pierce BCA Protein Assay kit. Protein
(12mg) in extraction buffer containing 10% (v/v) of 0.5 M Pierce
dithiothreitol (DTT; Thermo Fisher Scientific) and 25% (v/v)
NuPAGE LDS Sample Buffer (Novex, Carlsbad, California) was
loaded onto a precasted NuPAGE 4%–12% Bis-Tris gel.
Electrophoresis was performed with NuPAGE 2-(N-morpholino)
ethanesulfonic acid (MES) sodium dodecyl sulfate running
buffer containing 500 ll of NuPAGE antioxidant solution
(Thermo Fisher Scientific) in the center chamber. Proteins were
transferred using NuPAGE transfer buffer (Novex) onto a polyvi-
nylidene difluoride (PVDF) membrane overnight at 4�C and 15 V.
Membranes were washed using Tris-buffered saline, 0.1% (v/v)
Tween 20 (TBST) and blocked for 1 h using TBST containing 5%

(w/v) nonfat dry milk (Bio-Rad, Hercules, California).
Membranes were incubated overnight at 4�C with rabbit-anti-
OSTa (ab103442, Abcam, 1:250 dilution) or rabbit-anti-OSTb

(HPA008533, Sigma-Aldrich, 1:150 dilution) primary antibody in
TBST containing 5% (w/v) bovine serum albumin (BSA). OSTa

and OSTb were evaluated on separate membranes, while Naþ/
Kþ ATPase (using a rabbit-anti-Naþ/Kþ ATPase primary anti-
body, ab185065, 1:5000 in TBST with 5% [w/v] BSA for 1 h at
room temperature) was used as the loading control and, thus,
probed on the same blot as OSTa or OSTb. After washing with
TBST, the PVDF membrane was incubated with secondary
horseradish peroxidase-anti-rabbit antibody for 2 h at room
temperature, followed by additional washing. The membrane
was subsequently incubated with SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Fisher Scientific) for
5 min, after which the proteins were visualized using a
ChemiDoc XRSþ imaging system with Image Lab software (Bio-
Rad).

Data analysis. Linear regression was performed on the initial up-
take versus time profile to obtain the initial uptake rate (slope)
and nonspecific binding (y-intercept) of conjugated bile acids in
OSTab cells. In concentration-dependent studies, the Mock cell-
mediated uptake data were subtracted from OSTab cell-
mediated uptake data, and linear regression was performed on
the resulting velocity versus substrate concentration data to de-
rive the slope 6 SD approximating the OSTa/b-mediated uptake
clearance [CLuptake ¼ Vmax/(KmþC)] of each bile acid, where C
represents the concentration of the bile acid, and Vmax and Km

represent the Michaelis-Menten parameters for the maximum
velocity of transport and the Michaelis constant, respectively,
for each bile acid substrate. In inhibition studies, Mock cell-
mediated uptake data were subtracted from OSTab cell-
mediated uptake data, followed by normalization based on ve-
hicle control (DMSO) data. Nonlinear (least squares) regression,
with normalized bile acid uptake relative to control (decreasing
from 100% to 0% as inhibitor concentrations increase) and a
standard slope (ie, a Hill slope of �1.0) was used to approximate
the IC50,app and corresponding SD for each inhibitor-bile acid
substrate pair, described by the following equation:

Y ¼ 100
1þ X=IC50;app

:

The half-maximal inhibitory concentrations are labeled as
IC50,app to emphasize that in some cases, the uptake of the
tested bile acid was inhibited < 50% relative to control in the
evaluated inhibitor concentration range (which was not in-
creased due to solubility limits). SCHH data were analyzed using
2-way analysis of variance followed by a Bonferroni’s multiple
comparisons statistical test. This statistical test was also used
for log10-transformed quantitative targeted absolute proteomics
(QTAP) data. All statistical tests were performed using
GraphPad Prism version 8.2.0 for Windows, GraphPad Software
(San Diego, California).

RESULTS

Time-dependent Bile Acid Transport Studies Using OSTab Cells
Using OSTab cells and Mock cells, the time-dependence of OSTa/b-
mediated transport of four conjugated, primary bile acids
(TCDCA, GCDCA, TCA, GCA, Figure 1) was assessed. The rela-
tively lipophilic TCDCA and GCDCA were preferentially
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transported by OSTa/b compared with the more hydrophilic
TCA and GCA. Mock cells showed very little uptake of these bile
acids. Bile acid uptake in OSTab cells was within the linear
range over the first 30 s of the initial uptake versus time profiles;
thus, the 30-s time point was selected for subsequent
concentration-dependence and inhibition studies. The initial
uptake rate and y-intercept, presumably the nonspecific binding
component, of these bile acids in OSTab cells are presented in
Table 1.

