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Abstract

Adverse outcome pathways (AOPs) have been recently introduced as tools to map the mechanisms underlying toxic events
relevant for chemical risk assessment. AOPs particularly depict the linkage between a molecular initiating event and an
adverse outcome through a number of intermediate key events. An AOP has been previously introduced for cholestatic liver
injury. The objective of this study was to test the robustness of this AOP for different types of cholestatic insult and the
in vitro to in vivo extrapolation. For this purpose, in vitro samples from human hepatoma HepaRG cell cultures were exposed
to cholestatic drugs (i.e. intrahepatic cholestasis), while in vivo samples were obtained from livers of cholestatic mice (i.e.
extrahepatic cholestasis). The occurrence of cholestasis in vitro was confirmed through analysis of bile transporter functional-
ity and bile acid analysis. Transcriptomic analysis revealed inflammation and oxidative stress as key events in both types of
cholestatic liver injury. Major transcriptional differences between intrahepatic and extrahepatic cholestatic liver insults were
observed at the level of cell death and metabolism. Novel key events identified by pathway analysis included endoplasmic
reticulum stress in intrahepatic cholestasis, and autophagy and necroptosis in both intrahepatic as extrahepatic cholestasis.
This study demonstrates that AOPs constitute dynamic tools that should be frequently updated with new input information.
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JUN Jun proto-oncogene
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MAPKAPK Mitogen-activated protein kinase-activated
protein kinase

MDR Multidrug resistance protein

MLKL Mixed lineage kinase domain-like
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MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide

NEFA Nefazodone

NR(s) Nuclear receptor(s)

NTCP Sodium-taurocholate co-transporting
polypeptide

Nqo NAD(P)H quinone dehydrogenase

OATP(s) Organic anion transporting peptide(s)

OST Organic solute transporter

PXR Pregnane X receptor

RIPK Receptor interacting serine/threonine
kinase
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SH3GLBI1 SH3 domain containing GRB?2 like, endo-
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Introduction

Cholestasis denotes any situation of impaired bile secretion
concomitant with an accumulation of bile acids (BAs) in
the liver and/or systemic circulation (Nguyen et al. 2014;
Noor 2015). Two types of cholestasis are traditionally dis-
tinguished, depending on the site of obstruction, namely
extrahepatic and intrahepatic cholestasis. The latter is the
result of functional defects in bile formation by hepatocytes,
while extrahepatic cholestasis is caused by an anatomical
blockage outside the liver (Mariotti et al. 2017; Zollner and
Trauner 2006). Drug-induced intrahepatic cholestasis consti-
tutes a major subgroup of drug-induced liver injuries (DILI),
accounting for as much as 50% of the registered DILI cases
(Oorts et al. 2016). DILI is of high clinical importance,
deemed responsible for more than half of all cases of acute
liver failure (Goldberg et al. 2015). In addition to its clini-
cal relevance, DILI is also one of the major reasons for drug
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failure during pre-marketing and post-marketing phases of
drug development, leading to massive financial losses for
pharmaceutical industry (Jones et al. 2018; Lee et al. 2013;
Van den Hof et al. 2015). Unfortunately, current pre-clinical
animal and in vitro models can only detect about 50-60%
of all human clinical DILI cases. This could be explained,
at least in part, by significant gaps in the mechanistic under-
standing of DILI, including drug-induced cholestasis (Bale
et al. 2014; Laverty et al. 2010). For this reason, there is an
urgent need to map the full mechanistic scenario of drug-
induced intrahepatic cholestasis to identify biomarkers that
can improve prediction of cholestatic liabilities. An adverse
outcome pathway (AOP) seems fit for this purpose, as it
provides a conceptual construct that portrays existing knowl-
edge concerning the linkage between a direct molecular ini-
tiating event and an adverse outcome at a biological level
relevant to risk assessment (Ankley et al. 2010; Villeneuve
et al. 2014). An AOP on cholestatic liver injury has been
previously introduced by our group, thereby focusing on
inhibition of the bile salt export pump (BSEP) as molecular
initiating event (Vinken et al. 2013). BSEP plays an essential
role in the hepatocyte export of BAs and its inhibition results
in intrahepatocyte accumulation of BAs. The latter key event
initiates two types of cellular responses, namely a deteriora-
tive response and an adaptive response. The deteriorative
response is characterized by the occurrence of inflammation,
opening of the mitochondrial permeability pore, oxidative
stress, and cell death. The adaptive response reflects a home-
ostatic reaction to counteract BA accumulation via activa-
tion of a number of nuclear receptors (NRs) [i.e. constitu-
tive androstane receptor (CAR), farnesoid X receptor (FXR),
pregnane X receptor (PXR), and small heterodimer partner
(SHP)]. This induces an array of transcriptional changes to
facilitate removal of BAs and their products (Vinken et al.
2013).

AOPs are to be considered as living documents that
evolve over time as new knowledge becomes available (Vil-
leneuve et al. 2014). In this respect, the present study was
set up to verify the relevance and reliability of the available
AOP for predicting different types of cholestatic liver injury
in vitro and in vivo as well as to generate new informa-
tion that could be used during further AOP optimization.
Intrahepatic cholestasis was mimicked by human hepatoma
HepaRG cells that were exposed to different cholestatic
drugs, while extrahepatic cholestasis was surgically induced
in mice by means of bile duct ligation (BDL). Cell culture
and liver tissue samples were subjected to transcriptomic
analysis with subsequent pathway analysis, and results were
benchmarked against the available AOP on cholestatic liver
injury.
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Materials and methods
Animals and treatment

Male 8-weeks-old Sv129 mice were purchased form Harlan
(Horst, The Netherlands). Mice were housed in the animal
facility of the Faculty of Medicine and Health Sciences at
Ghent University, Belgium, and acclimatized 1 week prior
the experiments under controlled conditions. Care was given
in accordance with Federation for Laboratory Animal Sci-
ence Associations guidelines and the national guidelines for
animal protection. The animal protocols used in this study
were evaluated and approved by the Ethical Committee
of Experimental Animals at the Faculty of Medicine and
Health Sciences, Ghent University, Belgium (ECD 15/36).
Cholestatic liver injury was induced by performing BDL as
previously described (Van Campenhout et al. 2019). Briefly,
mice were anaesthetized with isoflurane inhalation (Isoflo,
Abbott, Belgium), a midline abdominal incision was made,
and the common bile duct was isolated and ligated with two
knots of non-resorbable suture (Silkan 5/0, Braun Aesculap,
Germany). The first ligature was made below the junction
of the hepatic ducts and the second was made above the
entrance of the pancreatic duct. The common bile duct was
resected between the two ligatures, after which the abdo-
men was closed by suturing the abdominal muscle and skin
in two separate layers. Control mice were sham operated,
whereby the common bile duct was isolated, but not ligated.
Liver samples were collected 6 weeks post-surgery.

