In vitro verification of an adverse outcome pathway of cholestatic liver injury
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Abstract
Cholestasis is a disorder caused by the accumulation of bile in the liver and accounts for about half of the cases of drug-induced liver injury. An adverse outcome pathway (AOP) construct has been previously introduced to pinpoint the mechanisms involved in the development of this life-threatening condition.  The molecular initiating event in this AOP is the inhibition of the bile salt export pump (BSEP), while the key events that are subsequently triggered include bile accumulation, induction of oxidative stress and inflammation, cell death and the activation of specific nuclear receptors. The present study was set up to experimentally verify this AOP for cholestatic liver injury and to come up with biomarkers that support existing molecular initiating events and/or key events, or that suggest new AOP information blocks. For this purpose, human hepatoma-derived HepaRG cells were exposed to subcytotoxic concentrations of bosentan, a potent BSEP inhibitor known to clinically induce cholestasis. Bosentan not only functionally inhibited BSEP, but also multidrug resistance-associated protein 2, another canalicular transporter. The cellular response to the inflicted toxicity was evaluated by means of transcriptomics, proteomics and metabolomics techniques. Pathway analysis of both transcriptomics and proteomics data identified cholestasis as a major toxicological event. Transcriptomics results further showed several of the predicted gene changes related to the activation of nuclear receptors. Induction of oxidative stress was also observed. Furthermore, 37 genes could be identified by microarray analysis of samples of cells exposed to all tested concentrations of bosentan. Of those, 8 were also significantly modified at the protein level. These could be proposed as novel biomarkers that may underlie potentially new KE to be included in further optimization of the AOP. Metabolomics analysis indicated changes in the abundance of specific endogenous metabolites related to mitochondrial impairment. Overall, the outcome of this study underscores the scientific soundness of the previously introduced AOP of cholestasis and demonstrates the power of experimental in vitro testing for optimizing AOPs. Furthermore, this study opens the way to the establishment of an AOP network that integrates different pathways leading to cholestatic liver injury.
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1. Introduction
In the last few years, adverse outcome pathways (AOPs) have been introduced in the fields of toxicology and risk assessment as novel tools with broad potential. AOPs are designed to provide a mechanistic representation of toxicological effects that span over different layers of biological organization. They all share a common structure, consisting of a molecular initiating event (MIE), a series of key events (KEs) connected by KE relationships and an adverse outcome. Ideally, the development and evaluation of AOPs comply with guidelines issued by the Organization for Economic Co-operation and Development (OECD) (OECD, 2014; Villeneuve et al., 2014a and 2014b; Vinken, 2013). AOPs can serve a number of ubiquitous purposes pertinent to safety evaluation of chemical compounds, including the establishment of quantitative structure-activity relationships, the development of novel in vitro and in silico toxicity screening tests and the elaboration of prioritization strategies (Vinken, 2013; Vinken et al., 2017).
As the liver is a major organ for toxicity, a number of AOPs have yet been proposed for chemical-induced liver injury, including steatosis (Tsakovska et al., 2014), fibrosis (Horvat et al., 2017) and cholestasis (Vinken et al., 2013a). For cholestasis, which accounts for 47% of all cases of drug-induced liver injury (Björnsson and Olsson, 2005; Oorts et al., 2015), the principal MIE in the established AOP is the inhibition of the bile salt export pump (BSEP), a prominent adenosine triphosphate-binding cassette transporter coded by the ABCB11 gene. BSEP is located at the canalicular pole of the hepatocyte membrane and conveys bile acids from the hepatocyte cytosol into the bile canaliculi (Dawson et al., 2011; Kis et al., 2012). However, BSEP inhibition does not necessarily lead to cholestasis and, vice versa, cholestasis is not always associated with BSEP modulation. Rather, drugs tend to simultaneously inhibit a number of transporters in addition to BSEP, which synergistically triggers cholestatic injury (Köck et al., 2014; Mita et al., 2006). Transporter inhibition results in toxic concentrations of bile acids piled up in the cytosol of the hepatocytes or in the bile canaliculi. These bile acids trigger the formation of the mitochondrial permeability transition pore, which leads to mitochondrial impairment and the production of reactive oxygen species. Simultaneously, oxidative stress and inflammation are triggered in hepatocytes, underlying the direct deteriorative response to BSEP inhibition (Woolbright and Jaeschke, 2012). This ultimately burgeons into cell death, which is associated with the release of several cytosolic enzymes, such as alkaline phosphatase, in serum (Padda et al., 2011). In parallel, 3 nuclear receptors are activated, namely the farnesoid X receptor (FXR), the pregnane X receptor (PXR) and the constitutive androstane receptor (CAR). This event activates an extensive set of transcriptional changes, targeted towards the increased removal of bile acids and their products from the organism. The increased effort of cholestastic hepatocytes to remove bilirubin causes bilirubinuria and hyperbilirubinemia, causing icterus and pruritus (Wagner et al., 2009; Zollner and Trauner, 2006 and 2008).