Concentration-dependent Bile Acid Transport Studies Using OSTab
Cells
Based on the concentration-dependence study, the initial veloc-
ity of transport (ie, uptake rate) by OSTa/b for the relatively lipo-
philic bile acids TCDCA and GCDCA was greater than for the
more hydrophilic bile acids TCA and GCA (Figure 2). The uptake
rate was linear in the studied concentration range (5–500 mM) for
all four conjugated bile acids, precluding the determination of
the Michaelis constant (Km) and the maximum velocity of trans-
port (Vmax). However, the slopes of these velocity versus con-
centration plots were used to approximate OSTa/b-mediated
CLuptake of each bile acid, and to rank-order the preferential
OSTa/b-mediated CLuptake of bile acid substrates: TCDCA >

GCDCA > TCA > GCA.

Bile Acid Transport Inhibition Studies Using OSTab Cells
The effect of three OSTa/b inhibitors (FDX, TS, and EE) on OSTa/b-
mediated bile acid transport (5mM) was examined (Figure 3). The
IC50,app point estimates for the three inhibitors using any of the
four evaluated bile acids as substrate was in the order: FDX < TS
< EE (Table 2; individual plots of inhibition of OSTa/b-mediated
bile acid uptake are shown in Supplementary Figure 1). Based on
nonoverlapping 95% confidence intervals (CIs) across inhibitors,
FDX was the most potent inhibitor of OSTa/b-mediated transport
of the evaluated bile acids. However, when comparing TS and EE
as inhibitors of bile acid transport mediated by OSTa/b, only the
95% CIs for the taurine-conjugated bile acid substrates (ie, TCDCA
and TCA) did not overlap.

Bile Acid Uptake and Proteomic Analyses in CDCA-treated SCHH
In separate studies with human hepatocytes, Western blot anal-
ysis revealed that 72-h treatment of SCHH with CDCA (100mM)
resulted in increased protein expression of both OSTa/b
subunits compared with vehicle (DMSO) control (Figure 4A). To
provide additional insight into CDCA-mediated alterations at
the protein level, QTAP analysis was performed for bile acid
transporters and metabolizing enzymes (Figure 4C,
Supplementary Figure 2, and Table 3). CDCA treatment of SCHH
induced OSTa (p< .0001), OSTb (p¼ .0003), and BSEP (p¼ .0130),
with corresponding increases in protein concentrations of �51-,
8.2-, and 6.6-fold. In addition, protein concentrations of the ef-
flux transporter multidrug resistance-associated protein (MRP)
3 trended higher in CDCA-treated SCHH, although differences
failed to reach statistical significance. Protein concentrations of
the uptake transporters sodium taurocholate cotransporting
polypeptide (NTCP), and organic anion transporting

Figure 1. Time-dependent uptake of taurochenodeoxycholate (TCDCA; 5 mM), glycochenodeoxycholate (GCDCA; 5 mM), taurocholate (TCA; 5 mM), and glycocholate (GCA;

5 mM). Transport studies were performed using 5.0 � 105 viable cells/well in modified extracellular fluid buffer, as described previously (Malinen et al., 2018, 2019). Solid

and open symbols represent OSTab- and Mock-mediated bile acid uptake, respectively. Data are presented as mean 6 SD (n¼3, in triplicate), as described in the

Materials and Methods section. Only the SD in the upper direction is shown for clarity. Uptake data points from Mock cells that are not visible are hidden behind the

TCDCA data corresponding to Mock cells. Abbreviations: Mock cells, mock-transfected cells; OSTab cells, OSTa/b-overexpressing cells.

Table 1. Initial Uptake Kinetics of Conjugated, Primary Bile Acids in
OSTab Cells

Conjugated
Bile Acid

Initial Uptake Rate 6 SD
(pmol/min/mg Protein)

y-Intercept 6 SD
(pmol/mg Protein)

TCDCA 216.2 6 10.0 26.2 6 2.9
GCDCA 111.8 6 8.2 23.7 6 2.4
TCA 35.3 6 0.5 5.8 6 0.2
GCA 62.7 6 3.0 6.4 6 0.9

The initial uptake rate (slope) and y-intercept of conjugated bile acid species

(5 mM) in OSTab cells were determined by performing linear regression on the

initial uptake over the first 30 s (Figure 1).