Cell cultures and treatment

Cryopreserved differentiated HepaRG cells (Biopredic
International, France) were thawed and seeded following
manufacturer’s instructions with basal hepatic cell medium
(Williams’ E basal medium with GlutaMAX containing phe-
nol red, Biopredic International, France) supplemented with
thaw seed and general purpose medium (Biopredic Interna-
tional, France). Hereafter, HepaRG cells were maintained in
basal hepatic cell medium supplemented with maintenance
and metabolism medium (Biopredic International, France)
and refreshed every 2—3 days. Stock solutions of atazanavir
(ATA), cyclosporin A (CsA), and nefazodone (NEFA) were
made in dimethyl sulfoxide (DMSO) (Sigma-Aldrich, Bel-
gium). The final drug solutions were prepared ex tempore by
diluting the concentrated stock solutions with basal hepatic
cell medium supplemented with induction serum-free
medium (Biopredic International, France) and contained a
final DMSO concentration of 0.25% v/v. A 50 X concentrated
mixture of 5 BAs (i.e. 66 uM glycochenodeoxycholic acid,
20 uM deoxycholic acid, 19.5 uM chenodeoxycholic acid,
19 uM glycodeoxycholic acid, and 17.5 pM glycocholic acid,

Sigma-Aldrich, Belgium) was included in the cell culture
medium of HepaRG cells from day 7 after seeding in combi-
nation with the drug. Incubations with drugs were routinely
carried out for 72 h with daily renewal of cell culture media,
including the BA mix and drugs.

Cell viability assessment

HepaRG cell viability was assessed by means of a
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) viability assay (Sigma-Aldrich, Belgium)
(Mosmann 1983). MTT was dissolved in phosphate-buff-
ered saline at a concentration of 5 mg/mL (pH 7.65). A
concentration of 0.5 mg/mL was obtained by performing a
10 x dilution with Williams” E medium without phenol red.
HepaRG cells were seeded in 96-well plates following the
manufacturer’s instructions. At day 7, HepaRG cells were
exposed for 72 h to a range of concentrations of ATA (i.e.
5-100 uM), CsA (i.e. 5-50 uM), and NEFA (i.e. 5-50 uM).
Thereafter, the cells were rinsed with phosphate-buffered
saline and incubated with MTT solution for 1.5 h at 37 °C in
a 5% CO, atmosphere. The formed formazan crystals were
dissolved in DMSO by shaking the multi-well plates on an
orbital shaker (VWR, Belgium) for 10 min at room tempera-
ture and protected from light. Finally, the absorbance of each
well of the multi-well plate was measured with a spectro-
photometer (PerkinElmer, Belgium) at 560 + 10 nm and con-
versely correlated with the viability. Cholestatic index (CIx)
values were determined for every drug. CIx values reflect
the functionality or viability of hepatocytes co-exposed to a
cholestatic drug plus the BA mix compared to exposure to
the cholestatic drug alone (Chatterjee et al. 2014; Hendriks
et al. 2016). In the present study, data acquired from the
MTT assays were used to calculate CIx values.

__ Viability (%) drug plus bile acid mix

CI
X Viability (%) drug

Compounds were considered to possess a cholestatic
potential when CIx values were below or equal to 0.8 (Hen-
driks et al. 2016).

Determination of bile salt efflux pump activity

HepaRG cells were seeded in 96-well plates following
manufacturer’s instructions. At day 7, HepaRG cells were
incubated for 30 min with 5 uM of the specific BSEP
probe cholyl-L-lysyl-fluorescein (CLF) dissolved in Hanks’
balanced salt solution (excitation/emission wavelength
450/530 nm), while being exposed to cholestatic concen-
trations of ATA, CsA and NEFA or the BA mix. After
30 min of incubation, cells were rinsed, and nuclei were
stained with Hoechst 33342 (excitation/emission wavelength
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365/420 nm). The cell culture dishes were imaged using a
Nikon Eclipse Ti2. Fluorescence images were collected at
% 200 magnification.

Quantification of bile acids

HepaRG cells were seeded in 24-well plates following
manufacturer’s instructions. At day 7, HepaRG cells were
exposed to cholestatic concentrations of ATA, CsA, and
NEFA with or without the BA mix added to the cell culture
medium. After 72 h of exposure, HepaRG cells were rinsed
with cold Hanks’ balanced salt solution (Thermo Fisher,
Belgium) and subsequently collected using 250 uL cold
methanol per well. Quantification of BAs was performed as
previously described (Dewaele et al. 2019). The cells were
kept at —20 °C until further analysis. A total of six samples
were pooled per condition and centrifuged at 20,168 g for
15 min at 4 °C with a Mikro 220R centrifuge (Hettich, The
Netherlands). Furthermore, samples were evaporated using
a Savant Speedvac concentrator (Thermo Scientific, USA)
and reconstituted in 100 uL. 50/50 MeOH/ammonium buffer
(5 mM adjusted to pH 3.6 with acidic acid). Finally, the
samples were transferred into autosampler vials for liquid
chromatography and mass spectrometry/mass spectrom-
etry analysis and cholic acid (CA), chenodeoxycholic acid
(CDCA), deoxycholic acid (DCA), glycocholic acid (GCA),
glycochenodeoxycholic acid (GCDCA) and glycodeoxy-
cholic acid (GDCA) were quantified.

Total RNA isolation

HepaRG cells were seeded in 24-well plates following
manufacturer’s instructions. At day 7, HepaRG cells were
exposed to cholestatic concentrations of ATA, CsA, and
NEFA with or without the BA mix added to the cell culture
medium. After 72 h of exposure, samples were collected for
RNA isolation by aspirating the cell culture medium and
adding lysis buffer directly to the well (Qiagen, Belgium).
Total RNA extraction (Qiagen, Belgium) was done accord-
ing to manufacturer’s instructions. Quantification and purity
of the isolated RNA were determined by means of spectro-
photometric analysis with a Nanodrop spectrophotometer
(ThermoFisher Scientific, Belgium).

Microarray analysis

Whole genome expression analysis was performed using
microarray technologies from Affymetrix (Germany) as
previously described (Rodrigues et al. 2018). For this pur-
pose, 100 ng total RNA per sample was amplified using
a GeneChip 3'IVT Express Kit following manufacturer’s
instructions (Affymetrix, Germany). Amplified RNA was
purified with magnetic beads and 15 mg biotin-amplified
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RNA was treated with fragmentation reagent. Then, 12.5 pug
of fragmented amplified RNA was hybridized to Affymetrix
Human genome U133 plus 2.0 GeneChip and Affymetrix
Mouse Genome 430 2.0 GeneChip. Subsequently, the chips
were placed in a GeneChip Hybridization Oven 645 (Affym-
etrix, Germany) following manufacturer’s instructions. After
incubation, the arrays were washed with GeneChip Fluidics
Station 450 (Affymetrix, Germany) and stained with Affy-
metrix HWS kit. Thereafter, stained arrays were scanned
via an Affymetrix GeneChip Scanner 3000 7G. Hybridi-
zation controls were performed using Affymetrix GCOS
software. Normalization quality controls, such as scaling
factors, background intensities, noise and raw Q-values,
average intensities and present calls were done with robust
multiarray analysis and Affymetrix Transcriptome Analysis
Console software and were all within the acceptable limits
of all used chips. Functional toxicological analyses were
performed using QIAGEN’s Ingenuity Pathway Analysis
(IPA) software.