The present study was set up to experimentally verify the evidence-based AOP of cholestatic liver injury as well as to identify potential new biomarkers that may qualify as new MIEs and/or KEs to be implemented in the AOP construct for further optimization. To do so, well-characterized, metabolically competent HepaRG cells are exposed to bosentan, a prototypical BSEP inhibitor and clinically relevant cholestasis inducer. Evaluation of hepatic toxicity is mainly based on omics read-outs, including transcriptomics, proteomics and metabolomics. 

2. Materials and methods 
2.1. Cell culture and chemical treatment
Three different batches of cryopreserved, differentiated human hepatoma-derived HepaRG cells (Biopredic International, France) were cultivated in collagen-coated 24-well plates as described by the supplier’s instructions and using a density of 0.24 million cells per cm2. Bosentan (Sequoia, UK) was first dissolved in dimethyl sulfoxide (DMSO) to prepare a stock solution and was subsequently diluted (1:200) in HepaRG Induction Medium (Biopredic International, France) to obtain the working concentration. The amount of DMSO in all concentrations and their respective controls was 0.5 v/v %. For transcriptomics and metabolomics experiments, the cells were exposed for 1 hour (1h), 24 hours (24h) and 24 hours with a washout period of 72 hours (24h+72h) to 3 bosentan concentrations, namely inhibitory concentration of 10% (IC10), IC10/4 and IC10 /10. The IC10 determination is described in section 2.3. For proteomics experiments, only IC10 concentrations were tested at the 3 time points. All exposure experiments were conducted using 3 different cell batches (n = 3) and tests were performed in triplicate (N = 3).
2.2. Immuno-localisation of BSEP and determination drug transporters activity 
HepaRG cells were fixated with 4% paraformaldehyde (Sigma, Belgium) for 10 minutes and treated with 100 mM glycine (Merck, Belgium) for 15 minutes. After permeabilization with 0.1% Triton X (Sigma, Belgium) and blocking with 10% donkey serum (Jackson Immuno Research, Belgium), cells were incubated overnight at 4oC with anti-BSEP primary antibody (74500c) (Santa Cruz, Belgium) (1:200 dilution) followed by incubation with secondary antibody anti-mouse DyLight 488 (Abcam, Belgium) (1:500 dilution) for 1.5h at room temperature. Finally, the cells were mounted with Vectashield containing 4’,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Belgium) for nuclear staining and bleaching protection. Fluorescent images were obtained by fluorescence microscopy at 40x magnification (Nikon Eclipse Ti-S, Belgium). 
For the determination of BSEP and multidrug resistance-associated protein 2 (MRP2) functionality, cells were seeded in 35mm dishes (Ibidi, Belgium) at a density of 0.21 million cells / cm2 and further cultured following the supplier’s instructions.  The cells were exposed for 24h to IC10 prior to exposure for 30 minutes to specific BSEP and MRP2 probes, namelytauronor-THCA-24-DBD (excitation/emission wavelength 450/570 nm) and CDF (excitation/emission wavelength 503/537 nm), respectively. Fluorescence images were made by confocal microscopy at 20x  magnification  (Zeiss, Belgium).