Abbreviations: GCA, glycocholate; GCDCA, glycochenodeoxycholate; OSTab cells,

OSTa/b-overexpressing cells; TCA, taurocholate; TCDCA, taurochenodeoxycholate.

Figure 2. Concentration-dependent uptake rate (at substrate concentrations of

5–500mM) of taurochenodeoxycholate (TCDCA), glycochenodeoxycholate

(GCDCA), taurocholate (TCA), and glycocholate (GCA) by OSTa/b. Solid symbols

represent the rate of bile acid uptake (30 s) after subtracting uptake in Mock cells

from uptake in OSTab cells. Data are presented as mean 6 SD (n¼3, in tripli-

cate), as described in the Materials and Methods section. Only the SD in the up-

per direction is shown for clarity. Linear regression using GraphPad Prism

version 8.2.0 was used to derive the slope 6 SD approximating OSTa/b-mediated

uptake clearance [CLuptake ¼ Vmax/(KmþC)] of conjugated bile acid species.

Abbreviations: Mock cells, mock-transfected cells; OSTab cells, OSTa/b-overex-

pressing cells.
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polypeptides (OATPs) 1B1 and 1B3 trended lower in CDCA-
treated SCHH, but differences were not statistically significant.
Furthermore, cytochrome P450 (CYP) 3A4 showed a notable de-
crease in protein concentrations, whereas there was a trend to-
ward increased protein concentrations of sulfotransferase
(SULT) 1A1 and most uridine 50-diphospho-glucuronosyltransfer-
ase (UGT) enzymes in these cells.

Accumulation of d5-GCA and d7-GCDCA in SCHH treated
with CDCA (100 mM) was performed using B-CLEAR methodol-
ogy to evaluate the potential impact of OSTa/b and other pro-
teins on the hepatobiliary disposition of two prevalent
primary glycine-conjugated bile acids. CDCA treatment of
SCHH reduced the accumulation of d7-GCDCA and d5-GCA in
cellsþbile (standard HBSS buffer) 4.0- and 4.5-fold, respec-
tively, compared with DMSO-treated SCHH (Figure 4B). On av-
erage, the BEI decreased from 77.0% to 35.4% for d7-GCDCA
and from 85.0% to 60.3% for d5-GCA when SCHH were treated
with CDCA.

Evaluating OSTa/b Inhibitor-mediated Hepatocellular Toxicity in
SCHH
The cholestatic hepatotoxic potential of the most potent inhibi-
tor of OSTa/b-mediated bile acid transport in this study (ie, FDX)
was assessed in SCHH using the C-DILI assay. Western blot
analysis showed that 24-h treatment of SCHH with C-DILI
Sensitization Medium, which sensitizes hepatocytes to the
cholestatic hepatotoxic potential of a test compound, resulted
in induction of both OSTa/b protein subunits compared to treat-
ment with C-DILI Standard Medium (Figure 5A). Toxicity was
observed as a decrease in ATP content (Figure 5B) and increased
LDH release into the medium (Figure 5C) in SCHH treated for
24 h with C-DILI Sensitization Medium using TGZ (75 mM) as the
positive control. In contrast, 20 mM TGZ exhibited hardly any
hepatotoxic effect, as expected, because of the lower concentra-
tion relative to the positive control. The OSTa/b inhibitor FDX
(30mM) caused some toxicity (decrease in ATP) in the C-DILI
Sensitization Medium when administered alone. The

Figure 3. Inhibition of OSTa/b-mediated uptake of taurochenodeoxycholate (TCDCA; 5 mM), glycochenodeoxycholate (GCDCA; 5 mM), taurocholate (TCA; 5 mM), and gly-

cocholate (GCA; 5 mM) by fidaxomicin, troglitazone sulfate, and ethinyl estradiol over a concentration range of 0.125–200 mM. Solid symbols represent bile acid uptake af-

ter subtracting uptake in Mock cells from uptake in OSTab cells, followed by vehicle control normalization. Data represent mean 6 SD (n¼ 3, in triplicate), as described

in the Materials and Methods section. Only the SD in the upper direction is shown. The apparent half-maximal inhibitory concentration and corresponding 95% confi-

dence interval for each bile acid substrate were determined by nonlinear regression using GraphPad Prism version 8.2.0 (Table 2). Abbreviations: Mock cells, mock-

transfected cells; OSTab cells, OSTa/b-overexpressing cells.