Statistics

The number of batches (i.e. in vitro experiments) and rep-
licates (i.e. in vitro and in vivo experiments) used for each
type of analysis were specified in the results section. Data
were expressed as mean + standard deviation (SD) or as
fold change compared to untreated HepaRG cells or sham-
operated mice. Results of the BA transporter activity and
BA quantification assays were statistically processed by one-
way and two-way ANOVA followed by post hoc tests with
Bonferroni correction using GraphPad Prism7 software with
a p value <0.05 considered as significant. Transcriptomic
analysis was performed with both IPA and Transcriptome
Analysis Console software, which used the Fisher’s exact
test with Benjamini—Hochberg correction or z-scores and
one-way ANOVA with Benjamini-Hochberg correction, to
identify significantly modified genes.

Results

Assessment of working concentrations of cholestatic
drugs in vitro

Human hepatoma HepaRG cells were cultured in monolayer
configuration and exposed to well-known cholestatic drugs
for 72 h in the presence and absence of a BA mix. Serum
BA pool concentrations typically increase by 30-50-fold
in cholestasis patients (Humbert et al. 2012; Tagliacozzi
et al. 2003). Therefore, a 50 X concentrated BA mix of
the five most abundant BAs present in human serum was
added to HepaRG cells together with the cholestatic drugs.
This setup enabled more close resemblance to the in vivo



Archives of Toxicology (2020) 94:1151-1172

1155

situation during cholestasis, to detect BA-selective sensitiza-
tion towards toxic effect of cholestatic drugs, as well as to
distinguish cholestatic hepatotoxicity from non-cholestatic
hepatotoxicity (Sharanek et al. 2017; Gijbels et al. 2019).
In this study, the cholestatic drugs ATA, CsA, and NEFA
were selected based on literature data (Oorts et al. 2016;
Rakotondravelo et al. 2012). The working concentrations
of the cholestatic drugs were determined by calculating
CIx values. The CIx value has been previously introduced
and successfully applied to assess cholestatic liability of
chemicals in spheroid cultures of primary human hepato-
cytes (Hendriks et al. 2016). An identical indicator, called
the drug-induced cholestasis index, has been used to assess
cholestatic potential in sandwich cultures of primary hepato-
cytes, albeit using a functionality parameter (i.e. urea for-
mation) rather than cell viability (Chatterjee et al. 2014).
CIx values or drug-induced cholestasis index values equal
to or lower than 0.8 designated cholestatic properties (Chat-
terjee et al. 2014; Hendriks et al. 2016). For the purpose of
this study, a viability assay was preferred for early detection
of hepatotoxicity. Preliminary experiments revealed that
the MTT reductase assay is more sensitive than the adeno-
sine triphosphate assay to assess the cell viability (data not
shown). CIx values were calculated of a range of concen-
trations of ATA (i.e. 5-100 uM), CsA (i.e. 5-50 uM) and
NEFA (i.e. 5-50 uM). The lowest concentration yielding a
CIx value lower than or equal to 0.8 was selected for further
experiments, namely 60 uM for ATA, 20 uM for CsA, and
30 uM for NEFA (Table 1). Similar concentrations for CsA
and NEFA have been associated with drug-induced choles-
tasis in primary human hepatocytes (Chatterjee et al. 2014;
Oorts et al. 2016), yet such data seems unavailable for ATA.
To translate CIx values obtained in vitro into relevant con-
centrations in vivo, a safety margin was further introduced.
The latter was calculated by dividing the lowest concentra-
tion yielding a CIx value lower than or equal to 0.8 by the
total therapeutic peak plasma concentration, retrieved from
literature. Safety margin values of ATA, CsA, and NEFA

were all below 30, which have been previously found to be
indicative for cholestatic risk (Oorts et al. 2016).

Induction of molecular initiating event
of cholestasis in vitro

The available AOP on cholestatic liver injury mainly focuses
on the inhibition of the BSEP transporter as molecular ini-
tiating event (Vinken et al. 2013). The activity and cellular
localization of BSEP in differentiated human hepatoma Hep-
aRG cell cultures were previously determined and showed
proper functionality and localization at the bile canalicular
pole, supporting the suitability of these cells to study hepato-
biliary transporters (Bachour-El Azzi et al. 2015; Rodrigues
et al. 2018). Expression of the ABCBI11 gene, which codes
for BSEP, was significantly elevated when HepaRG cells
were treated solely with the BA mix, while this was not
the case when cells were exposed to the BA mix together
with cholestatic drugs or cholestatic drugs alone (Fig. 1a).
Upregulation of ABCBI1 expression by the BA mix could
be attributed to an adaptive response to cholestasis, which
strives to counteract accumulation of BAs in hepatocytes
by increasing their export. On the other hand, it has been
reported that ABCB1 1 expression becomes strongly reduced
in HepaRG cells, human HepG2 cells, and precision-cut
human liver slices when treated with cholestatic drugs (Qu
et al. 2018; Rodrigues et al. 2018; Vatakuti et al. 2017). Sim-
ilar observations were made in the present study. Moreover,
an accumulation of the BSEP probe CLF could be visualized
in cells treated with cholestatic drugs (Fig. 1b). CsA acts as
a potent inhibitor of BSEP with ICs, values ranging between
0.1 and 0.88 uM in primary human hepatocytes (Morgan
et al. 2010; Zhang et al. 2016). NEFA was also reported to
inhibit BSEP, albeit less potent than CsA with an ICs, value
of 20 uM in primary human hepatocytes (Kostrubsky et al.
2006). No ICs, values for ATA-induced BSEP inhibition are
available in literature. Nevertheless, it is important to keep in
mind that although the AOP depicts BSEP inhibition as the

Table 1 CIx values and safety

. Drugs  In vitro In vitro CIx value+=SD  Cmax (uM)  References Safety margin
margin values of ATA, CsA, concentration
and NEFA (M)
ATA 60 0.77+0.06 8.32 Riede et al. (2017) 7.21
CsA 20 0.80+0.08 0.77 Dawson et al. (2012)  25.87
NEFA 30 0.50+0.07 425 Dawson et al. (2012) 7.05

HepaRG cells were exposed for 72 h to 60 uM for ATA, 20 uM for CsA, and 30 uM for NEFA

CIx values were calculated by dividing the viability of HepaRG cells exposed to the cholestatic drug and
the BA mix by HepaRG cells solely exposed to the cholestatic drug. The viability was obtained by per-
forming MTT assays. Afterwards, the safety margin was determined by dividing the lowest concentration
yielding a CIx value lower than or equal to 0.8 by the total therapeutic plasma peak concentration (Cmax).
Data were expressed as mean (+SD). (N=3 and n=1-3). (ATA atazanavir, BA bile acid, CIx cholestatic
index, Cmax total therapeutic plasma peak concentration, CsA cyclosporin A, NEFA nefazodone)
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Expression relative to control samples