2.3. Viability assay
Subcytotoxic concentrations of bosentan (Sequoia,UK) were determined using a  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide viability assay (MTT), (Sigma- Belgium) (Mosmann 1983). MTT was dissolved in phosphate-buffered saline (PBS) (Sigma, Belgium) at a concentration of 5 mg/ml (pH = 7.65) and subsequently diluted 10 times with cell culture medium. HepaRG cells were exposed for 24h to 8 concentrations of bosentan ranging from 20 µM to 1000 µM. Thereafter, the cells were rinsed with PBS and incubated with the MTT solution for 1.5h at 37°C in a 5% CO2 atmosphere. The resulting dark blue formazan crystals were dissolved in DMSO while shaken on an orbital shaker (VWR, Belgium) for 10 minutes at room temperature in the absence of light. The solution was measured with a spectrophotometer (PerkinElmer, Belgium) at 560  10 nm. Cytotoxicity was conversely correlated with the measured absorbance. The IC10 value at 24h was determined using a 5 parameter logistic nonlinear regression analysis of the obtained dose-response curves. This analysis was performed with Masterplex Readerfit 2010 software (Hitashi Solutions, USA). The resulting IC10 values or IC10/4 and IC10 /10 were used in all further experiments. 
2.4. Transcriptomics analysis
At the time of sampling, HepaRG cells were collected in a RNA protecting solution composed of RNA stabilization reagent (Qiagen, Belgium) and cell culture medium (5:1). Total RNA was extracted from all samples using a GenElute Mammalian Total RNA Purification Miniprep Kit (Sigma, Belgium), according to the manufacturer’s instructions. Purity and quantification of the isolated RNA were determined by spectrophotometric analysis using a Nanodrop spectrophotometer (Thermo Scientific, Belgium). Microarray technologies from Affymetrix (Germany), including reagents and instrumentation, were used for whole genome expression analysis. As such, 100 ng total RNA per sample was amplified using a Genechip 3’ IVT Express Kit, following the manufacturer's instructions (Affymetrix, Germany). Amplified RNA was purified with magnetic beads and 15 mg biotin-amplified RNA was treated with the fragmentation reagent. Subsequently, 12.5 µg fragmented amplified RNA was hybridized to Affymetrix Human Genome U133 plus 2.0 arrays and placed in a Genechip Hybridization Oven-645 (Affymetrix, Germany) rotating at 60 rpm at 45°C for 16h. After incubation, the arrays were washed on a Genechip Fluidics Station-450 (Affymetrix, Germany) and stained with an Affymetrix HWS kit as indicated in the manufacturer’s protocols. The chips were scanned with an Affymetrix Gene-Chip Scanner-3000-7G and quality control matrices were confirmed with Affymetrix GCOS software following the manufacturer’s guidelines. Background correction, summarization and normalization of all data were done with Robust Multiarray Analysis (RMA software), Affymetrix Transcriptome Analysis Console (TAC) Software and Partek Genomics Suite 6.6. Principal component analysis (PCA) plots were produced using Partek Genomics Suite 6.6. Functional toxicological analyses were performed using Ingenuity Pathways Analysis (IPA) (version December 2015; Qiagen) and Partek Genomics Suite 6.6. Unless otherwise specified, the statistical thresholds for identification of significant modulated genes was set using Fisher's Exact test (p < 0 .05) when using IPA and 1-way analysis of variance (ANOVA) (p < 0 .05) when using Partek Genomics Suite 6.6 and TAC. 
2.5. Proteomics analysis
The specification of sample preparation for proteomics analysis is outlined in detail in the supplementary materials and methods. 