Table 2. Inhibition of OSTa/b-mediated Uptake of Conjugated, Primary Bile Acids

IC50,app [95% CI] (mM)

Conjugated Bile Acid Fidaxomicin Troglitazone Sulfate Ethinyl Estradiol

TCDCA 210 [179, 249] 334 [254, 455] 1050 [670, 2050]
GCDCA 97.6 [78.3, 122] 333 [250, 460] 337 [260, 451]
TCA 140 [107, 186] 265 [214, 335] 527 [357, 866]
GCA 59.8 [51.5, 69.4] 102 [82.4, 127] 117 [90.1, 154]

The apparent half-maximal inhibitory concentration (IC50,app) and corresponding 95% confidence interval (CI) for each conjugated bile acid substrate (5 mM) were deter-

mined using an OSTa/b inhibitor concentration range of 0.125–200 mM and nonlinear regression (Figure 3). The half-maximal inhibitory concentrations are labeled as

IC50,app to emphasize that several of these values were extrapolated beyond the tested inhibitor concentration range due to solubility limits.

Abbreviations: GCA, glycocholate; GCDCA, glycochenodeoxycholate; TCA, taurocholate; TCDCA, taurochenodeoxycholate.
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combination of TGZ (20 mM) and FDX (30mM) resulted in a statis-
tically significant increase in hepatocellular toxicity compared
with administration of either of these drugs alone.

DISCUSSION

Although a key role for OSTa/b is implicated in health and a va-
riety of bile acid-related diseases, little is known about how this
transporter may be involved in DILI. OSTa/b is a bidirectional
transporter and primarily functions as an efflux transporter
in vivo (Dawson et al., 2010; Malinen et al., 2018). Based on
CLuptake values from this study, OSTa/b preferentially transports
relatively lipophilic GCDCA and TCDCA compared with more
hydrophilic GCA and TCA (Figure 2). This suggests that OSTa/b
serves to protect hepatocytes from toxic bile acids.
Furthermore, the taurine conjugates (TCDCA and TCA) showed
preferential OSTa/b-mediated CLuptake compared with their
glycine-conjugated counterparts (GCDCA and GCA), indicating

that OSTa/b preferentially transports taurine-conjugated
species. These data suggest that the substrate binding site of
OSTa/b may have differential affinity for more lipophilic com-
pared with relatively hydrophilic bile acids, and for taurine
compared with glycine functional groups. The TCDCA > GCDCA
> TCA > GCA rank order of transport is consistent with a re-
cently published analysis of bile acid transport using OSTa/b-
overexpressing Madin-Darby canine kidney (MDCK)-II cells
(Suga et al., 2019). Using initial velocity versus substrate concen-
tration data from Suga et al. (2019), OSTa/b-mediated CLuptake of
the even more lipophilic glycodeoxycholate (GDCA),
taurodeoxycholate (TDCA), glycolithocholate (GLCA), and
taurolithocholate (TLCA) can be approximated. These CLuptake

estimations (not shown) further support preferential OSTa/b-
mediated bile acid transport of more lipophilic compared with
more hydrophilic bile acids, and taurine- compared with
glycine-conjugated OSTa/b-mediated bile acid transport: TLCA
> GLCA > TDCA(�TCDCA) > GDCA(�GCDCA). In addition to

Figure 4. Accumulation of two glycine-conjugated bile acid species in sandwich-cultured human hepatocytes (SCHH) treated for 72 h with 100 mM CDCA to induce

OSTa/b, or with DMSO (control). A, Protein expression of the OSTa/b subunits in DMSO- and CDCA-treated SCHH (donor WWQ) was assessed by Western blot. Both pro-

teins were analyzed separately on different membranes, while Naþ/Kþ ATPase was evaluated as the loading control on the same membrane. B, Using SCHH from two

donors (MLM, closed symbols, in triplicate wells; HU8246, open symbols, in duplicate wells), uptake studies (10 min) using B-CLEAR methodology as described in the