C Determination of bile acids in cell lysate
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T ATA+BA
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Fig.1 a Bile salt export pump (BSEPIABCBI11) gene expression in
treated and untreated HepaRG cells. HepaRG cells were exposed for
72 h to 60 uM ATA, 20 uM CsA or 30 uM NEFA with or without
the BA mix. Subsequently, samples were collected and subjected to
microarray analysis. ABCB11 gene expression in treated HepaRG
cells were normalized to untreated HepaRG cells (control). Dotted
line represents untreated HepaRG cells. (N=1; n=3). b Live staining
of fluorescent BSEP probe cholyl-L-lysyl-fluorescein (CLF) in treated
and untreated HepaRG cells. HepaRG cells treated with 60 uM ATA,
20 uM CsA, 30 uM NEFA (or the BA mix) were exposed to BSEP
probe CLF (excitation/emission wavelength 450/530 nm). After
30 min of incubation, cells were rinsed, and nuclei were stained with
Hoechst 33342 (excitation/emission wavelength 365/420 nm). Fluo-
rescence images were taken at X200 magnification. (N=6; n=1). ¢
Liquid chromatography and mass spectrometry/mass spectrometry

main molecular initiating event of cholestatic liver injury,
other molecular initiating events may play a role as well
(Vinken et al. 2013). As a consequence of BSEP inhibition
or induction of other molecular initiating events, BAs will
accumulate in hepatocytes. This was verified in the HepaRG
cell cultures in this study by means of liquid chromatogra-
phy and mass spectrometry/mass spectrometry analysis to
quantify the BAs CA, CDCA, DCA, GCA, GCDCA, and
GDCA. Interestingly, significant lower concentrations of
CDCA, DCA, GCDCA, and GDCA were observed in cell
lysates of HepaRG cells treated with ATA, CsA, and NEFA
together with the BA mix (Fig. 1c). This is in line with find-
ings from a previous report that showed a rapid reduction in
BA levels in HepaRG cells exposed to CsA (Sharanek et al.
2015). This has also been shown for the cholestatic drug
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quantification of BAs in treated HepaRG cell lysates. HepaRG cells
were exposed for 72 h to the BA mix with or without co-exposure to
60 uM ATA, 20 uM CsA or 30 uM NEFA. Subsequently, cell lysates
from six samples were pooled and subjected to liquid chromatogra-
phy and mass spectrometry/mass spectrometry analysis for CDCA,
DCA, GCA, GCDCA and GDCA (ng/mL) quantification (N=1;
n=3). a—c Results were analyzed by one-way or two-way ANOVA
followed by post hoc tests using Bonferroni’s correction. Data
were expressed as mean+SD (*p<0.05; *¥p<0.01; ***p<0.001;
*#%%p <0.0001). (ATA atazanavir, BA bile acid, BSEP bile salt export
pump, CDCA chenodeoxycholic acid, CLF cholyl-L-lysyl-fluorescein,
CsA cyclosporin A, DCA deoxycholic acid, GCA glycocholic acid,
GCDCA glycochenodeoxycholic acid, GDCA glycodeoxycholic acid,
NEFA nefazodone)

bosentan, which was found to reduce concentrations of CA,
GCA, and GCDCA in HepaRG cell cultures (Burbank et al.
2017; Lepist et al. 2014; Rodrigues et al. 2018). It should
be stressed that these concentrations represent the total BA
abundance, hence no distinction could be made between
intracellular accumulation and bile pocket accumulation.

Transcriptomic analysis of established key events
of cholestasis in vitro

HepaRG cells were cultured in monolayer configuration
and exposed for 72 h to ATA, CsA, and NEFA in the pres-
ence and absence of the BA mix followed by transcriptomic
analysis. A principle component analysis was performed
on the transcriptomic data sets and showed no differences
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between tested HepaRG cell batches. The most pronounced
variation was originating from different cholestatic drugs
used to induce cholestasis and the presence or absence of
the BA mix (Fig. S1). A Venn diagram of the differentially
expressed genes was generated to visualize the variation
(Fig. S2A and B). 7087 genes were differentially expressed
when cells were treated with cholestatic drugs compared to
control treatment, increasing to 9809 genes when cells were
co-treated with BA. This confirms increased sensitivity upon
co-exposure of the HepaRG cells to the cholestatic drugs and
the BA mix. Comparing cholestatic drug treatment with the
combination of cholestatic drugs and the BA mix resulted in
2655 differentially expressed genes (Fig. S2C).

The AOP on cholestasis describes two biological
responses. The deteriorative response is featured by inflam-
mation, the opening of the mitochondrial membrane perme-
ability pore, oxidative stress, and cell death (Vinken et al.
2013). In the present study, inflammation could be evidenced
by the enhanced expression of colony stimulating factor 1
(CSF1), jun proto-oncogene (JUN), mitogen-activated pro-
tein kinase-activated protein kinase 3 (MAPKAPK3), and
serpin E1 (SERPINET) in HepaRG cells treated with chole-
static drugs both in absence and in presence of the BAs
(Fig. 2). The expression of C—C chemokine receptor type
2 (CCR?2) was also increased upon treatment with CsA and
NEFA. Noxious BAs trigger formation of the mitochondrial
permeability pore, resulting in mitochondrial impairment.
Mitochondrial dysfunction will, in turn, lead to increased
production of reactive oxygen species and thus to oxidative

Inflammation

104

Sk okl Rk
* &k

¥k 3}k
4 st En Bl ornn Bexk
*% - . Ll Ok sk ok

Log 2 normalized gene expression

CCR2

CSF1

Fig.2 Expression of genes involved in the inflammatory response
in treated HepaRG cells. HepaRG cells were exposed for 72 h to
60 uM atazanavir (ATA), 20 uM cyclosporin A (CsA) and 30 uM
nefazodone (NEFA) with or without the bile acid (BA) mix. Samples
were collected and subjected to microarray analysis. Subsequently,
transcriptomic analysis was performed by means of the Transcrip-
tome Analysis Console software. Gene selection relevant for inflam-
mation was based on the gene-level fold change <—2 or>2 and p
value <0.05, calculated via one-way ANOVA followed by post hoc

stress (Vinken et al. 2013). To protect against oxidative
stress, the nuclear-related factor 2 signaling pathway is acti-
vated, which regulates a high number of genes (Table 2) that
encode detoxifying or anti-oxidative proteins (Vatakuti et al.
2017). In line with this, nuclear-related factor 2 signaling
pathway was especially activated in HepaRG cells treated
with cholestatic drugs CsA and NEFA in presence of the
BAs, and to a lesser extent in HepaRG cells treated with
ATA. Oxidative stress ultimately burgeons into cell death.
However, there is still some discussion regarding the nature
of this type of cell death. Apoptosis has been associated
with cholestasis in rats. By contrast, necrosis seems the
main cell death mechanism during cholestasis in humans
and mice (Woolbright and Jaescke 2012). Genes involved
in both necrosis and apoptosis were induced in CsA-treated
HepaRG cells, while no induction nor suppression could be
observed in the other treatment groups (Table 3).