Cell lysis, determination of protein concentration and carbamidomethylation
Cells with and without bosentan treatment were harvested and lysed with 200 µL of 50 mM Tris-HCl (pH 7.8) containing 150 mM NaCl, 1% SDS, complete mini EDTA-free inhibitor and phosSTOP (Roche Diagnostics, Germany). The samples were frozen immediately after collection and were kept at -80°C until further processing. Upon thawing, 6 µL of benzonase (25 U/µL) and 2 mM MgCl2 (Merck, Germany) were added to the lysates and incubated at 37°C for 30 minutes. Samples were clarified by centrifugation at 4°C and 18000g for 15 minutes. Protein concentration of the supernatant was determined by BCA assay (Thermo Scientific, Germany) according to the manufacturer’s protocol. Cysteines were reduced with 10 mM dithiothreitol (Roche Diagnostics, Germany) at 56°C for 30 minutes followed by alkylation of free thiol groups with 30 mM iodoacetamide (Sigma Aldrich, Germany) at room temperature in the dark for 30 minutes. 
Sample preparation and trypsin digestion
Sample preparation and proteolysis (with trypsin) were performed using filter aided sample preparation (FASP) (Manza et al., 2005; Wisniewski et al., 2009) protocol with minor changes. Thus generated tryptic peptides were acidified (pH < 3) with trifluoroacetic acid and were quality controlled as described previously (Burkhart et al., 2012).
iTRAQ 8plex labeling, phosphopeptides enrichment and high pH reversed phase (RP) fractionation. 
Per sample, 50 µg of peptides were labelled using iTRAQ reagents (8plex) (Ross et al., 2004) according to the manufacturer’s instructions (AB SCIEX, Germany). After labelling and pooling of samples, the multiplexed sample (i.e. 350 µg) of each experiment was subjected to the enrichment of phosphopeptides based on the TiO2 chromatography protocol as previously described (Dickhut et al., 2014; Palmisano et al., 2012). For the complete proteome analysis, the flow-through of each experimental time point from the TiO2 chromatography, which mostly consists of non-phosphorylated and unmodified peptides, was fractionated (i.e. 25 µg) by reversed phase chromatography at pH 8.0 on a Biobasic C18, 0.5 x 150 mm, 5 µm particle size column using an UltiMate 3000 LC system (Thermo Scientific, Germany). In total 12 fractions were collected at 1 minute intervals from min 10 to 80 in a concatenation mode.
LC-MS/MS analyses
All samples (i.e. phosphoproteome and global proteome) were dried completely, resolubilized in 15 µL of 0.1% TFA and were analyzed by nano-LC-MS/MS using an Ultimate 3000 nano RSLC system coupled to a Q Exactive HF mass spectrometer (Thermo Scientific, Germany). HPLC and MS settings are described in detail in supplementary material and methods.
MS data analysis and evaluation
All iTRAQ raw data were processed with Proteome Discoverer 1.4 (Thermo Scientific, Germany). To maximize the number of peptide spectrum matches (PSMs), 3 different search algorithms were included, namely Mascot (Perkins et al., 1999), Sequest (Eng et al., 1994), and MS Amanda (Dorfer et al., 2014) using the same set of parameters, namely precursor and fragment ion tolerances of 10 ppm and 0.02 Da for MS and MS/MS, respectively; trypsin as enzyme with a maximum of 2 missed cleavages; carbamidomethylation of Cys, iTRAQ - 8plex on N-terminus and Lys as fixed modifications; oxidation of Met, phosphorylation (only for the phosphoproteome data) of Ser, Thr and Tyr as variable modifications. For the phosphoproteome data analysis, the phosphoRS (Taus et al., 2011) (version 3.1) node was used to score localization probabilities for the identified phosphorylation sites. Global data were exported with the following filter criteria: a false discovery rate (FDR) <1% on the peptide-spectrum-match level (high confidence setting), search engine rank 1 and only proteins that were quantified with ≥2 unique peptides. For the phosphoproteome data, only unique PSMs filtered with Percolator (Kall et al., 2007) (FDR <1%) and with a phosphoRS probability ≥90% were considered. Normalization of raw iTRAQ data and subsequent statistical evaluation are described in detail in supplementary material and methods.