Materials and Methods section were performed in standard HBSS (circles) or Ca2þ-free HBSS (squares) with d7-glycochenodeoxycholate (d7-GCDCA, 2.5 mM) or d5-glyco-

cholate (d5-GCA, 2.5 mM) as probe substrates. Horizontal bars denote mean values. C, Quantitative targeted absolute proteomics analysis was performed on membrane

protein (from duplicate or triplicate cell culture wells) extracted from two SCHH donors (WWQ, closed symbols; HU8246, open symbols) treated with DMSO (triangles)

or CDCA (circles). In this panel, data for bile acid transporters are presented. See Supplementary Figure 2 for metabolizing enzyme data. For the purpose of analysis,

protein concentrations between the LLOQ of 0.1 pmol/mg protein and 0.02 pmol/mg protein were used as calculated, whereas concentrations < 0.02 pmol/mg protein

were imputed as 0.02 pmol/mg protein, as described previously (Khatri et al., 2019). In B and C, technical replicates for each donor are presented, and 2-way analysis of

variance followed by a Bonferroni’s multiple comparisons statistical test was performed. *p< .05. Abbreviations: BEI, biliary excretion index; BSEP, bile salt export

pump; CDCA, chenodeoxycholate; DMSO, dimethyl sulfoxide; GCA, glycocholate; GCDCA, glycochenodeoxycholate; HBSS, Hank’s Balanced Salt Solution; LLOQ, lower

limit of quantitation; MRP, multidrug resistance-associated protein; Naþ/Kþ ATPase, sodium-potassium adenosine triphosphatase; ND, not detected; NTCP, sodium

taurocholate cotransporting polypeptide; OATP, organic anion transporting polypeptide; OST, organic solute transporter.
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these findings for human OSTa/b, Ballatori et al. (2005) studied
murine OSTa/b using MDCK cells expressing both OSTa/b and
the apical sodium-dependent bile acid transporter. These data
suggested that murine OSTa/b also transports taurine-
conjugated bile acids more efficiently compared with glycine-
conjugated bile acids. Protein structural data explaining the
preference of OSTa/b for taurine- over glycine-conjugated bile
acids, and more lipophilic over more hydrophilic bile acids is
lacking, and warrants further investigation. Additional insights
into the substrate binding site of OSTa/b may be gathered
from previous reports demonstrating that the sulfated but not
the unconjugated forms of dehydroepiandrosterone and
pregnenolone were OSTa/b substrates (Ballatori et al., 2008; Fang
et al., 2010), and that docetaxel, but not paclitaxel, was
transported by OSTa/b (Schwarz, 2012).

In the inhibition studies using a fixed substrate concentra-
tion of 5 mM, it was not possible to calculate IC50,app values
with high confidence, as shown by the relatively wide 95%
CIs, due to low inhibition even at 200 mM. Despite the low
confidence in IC50,app values, these data show that the selec-
tion of the probe substrate in OSTa/b-based inhibition studies
has a substantial impact on IC50,app values corresponding to a
particular xenobiotic, which has not been shown previously
for this transporter. TCA is used often as a prototypical bile
acid substrate in transport inhibition studies, and utilized to
predict the effect of a xenobiotic on the transport of bile acids
in general. Compared with the IC50,app point estimate derived
using TCA as the probe substrate in OSTa/b inhibition studies
(Table 2), the values obtained with EE as the inhibitor using
GCA or TCDCA as the probe substrate could be up to 5-fold
lower or 2-fold higher, respectively (an order of magnitude
difference overall). Interestingly, EE was the weakest of the
three studied inhibitors for each of the evaluated bile acids
based on IC50,app point estimates, although previously EE was
shown to be the strongest individual inhibitor of OSTa/b-me-
diated DHEAS uptake (Malinen et al., 2019), which further

emphasizes the importance of substrate-dependence in inhi-
bition studies.