The adaptive response in the cholestasis AOP can be char-
acterized as a hepato-protective mechanism aimed to coun-
teract BA accumulation to alleviate cholestatic liver damage.
This protective mechanism relies on the activation of several
NRs namely, FXR (NR1H4), PXR (NR112), CAR (NR113),
and SHP (NROB?2), which coordinate a plethora of transcrip-
tional modifications in view of reducing BA levels (Table 4).
A number of transcriptional changes were reproduced in
compliance with the scenario, namely repressed expression
of cytochrome P450 7A1 (CYP7A1I), which encodes the rate-
limiting enzyme of BA biosynthesis, organic anion trans-
porting peptide 1B1 (OATPIBI) and sodium-taurocholate

CTL
BA
ATA 60 pM

ATA + BA 60 uM

CsA 20 pM
CsA + BA 20 uM
NEFA 30 uM
NEFA + BA 30 uM

JUN  MAPKAPK3 SERPINEI

tests using Bonferroni’s correction and Benjamini—-Hochberg cor-
rection. Normalized gene expression (Log2) of the selected genes in
treated and untreated HepaRG cells were expressed as mean+SD
(**p<0.01; ***p<0.001; ****¥p<0.0001). (N=1; n=3). (ATA
atazanavir, BA bile acid, CCR2 C-C chemokine receptor type 2, CsA
cyclosporin A, CSF1 colony stimulating factor 1, CTL control, JUN
jun proto-oncogene, MAPKAPK3 mitogen-activated protein kinase-
activated protein kinase 3, NEFA nefazodone, SERPINEI serpin E1)

@ Springer
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Table 3 Deregulated genes involved in apoptosis and necrosis in
treated HepaRG cells

AOP: Deteriora- Apoptosis Necrosis
tive response

z-score p value z-score p value
BA ND ND ND ND
ATA -0.50 0.00 0.64 0.00
ATA+BA -045 0.00 0.06 0.00
CsA 3.47 0.00 3.09 0.00
CsA+BA 2.44 0.00 1.64 0.00
NEFA 1.42 0.00 1.95 0.00
NEFA +BA 1.39 0.00 1.92 0.00

HepaRG cells were exposed for 72 h to 60 uM atazanavir (ATA),
20 uM cyclosporin A (CsA) and 30 pM nefazodone (NEFA) with or
without the bile acid (BA) mix. Transcriptomic analysis was further
executed by means of the Transcriptome Analysis Console software.
In addition, functional toxicological analysis was executed by means
of Ingenuity Pathway Analysis (IPA). Data were expressed as z-score
and p values (z <—2 is predicted inhibited and z > 2 is predicted
activated; p<0.05 is considered significant). Z-scores were calcu-
lated as a statistical measure for the similarity in expected relation-
ship direction and observed gene expression via an algorithm in IPA
and p values were calculated via Fisher’s exact ¢ test with Benjamini—
Hochberg correction. (N=1; n=3). (ATA, atazanavir; BA, bile acid;
CsA, cyclosporin A; IPA, Ingenuity Pathway Analysis; ND, not deter-
mined; NEFA, nefazodone)

co-transporting polypeptide Isolute carrier family 10 mem-
ber I (NTCP ISLC10AT) (Table 4). Other genes described in
the adaptive response appeared unchanged or differentially
regulated than predicted. Literature indicates that another
basolateral transporter could be involved in the adaptive
response, namely the multidrug resistance-associated protein
4 (MRP4IABCC4) (Zollner et al. 2006). Gene expression of
this transporter also showed upregulated in HepaRG cells
treated with cholestatic drugs in presence and absence of
the BA mix, especially with NEFA.

Transcriptomic analysis of established key events
of cholestasis in vivo

To challenge the robustness of the AOP on cholestatic liver
injury, which was initially designed for drug-induced chol-
estasis, the BDL mouse model was used as second experi-
mental model of cholestasis. Besides different species
(i.e. human versus mouse) and setting (i.e. in vitro versus
in vivo), this model thus also differed from the HepaRG
cell culture system in terms of the nature of trigger (i.e.
chemical induced versus surgical induced). This implies
that other molecular initiating events could be involved,
but, it can be anticipated that the key events of cholestasis
will remain unchanged. In this respect, the occurrence of
inflammation in the liver of BDL mice was evidenced by
significantly enhanced expression of genes Ccr2, Csfl, Jun,

@ Springer

Mapkapk3, and Serpinel, identical to the in vitro setting
(Fig. 3). Oxidative stress became manifested by upregula-
tion of fos proto-oncogene (Fos), glutathione S-transferase
a5/p3 (Gstad/p3), and NAD(P)H quinone dehydrogenase
1 (Nqol). It should be mentioned that, although these two
key events, i.e. inflammation and oxidative stress, occurred
both in the in vitro and in vivo settings, the genes involved
may differ. Indeed, expression of genes relevant to inflamma-
tion, such as interleukin 1 receptor-like 1 ({/11rl1), interleukin
6/8 (116/8), and interleukin 1 receptor-associated kinase 2
(Irak2) remained unaffected in BDL mice, but were highly
upregulated in HepaRG cells treated with cholestatic drugs.
Vice versa, genes Csf2, 1l7, and Irak3 appeared highly
upregulated in BDL mice, yet not in HepaRG cells exposed
to cholestatic drugs (data not shown). Likewise, 64 genes
relevant for oxidative stress were differentially expressed in
drug-induced cholestasis in HepaRG cells (Table 2), while
this was only the case for 13 genes in BDL mice (Table 5).
Of note, we did not identify significantly differential expres-
sion of genes involved in cell death types apoptosis and
necrosis in BDL mice, which is unlike the in vitro setting
(data not shown). A number of events linked to the adap-
tive response could be recapitulated in BDL mice, including
upregulation of Mrp4lAbcc4, OstplSIc51b and, downregula-
tion of solute carrier organic anion transporter family 1B2
(Slcolb2) (human analogue OATPIBI), and Sicl0al (Ntcp)
(Table 6). Human counterparts of Slcolb2 and Slc10al also
showed downregulated in HepaRG cells treated with chole-
static drugs (Table 4). This was not the case for Cyp7al,
which was upregulated in BDL mice, and remarkebly down-
regulated in the cholestatic in vitro system. Besides the dif-
ferent etiology of cholestasis, dissimilarities in gene expres-
sion between human HepaRG cells and BDL mice may, of
course, also be explained by interspecies differences and
in vitro—in vivo settings. For example, HepaRG cells can
differentiate into just two cell types including hepatocyte-
like cells and cholangiocyte-like cells (Parent et al. 2004),
while the liver samples additionally consist out of Kupffer
cells, stellate cells, liver sinusoidal endothelial cells, etc.
(Kmiéc 2001).