2.6. Metabolomics analysis
For metabolomics analysis, 550 μL culture medium and 50 μL 11.6 mM 4,4-dimethyl-4-silapentane-[1,1,2,2,3,3-2H6]-1-ammonium trifluoroacetate (Onyx Scientific Limited,UK) in deuterium oxide as internal standard were mixed and transferred to glass 5 mm nuclear magnetic resonance (NMR) tubes. High-resolution 1H NMR spectra of cell culture media were acquired at 14.1 T (600.13 MHz 1H frequency) using a Bruker AVANCE 600 spectrometer (BrukerBiospin, Germany). All spectra were acquired using a Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence with presaturation and a T2 relaxation delay of 32 ms.  The sum of 64 free induction decays was collected into 64 K data-points with a spectral width of 12,019.230.  After acquisition exponential line broadening of 0.3 Hz was applied prior to Fourier transformation. 1H NMR spectra were then imported and manipulated in Matlab (Mathworks, USA) using in-house code for automatic phasing, baseline correction and integration.  Chemical shifts were referenced to the DSA resonance at δ0. The observed resonances were assigned to specific metabolites by database matching using the Chenomx NMR suite (Chenomx Incorporated, Canada) and the Human Metabolome Database.

3. Results
3.1. Induction of the cholestatic response by bosentan in HepaRG cells 
In a preliminary set of experiments, the localization of BSEP in differentiated human hepatoma HepaRG cells was evaluated by immunostaining. As anticipated, BSEP was only found at the bile canalicular pole in the cultured cells (Fig. 1A). Important to note is that this transporter protein is present in the hepatocyte-like cells and not in the cholangiocyte-like cells that also form part of HepaRG cultures. This result confirms previously published findings showing the suitability of HepaRG cells for studying drug-induced cholestasis (Le Vee et al., 2006; Bachour-El Azzi et al., 2015; Qiu et al., 2016). 
 Working concentrations of bosentan were assessed by means of a conventional MTT viability assay, whereby HepaRG cells are exposed for 24h to a range of bosentan concentrations going from 20 to 1000 µM. The calculated values for IC10 and IC50 were 250 ± 55 µM and 744 ± 197 µM, respectively. In order to establish concentration/effect relationships, 3 concentrations of bosentan were tested in subsequent experiments, namely 250 µM (IC10), 62.5 µM (IC10/4) and 25 µM (IC10/4). Similarly, 3 exposure regimes were applied, namely 1h of exposure, 24h of exposure and 24h of exposure followed by a 72h wash-out period. The 1h exposure condition was based upon the previously published observation that bosentan can cause bile accumulation in cultures of primary hepatocytes already after 10 minutes (Kemp et al., 2005). The rationale of the wash-out step was to test the reversibility of the effects induced by bosentan. 
In a first series of experiments, HepaRG cells were exposed to the 3 concentrations of bosentan in the 3 exposure regimes followed by transcriptomics and metabolomics analyses. Based on the obtained transcriptomics results, the conditions for which the highest observed gene expression changes was observed, was used in a second panel of experiments. HepaRG cells were hereby exposed only to the IC10 concentration of bosentan for 1h and 24h, whether or not followed by the 72h wash-out period. For these experimental conditions, proteomics analyses were performed.
The expression of ABCB11 (BSEP) was unchanged when the cells were exposed to bosentan for 1h. However, when the exposure time was increased to 24h, a significant downregulation was observed for the 2 highest concentrations (Fig. 1B). After 72h wash-out, BSEP abundance remained significantly lower in the cells exposed to the IC10 bosentan concentration, but for cells exposed to the IC10/4 concentration, gene expression returned  to normal levels. Noteworthy, exposure to the lowest concentration did not influence ABCB11 expression at any time point. The downregulation of ABCB11 can be caused by a compensatory effect in which inhibition of BSEP leads to a reduction in the expression of BSEP. This negative feedback has been also observed in human primary hepatocytes exposed to BSEP inhibitors, including bosentan (Garzel et al., 2014). 