While OSTa/b-overexpressing cells are ideally suited to
study OSTa/b-mediated bile acid transport in isolation, SCHH
with canalicular network formation represent a physiologically
relevant model to study the hepatobiliary disposition of bile
acids. This study quantified the accumulation of two glycine-
conjugated, primary bile acids in SCHH under basal conditions
(ie, minor OSTa/b expression) and when OSTa/b was induced af-
ter 72-h CDCA treatment. In CDCA-treated SCHH, d7-GCDCA
and d5-GCA accumulation in cellsþbile and the BEI values were
reduced (Figure 4B). Transcriptomic and Western blot analyses
were performed previously to analyze the effects of CDCA treat-
ment in SCHH (Guo et al., 2018; Jackson et al., 2016; Krattinger
et al., 2016). Results from the larger-scale quantitative proteomic
analysis conducted in this study (Table 3) support previous find-
ings that OSTa/b is the most highly induced bile acid transporter
measured in SCHH following 100 mM CDCA treatment.
Interestingly, although CDCA treatment of SCHH increased
BSEP protein levels on average, the BEI values of both d7-GCDCA
and d5-GCA were decreased. The observed reduction in BEI is
likely due to the markedly decreased accumulation of d7-
GCDCA and d5-GCA in SCHH, which can be explained by in-
creased (OSTa/b-mediated) basolateral efflux of bile acids, and
possibly by decreased uptake and/or increased metabolism.
Decreased protein levels of the uptake transporters NTCP,
OATP1B1, and OATP1B3, which preferentially transport GCDCA
over GCA (Suga et al., 2017), could reduce bile acid accumulation
and alter hepatobiliary disposition of bile acids. Aside from
transporters, CYP3A4, SULTs (eg, SULT2A1) and UGTs (eg,
UGT1A1, -1A3, -2B4, -2B7) are involved in bile acid disposition
(Alnouti, 2009; Barnabas and Chapman, 2012; Beilke et al., 2009;
Trottier et al., 2006). CDCA-induced alterations in these metabo-
lizing enzymes could lead to functional changes in bile acid oxi-
dation, sulfation, and/or glucuronidation, and the resulting
metabolites may undergo preferential basolateral or biliary
transport due to differential transporter affinity.

Table 3. Effect of CDCA Treatment on Protein Levels of Bile Acid Transporters and Metabolizing Enzymes in Sandwich-cultured Human
Hepatocytes (SCHH)

Transporter Log10 Ratio Fold Change Metabolizing Enzyme Log10 Ratio Fold Change

Upregulated proteins
OSTa 1.7 51 SULT1A1 0.29 1.9
OSTb 0.91 8.2 UGT1A1 0.19 1.5
BSEP 0.82 6.6 UGT2A3 0.13 1.3
MRP3 0.20 1.6 UGT2B4 0.13 1.3
MRP4 0.040 1.1 UGT2B15 0.11 1.3
MRP2 0.0037 1.0 UGT1A3 0.064 1.2

UGT1A4 0.038 1.1
SULT2A1 0.026 1.1
UGT2B7 0.023 1.1
UGT1A6 0.021 1.0

Downregulated proteins
NTCP �0.32 0.48 CYP3A4 �0.30 0.51
OATP1B3 �0.17 0.68 UGT1A9 �0.16 0.70
OATP1B1 �0.10 0.79 SULT1A3 �0.065 0.86

UGT2B17 �0.039 0.91

Quantitative targeted absolute proteomics analysis was performed on membrane protein (from duplicate or triplicate cell culture wells) extracted from two SCHH

donors (WWQ and HU8246). The average fold change (relative to DMSO treatment) in protein levels across both donors was calculated using the protein concentrations

shown in Figure 4C and Supplementary Figure 2.

Abbreviations: BSEP, bile salt export pump; CDCA, chenodeoxycholate; CYP, cytochrome P450; DMSO, dimethyl sulfoxide; MRP, multidrug resistance-associated pro-

tein; NTCP, sodium taurocholate cotransporting polypeptide; OATP, organic anion transporting polypeptide; OST, organic solute transporter; SULT, sulfotransferase;

UGT, uridine 50-diphospho-glucuronosyltransferase.
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The observed trend in the hepatic disposition of d7-GCDCA
and d5-GCA following CDCA treatment of SCHH (Figure 4B) is
similar to recently published data on d8-TCA (Guo et al., 2018) in
which an important role of OSTa/b-mediated basolateral efflux
of d8-TCA was demonstrated. The increased intrinsic basolat-
eral efflux clearance of d8-TCA was attributed, at least partially,
to higher levels of OSTa/b because CDCA treatment significantly
upregulated OSTa/b, but not the basolateral efflux transporters
MRP3 and MRP4 that can also efflux TCA (Guo et al., 2018).
Considering the induction of OSTa/b and that GCDCA and GCA
are substrates of OSTa/b, it is highly plausible that CDCA treat-
ment increased the intrinsic basolateral efflux clearance of d7-
GCDCA and d5-GCA. However, a more extensive investigation

characterizing uptake and efflux over time combined with
mechanistic modeling to assess biliary and basolateral efflux
clearance values would be necessary to draw further
conclusions.