Transcriptomic characterization of potential new
key events in vitro and in vivo

An AOP is by definition a living document that should be
continuously updated by feeding in new information. In this
regard, the AOP on cholestasis, which is still the only one
in its kind, has been introduced in 2013. Since that time,
several reports have been published suggesting additional
key events, such as endoplasmic reticulum stress/unfolded
protein response (Burban et al. 2018), autophagy (Gao
et al. 2014; Manley et al 2014), and necroptosis (Afonso
et al. 2016). The transcriptomic analysis performed in the
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Fig.3 Expression of genes involved in inflammation in bile duct liga-
tion (BDL) and sham mice. Mice underwent BDL surgery or sham
surgery (control, CTL). Samples were collected and subjected to
microarray analysis. Subsequently, transcriptomic analysis was per-
formed by means of the Transcriptome Analysis Console software.
Gene selection relevant for inflammation was based on the gene-level
fold change <—2 or>2 and p value <0.05, calculated via one-way
ANOVA followed by post hoc tests using Bonferroni’s correction and
Benjamini—-Hochberg correction. Normalized gene expression (Log2)
of the selected genes in BDL mice and CTL mice were expressed as
mean+SD (¥p<0.05; **p<0.01; **¥p<0.001; ****p<0.0001).
(n=6). (BDL bile duct ligation, Ccr2 C—C chemokine receptor type
2, CsfI colony stimulating factor 1, CTL control, Jun jun proto-onco-
gene, Mapkapk3 mitogen-activated protein kinase-activated protein
kinase 3, Serpinel serpin E1)

current study allows to verify the occurrence of these novel
key events. During pathological conditions, including oxida-
tive stress, endoplasmic reticulum homeostasis can become

compromised and protein folding processes hampered,
which is defined as endoplasmic reticulum stress. Conse-
quently, an unfolded protein response is induced to restore
endoplasmic reticulum homeostasis and cell survival (Bhat
et al. 2017; Malhi and Kaufman 2011). Accordingly, genes
indicative of endoplasmic reticulum stress and the con-
secutive unfolded protein response showed significantly
upregulated in ATA-, CsA-, and NEFA-induced choles-
tasis, namely activation transcription factor 4/6 (ATF4/6)
and CCA AT-enhancer-binding protein homologous protein
(CHOP) (Fig. 4a). No significant modulation of these genes
could be observed in BDL mice. This is in agreement with a
previous study that found acute endoplasmic reticulum stress
responses in BDL mice after 1 day, which returned to normal
after 3 days (Liu et al. 2018). In drug-induced cholestasis,
on the other hand, the role of endoplasmic reticulum stress
still remains elusive. Endoplasmic reticulum stress has been
suggested to play a critical role in the initiation and progres-
sion of drug-induced cholestasis, yet endoplasmic reticu-
lum stress may equally participate in a rescue mechanism to
promote the removal of excess BAs by suppressing the BA
synthetic pathway (Burban et al. 2018; Henkel et al. 2017).
Furthermore, in case of excessive endoplasmic reticulum
stress, a switch may occur from a prosurvival response to
a prodeath mode along with the initiation of apoptosis or
autophagy (Bhat et al. 2017). In addition, necroptosis may
occur (Afonso et al. 2016). At least three genes related to
autophagy and necroptosis appeared significantly upregu-
lated in ATA-induced, CsA-induced, and NEFA-induced

Table 5 Deregulated genes involved in oxidative stress in bile duct ligation (BDL) mice

Oxidative stress BDL mice

Gene symbol Entrez gene name Fold change p value
Abcc4 ATP-binding cassette subfamily C member 4 2.6 0.00
Actgl actin gamma 1 2.6 0.00
Dnajb9 Dnal heat shock protein family (Hsp40) member B9 -2.2 0.01
Encl ectodermal-neural cortex 1 3.8 0.00
Fos Fos proto-oncogene. AP-1 transcription factor subunit 6.8 0.00
GstaS glutathione S-transferase alpha 5 79 0.00
Gstp3 glutathione S-transferase. mu 3 6.8 0.00
Jun Jun proto-oncogene. AP-1 transcription factor subunit 3.6 0.00
Junb JunB proto-oncogene. AP-1 transcription factor subunit 2.1 0.00
Map3kl mitogen-activated protein kinase kinase kinase 1 2.7 0.00
Nfe212 nuclear factor. erythroid 2 like 2 2.6 0.00
Nqol NAD(P)H quinone dehydrogenase 1 3.0 0.00
Rras RAS related 2.5 0.00

Mice underwent BDL surgery or sham surgery. Samples were acquired and subjected to microarray analysis. Subsequently, transcriptomic analy-
sis was performed by means of the Transcriptome Analysis Console software. In addition, functional toxicological analysis was executed by
means of Ingenuity Pathway Analysis (IPA). Gene selection relevant for oxidative stress was based on the gene-level fold change <—2 or>2 and
p value <0.05, calculated via one-way ANOVA followed by post hoc tests using Bonferroni’s correction and Benjamini—-Hochberg correction.
Data were expressed as fold change against sham mice and p values (p <0.05 is considered significant). Significantly regulated genes with fold
change < —2 and > 2 were marked in italic and bold, respectively (n==6). (BDL bile duct ligation, /PA ingenuity pathway analysis)
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Table 6 Verification of the adaptive response in bile duct ligation
(BDL) mice

AOP: Adaptive response BDL mice

Gene symbol Predicted effect Fold change p value
Abcc2 1 -1.01 0.76
Abcc3 1 1.79 0.00
Abcc4 1 2.60 0.00
Cyp2bl10 1 -3.69 0.00
Cyp3all 1 1.10 0.32
Cyp7al l 2.43 0.00
Nrob2 1 —-1.24 0.27
Nrlh4 1 —-1.24 0.03
Nrli2 1 1.58 0.00
Nrli3 1 —1.64 0.00
Osta 1 —-1.04 0.18
Ostp 1 2.81 0.00
Slcolb2 ! -2.81 0.03
Slci10al ! -2.20 0.00
Sult2a2 1 -1.09 0.08
Ugr2bl 1 -2.51 0.00

Mice underwent BDL surgery or sham surgery. Samples were
acquired and subjected to microarray analysis. Subsequently, tran-
scriptomic analysis was performed by means of the Transcriptome
Analysis Console software. In addition, functional toxicologi-
cal analysis was executed by means of Ingenuity Pathway Analysis
(IPA). Gene selection relevant in the adaptive response was based on
the gene-level fold change <—2 or>2 and p value <0.05, calculated
via one-way ANOVA followed by post hoc tests using Bonferroni’s
correction and Benjamini-Hochberg correction. Data were expressed
as fold change against sham mice and p values (p<0.05 is consid-
ered significant). Significantly regulated genes with fold change <—2
and >?2 were marked in italic and bold, respectively (n=6). (Abcc2/3
ATP-binding cassette C2/3, BDL bile duct ligation, Cyp cytochrome
P450, Nr nuclear receptor, IPA ingenuity pathway analysis, Osta/
organic solute transporter a/f3, Slcolb2 solute carrier organic anion
transporter family 1B2, SlclOal solute carrier 10A1, Sult2a2 sul-
fotransferase 2A2, Ugt2b1 UDP glucuronosyltransferase 2B1)

cholestasis. These include microtubule associated protein
1 light chain 3 (MAPILC3p), SH3 domain containing
GRB?2 like, endophilin B1 (SH3GLBI), and sequestosome
1 (§QSTM]1) for autophagy, and cylindromatosis (CYLD),
mixed lineage kinase domain-like pseudokinase (MLKL) and
receptor interacting serine/threonine kinase 1 (RIPK]1) for
necroptosis (Fig. 4b, c¢). Similarly, in BDL mice, analogous
genes related to autophagy and necroptosis were found sig-
nificantly upregulated (Fig. 4b, c).

Discussion
This study was set up to test the robustness of an available

AOP on cholestatic liver injury (Vinken et al. 2013), and
additionally generate new information for further AOP

optimization. For this purpose, intrahepatic cholestasis
was mimicked by treating monolayer cultures of human
hepatoma HepaRG cells with cholestatic drugs ATA, CsA
or NEFA and a concentrated BA mix for 72 h. HepaRG
cells are widely used as an adequate alternative to primary
human hepatocytes to study diverse types of drug-induced
liver injuries, including drug-induced cholestasis (Anthé-
rieu et al. 2013; McGill et al. 2011; Sharanek et al. 2014).
In parallel, extrahepatic cholestasis was induced in mice
by performing a BDL surgery. BDL mice is a well-known
model of cholestasis, reliable in reproducing cholestasis
in vivo (Tag et al. 2015). Cell culture and liver tissue sam-
ples were collected and subjected to transcriptomic anal-
ysis and results were tested for mechanistic anchorage in
the existing AOP on cholestatic liver injury. The AOP on
cholestatic liver injury particularly focused on BSEP inhi-
bition as a major molecular initiating event (Vinken et al.
2013). This complied with the observations of the present
study, which showed suppression of BSEP activity by ATA,
NEFA, and CsA in HepaRG cell cultures, albeit no altered
gene expression of the transporter was observed. Neverthe-
less, it should be emphasized that besides BSEP inhibition,
other molecular initiating events underlie cholestatic liver
injury, including effects on alternative transporters, hepato-
cellular changes, and bile canalicular changes (Gijbels et al.
2019). In this regard, NEFA has been reported to inhibit
OATP(s) and multidrug resistance protein 1 (MDR1) trans-
porter (Dragovic et al. 2016; Kolaric et al. 2019). It has been
suggested that UDP-glucuronosyltransferase 1A 1 inhibition
can be involved in the onset of ATA-induced cholestasis
(Bissio and Lopardo 2013; Zhang et al. 2005). In the case
of CsA-induced cholestasis, disruption of the cytoskeleton
and altered membrane fluidity were earlier characterized as
additional molecular initiating events of cholestasis (Roman
et al. 2003; Yasumiba et al. 2001). These triggering fac-
tors normally result in BA accumulation (Vinken et al.
2013). Surprisingly, several studies, including the present
one, showed higher levels of intracellular BAs in HepaRG
cells solely treated with the BA mix compared to HepaRG
cells treated with cholestatic drugs and the BA mix (Bur-
bank et al. 2017; Lepist et al. 2014; Rodrigues et al. 2018;
Sharanek et al. 2015). Moreover, a rapid clearance (i.e. 24 h)
was reported in accumulating BAs from HepaRG cell culture
layers into the cell culture medium when treated with CsA.
It could be argued that reduced function of NTCP and BA
synthesis enzymes, such as CYP7A1, along with induced
alternative basolateral transporters could be causing this
rapid decrease (Sharanek et al. 2015). This aligns with the
results from the present study, which showed downregu-
lation of CYP7A1 and SLCI0AI in HepaRG cells treated
with cholestatic drugs and the BA mix, while the basolat-
eral transporter ABCC4, which encodes basolateral trans-
porter MRP4, was positively affected. As predicted by the
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Fig.4 a Expression of genes involved in endoplasmic reticulum
stress/unfolded protein response in treated and untreated HepaRG
cells (left) and, in bile duct ligation (BDL) and sham mice (right).
b Genes involved in autophagy in treated and untreated HepaRG
cells (left) and in BDL and sham mice (right). ¢ Genes involved in
necroptosis in treated and untreated HepaRG cells (left) and in BDL
and sham mice (right). a—¢ HepaRG cells were exposed for 72 h to
60 uM atazanavir (ATA), 20 uM cyclosporin A (CsA), and 30 uM
nefazodone (NEFA) with or without the bile acid (BA) mix. Mice
underwent BDL surgery or sham surgery. Samples were collected and
subjected to microarray analysis. Subsequently, transcriptomic analy-
sis was performed by means of the Transcriptome Analysis Console
software. In addition, functional toxicological analysis was executed
by means of Ingenuity Pathway Analysis (IPA). Gene selections rel-
evant in endoplasmic reticulum stress/unfolded protein response
(a), autophagy (b) and necroptosis (c) were based on the gene-level
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fold change <—2 or>2 and p value <0.05, calculated via one-way
ANOVA followed by post hoc tests using Bonferroni’s correction and
Benjamini—-Hochberg correction. Normalized gene expression (Log2)
of the selected genes in treated and untreated HepaRG cells and,
BDL mice and control mice were expressed as mean+SD (¥p <0.05;
*#p <0.01; ¥*#p <0.001; ****p <0.0001). (in vitro N=1; n=3 and
in vivo n=6) (ATA atazanavir, ATF4/6 activation transcription factor
4/6, ATG7 autophagy-related 7, BA bile acid, BDL bile duct ligation,
CHOP CCAAT-enhancer-binding protein homologous protein, CsA
cyclosporin A, CYLD cylindromatosis, GRP78 glucose-regulated
protein 78, MAPILC3B microtubule-associated protein 1 light chain
3B, MLKL mixed lineage kinase domain-like pseudokinase, NEFA
nefazodone, RIPKI/3 receptor interacting serine/threonine kinase
1/3, SH3GLB1 SH3 domain containing GRB2 like, endophilin B1,
SQOSTM1 sequestosome 1)
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Table 7 Robustness testing of the AOP across different types of cholestatic liver injury (colour figure online)

AOP robustness testing DIC in HepaRG cells BDL mice

Deteriorative response Apoptosis 4 -
Inflammation A +
Necrosis + -
Oxidative stress ++ -

Adaptive response ABCC2| Abcc2 +/-- -
ABCC3| Abce3 -- +
CYP2B6| Cyp2b10 -- -
CYP344| Cyp3all -- -
CYP7A1| Cyp7al 4HE -
OATPIBI| Slcolb2 ++ ++
OSTea| Osta +/- -
OSTp) Ostp +/- T+
SLCI10A1| Slc10al ++ HE
SULT241| Sult2a2 -- -
UGT2B4| Ugt2bl - -

HepaRG cells were exposed for 72 h to 60 uM atazanavir (ATA), 20 uM cyclosporin A (CsA) and 30 uM nefazodone (NEFA) with or without
the bile acid (BA) mix (drug-induced intrahepatic cholestasis). Mice underwent bile duct ligation (BDL) surgery (extrahepatic cholestasis) or
sham surgery. Samples were collected and subjected to microarray analysis. Afterwards, transcriptomic analysis was performed via Transcrip-
tome Analysis Console software and Ingenuity Pathway Analysis. Gene selection was based on the gene-level fold change<-2 or>2 and p
value <0.05, calculated via one-way ANOVA followed by post hoc tests using Bonferroni’s correction and Benjamini—-Hochberg correction.
Results were benchmarked against the available AOP on cholestatic liver injury. (in vitro N=1; n=3 and in vivo n=6) (ABCC2/3 |1Abcc2/3,
ATP-binding cassette C2/3; AOP, adverse outcome pathway; ATA, atazanavir; BA, bile acid; BDL; bile duct ligation; CsA, cyclosporin A;
CYP ICyp, cytochrome P450; DIC, drug-induced cholestasis; NEFA, nefazodone; OATPIBI, organic anion transporting peptide 1B1; OSTa/p
|0sta/p, organic solute transporter a/ff; Slcolb2, solute carrier organic anion transporter family member 1B2; SLCI0A1 |1Slc10al, solute carrier
family 10 member 1; SULT2A1 ISult2a2, sulfotransferase 2 A1/2; UGT2B4 |Ugt2b1, UDP glucuronosyltransferase 2 B1/4)