Additional studies were conducted to demonstrate the im-
portance of OSTa/b in protecting human hepatocytes from bile
acid-mediated DILI. For these studies, FDX served as a useful in-
hibitor of OSTa/b-mediated bile acid transport in vitro even
though plasma concentrations of this orally administered, large
(1058 g/mol) macrocyclic antibiotic in humans do not reach
IC50,app values in the range evaluated in this study (Sears et al.,
2012). Previously it was shown that in TGZ (10 mM)-treated SCHH
(30–120 min), accumulation of the metabolite TS was extensive,

Figure 5. Cholestatic hepatocellular toxicity in sandwich-cultured human hepatocytes (SCHH) using OSTa/b inhibitors. A, Protein expression of the OSTa/b subunits in

C-DILI Standard Medium (Std. Med.)-treated and C-DILI Sensitization Medium (Sens. Med.)-treated SCHH (donor WWQ) was assessed by Western blot. Both proteins

were analyzed separately on different membranes, while Naþ/Kþ ATPase was evaluated as the loading control on the same membrane. B and C, SCHH from two donors

(WWQ and WID) were treated for 24 h with DMSO (control) or compound(s) dissolved in C-DILI Std. Med. (white bars) or C-DILI Sens. Med. (black bars), the latter of

which creates conditions that sensitize hepatocytes to the cholestatic hepatotoxic potential of a test compound. Toxicity was assessed by measuring ATP content (B)

and LDH release (C). Technical replicates for each donor are presented. Using SCHH from donor WWQ, all conditions were tested at least in triplicate wells. Using SCHH

from donor WID, all conditions except TGZ (75 mM) were tested at least in duplicate wells. In B and C, 2-way analysis of variance followed by a Bonferroni’s multiple

comparisons statistical test was performed. *p< .05. Abbreviations: ATP, adenosine triphosphate; FDX, fidaxomicin; LDH, lactate dehydrogenase; Naþ/Kþ ATPase, so-

dium-potassium adenosine triphosphatase; OST, organic solute transporter; TGZ, troglitazone.
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with intracellular concentrations ranging from 136 to 160 mM
(Lee et al., 2010). This is within the range of IC50,app values (102–
334 mM) of TS for OSTa/b-mediated bile acid transport estimated
in this study. Using the C-DILI assay, the combination of FDX
and TGZ (at a concentration lower than when serving as the
positive control for cholestatic hepatotoxicity [20 vs 75 mM, re-
spectively]) in sensitization conditions increased cholestatic he-
patocellular toxicity compared with administration of either
drug alone (Figs. 5B and 5C). Sensitization conditions lead to
FXR activation (eg, FGF19 and OSTb mRNA elevations) (Jackson
and Brouwer, 2019; Jackson et al., 2018), and OSTa/b protein lev-
els were induced by the Sensitization Medium used in the C-
DILI assay (Figure 5A). Because FDX, TGZ, and the generated TS
metabolite can all inhibit OSTa/b (Malinen et al., 2019), these
results suggest that OSTa/b inhibition may accentuate DILI. It is
important to note that sensitization conditions may impact al-
ternative hepatotoxicity-promoting pathways. Although FDX
inhibits MRP3 in inside-out membrane vesicles (Ali et al., 2017),
this inhibitory effect may be negligible in whole-cell systems,
such as SCHH, where poorly permeable compounds cannot ac-
cess intracellular binding sites. Interactions of FDX with hepatic
bile acid uptake transporters (eg, NTCP, OATPs) on the extracel-
lular side of the plasma membrane have not been studied, but it
is unlikely that inhibition of bile acid uptake would exacerbate
bile acid-mediated hepatotoxicity.

In conclusion, the results of the present studies suggest that
OSTa/b has a preference to transport relatively lipophilic over
more hydrophilic bile acids, and that xenobiotics have different
effects on this transport. The results also support a protective
role for OSTa/b in the hepatocyte in cholestatic conditions.
Furthermore, the model systems used in this study provide
insights into the potential role of OSTa/b in cholestatic DILI, and
lend support for evaluating OSTa/b interactions during drug de-
velopment, especially when there is a concern regarding chole-
static DILI liability.

SUPPLEMENTARY DATA

Supplementary data are available at Toxicological Sciences
online.
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