+ Slightly regulated according to AOP (light green); + + fully regulated according to AOP (dark green); - not regulated according to AOP (light
orange); -- regulated in contrast to AOP (dark orange) (upregulation when downregulation is predicted and vice versa); +(-) Depending on the
cholestatic compound gene regulation is according to the AOP (yellow)

AOP (Vinken et al 2013), disturbance in BA homeostasis
resulted in inflammation, which often progresses into oxi-
dative stress along with increasing levels of mitochondrial
reactive oxygen species (Arduini et al. 2012). Inflammation
and increased expression of anti-oxidants appeared both in
intrahepatic cholestasis (i.e. cholestasis induced by ATA,
CsA, NEFA (this study), and bosentan (Rodrigues et al.
2018)) and extrahepatic cholestasis (BDL mice), albeit the
modulated genes differed. Additionally, the number of dif-
ferentially expressed genes related to oxidative stress was
lower in vivo compared to in vitro (13 versus 62) (Tables 2
and 5). Relative to the response in humans, mice are believed
more resilient to inflammatory challenge (Seok et al. 2013),
which probably results in less oxidative stress. According to
the AOP, inflammation and oxidative stress can ultimately
burgeon into the onset of cell death (Vinken et al. 2013). The

latter is mainly necrotic cell death (Woolbright and Jaescke
2012), but an apoptotic mechanism may also be involved
(Botla et al. 1995; Gores et al. 1998; Schoemaker et al. 2004;
Vinken et al. 2013). According to the transcriptomic data
obtained in this study, apoptosis and necrosis were activated
in HepaRG cells treated with CsA in the absence and pres-
ence of the BA mix, while necrosis seemed induced after
bosentan and CsA treatment of those cells (Rodrigues et al.
2018). Neither apoptosis nor necrosis was observed in Hep-
aRG cells treated with ATA or NEFA nor in BDL mice.
These inconsistencies may also be explained by differences
in the etiology profile (i.e. triggering factor) and differences
in the severity level of the acquired cholestasis. Furthermore,
interspecies differences (Woolbright and Jaeschke 2012),
differences in cell culture configuration (e.g. monolayer con-
figuration vs spheroid or sandwich configuration) or different
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Fig.5 Updated version of the AOP on cholestatic liver injury. Drug-
induced cholestasis is currently typified by three different types of
molecular initiating events (MIE), including transporter changes,
hepatocellular changes, and bile canalicular changes (Gijbels et al.
2019). These triggering factors evoke noxious bile acid (BA) accu-
mulation (i.e. intracellular, extracellular or both), which activates
two cellular responses, namely a deteriorative response and an adap-
tive response. The deteriorative response starts with the occurrence
of inflammation (Woolbright and Jaescke 2012) and mitochondrial
impairment (Begriche et al. 2011), which lead to oxidative stress
(Copple et al. 2010). Oxidative stress, in turn, may lead to endoplas-
mic reticulum stress concomitant with the unfolded protein response
(particularly in intrahepatic drug-induced cholestasis) (Burban et al.
2018). These events can further burgeon into cell death (i.e. apopto-
sis, autophagy or necro(pto)sis) (Afonso et al. 2016; Gao et al. 2014;
Manley et al. 2014; Vinken et al. 2013; Woolbright and Jaescke

analysis methods (e.g. gene expression analysis via micro-
array) could play a role in which type of cell death could
be observed. Concomitant with the deteriorative response,
the adaptive response commenced to counteract accumulat-
ing BAs. In this respect, a number of genes involved in BA
metabolism and BA transport were regulated to decrease
the amount of BAs. Indeed, CYP7AI, OATPIBI, and
SCLI0AI appeared downregulated in the different types of
drug-induced cholestasis in HepaRG cells. OSTa/f was also
modulated, but their regulation varied across the different
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2012). Simultaneously, the adaptive response strives to counteract BA
accumulation, hence the deteriorative response, by activating several
nuclear receptors, which regulate genes involved in BA homeostasis
(Halilbasic et al. 2013), albeit regulation of these genes were found
divergent between different types of cholestasis and/or in discrepancy
with the AOP. New suggested key events (i.e. endoplasmic reticulum
stress, autophagy, and necroptosis) were marked in orange. (ABCC2/3
ATP-binding cassette C2/3, AO(P) adverse outcome (pathway), BA
bile acid, CAR constitutive androstane receptor, CYP cytochrome
P450, FXR farnesoid X receptor, MIE molecular initiating event, NR
nuclear receptor, OATPIBI organic anion transporting peptide 1B1,
OSTa/f} organic solute transporter a/f}, PXR pregnane X receptor,
SHP short heterodimer partner, SLCI0AI solute carrier family 10
member 1, SULT2A1 sulfotransferase 2A1, UGT2B4 UDP glucurono-
syltransferase 2B4)

cholestatic drugs. Extrahepatic cholestasis in BDL mice was
accompanied by modulation of Abcc4, Ostf, Slcolb2, and
Slc10al in agreement with the AOP (Vinken et al. 2013).
AOP compliance with the in vitro model (i.e. intrahepatic
drug-induced cholestasis) and in vivo model (i.e. extrahe-
patic cholestasis) was compared and summarized in Table 7.
Interestingly, in agreement with the AOP, gene expression
of OATP1B1 and SLC10A1 showed downregulated during
cholestasis, independent of the etiology. Additionally, unlike
what was predicted in the AOP, downregulation of the gene
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expression of UGT2B4 and CYP2B6 also showed common
among the two different types of cholestasis. It may be inter-
esting to consider these modulated genes as potential novel
biomarkers of cholestasis.

The present study also aimed to identify novel potential
key events that could fit in the AOP. Accordingly, transcrip-
tomic data from HepaRG cells treated with ATA, CsA,
and NEFA suggested the involvement of the endoplasmic
reticulum stress and the unfolded protein response in drug-
induced cholestasis. This is in agreement with a number of
other studies, which indicated endoplasmic reticulum stress
to play a role in both the initiation and progression of chol-
estasis as in the protective mechanism by removing excess
BAs (Burban et al. 2018; Henkel et al. 2017). Moreover,
modulated genes involved in two additional types of cell
death, namely autophagy and necroptosis, could be recog-
nized in both drug-induced cholestasis in HepaRG cells as
well as in extrahepatic cholestasis in BDL mice. Autophagy
and necroptosis were already found associated with choles-
tasis in earlier studies (Afonso et al. 2016; Gao et al. 2014;
Manley et al 2014).

In conclusion, the results of this study show that the avail-
able AOP on cholestatic liver injury seems fit for predicting
intrahepatic drug-induced cholestasis yet requires optimiza-
tion. In this respect, a simplified AOP, including the vari-
ous molecular initiating events as well as novel key events,
is proposed in Fig. 5. The outcome of this study further
suggests that some established key events described in the
AOP should be omitted or adjusted, different AOPs should
be developed for alternative types of cholestatic insults,
and that the applicability domain of AOPs should be well
defined.
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