As predicted by the AOP, functional BSEP inhibition was observed in HepaRG cells exposed for 24 hours to IC10 concentrations of bosentan. Untreated controls showed a much higher accumulation of the BSEP probe substrate in the bile canaliculi than the cells exposed to bosentan (Fig. 1C, 1D). Although this effect was evident, the inhibition of BSEP was not absolute, as bile canalicular structures in the bosentan-treated cells still show some accumulation of the fluorescent probe substrate. 
Another transporter that has been previously shown to play a role in the elimination of conjugated bilirubin and bile acids as part of the hepatic detoxification process is MRP2. Therefore, the effect that bosentan has on MRP2 function in HepaRG cells has also been investigated. A diminished MRP2 activity was indeed observed in the cells exposed to bosentan (Fig. 1C, 1D). This data is in line with previously observations made using rat hepatocytes (Kemp et al., 2005) 
3.2. Characterization of the cholestatic response induced by bosentan in HepaRG cells
PCA evaluation of whole genome microarray data showed no differences among the different tested cell batches. The highest source of variation in the data pool was introduced by the time of exposure, which could be observed by selectively grouping of the 1h, 24h and 24h+72h wash-out samples (Fig. 2). In addition, a clear shift with increasing bosentan concentration could be noticed in the 24h exposure samples. This also held true for the 1h exposure samples, albeit in a less pronounced way. On the contrary, no distinction could be made between different bosentan concentrations in the 24h+72h wash-out samples (Fig. 2). 
Cluster analysis, based on significantly expressed genes in the different tested conditions, showed that transcriptional modifications induced after 24h exposure to the IC10 bosentan concentration strongly differed from those observed in the other experimental conditions (Suppl. Fig. S1). Within the 24h exposure samples, IC10 and IC10/4 data showed a high pattern similarity, whereas to the cells exposed, whereas the IC10/10 concentration data displayed merely small variations compared to the control samples. Furthermore, the close proximity in the clustering dendogram of the 24h+72h wash-out samples to the 24h exposure control samples suggests a return to basal gene expression levels upon wash-out (Suppl. Fig. S1). 
Functional pathway analysis of the modulated genes indicated the induction of a number of specific hepatotoxic responses in a concentration-dependent way (Table 1). In this respect, “liver cholestasis” was the third most significantly enriched gene class following “liver necrosis” and “liver damage”. Exposure to the highest concentration of bosentan consistently triggered the highest number of transcriptional changes in each of these hepatotoxicity classes (Table 1). Particularly, HepaRG cells exposed for 24hto IC10 concentration of bosentan showed a highly significant enrichment of genes of the “liver cholestasis” gene class (Table 1). 
These microarray findings were confirmed by proteomics analysis in which proteins were identified by 2 or more unique peptides. The differential regulation threshold was set at a log 2 transformed ratio of 2 or higher standard deviations. Using these criteria, 3578, 3698, and 3500 proteins were identified in HepaRG cells exposed to bosentan in IC10 concentration for 1h, 24h and 24h+72h wash-out, respectively. The correlation between the obtained proteomics and transcriptomics data was determined using Pearson’s r coefficient. The 24h exposure and the 24h+72h wash-out samples showed the highest correlation, with Pearson’s r coefficient values of 0.4534 and 0.2937, respectively (Suppl. Fig. S2). On the contrary, for the 1h exposure samples, a low correlation coefficient of 0.0399 between transcriptomics and proteomics data was found. The latter can be due to insufficient time between evaluation of gene modulation and the corresponding translational changes. Functional pathway analysis of the identified proteins shows the enrichment of toxicological classes “cholestasis” and “intrahepatic cholestasis” in HepaRG cells exposed for 24h to the highest concentration of bosentan. Hereby, 22.8% and 40.9%, respectively, of the molecules in each toxicological gene class were modulated (Supplementary Table S1). These data clearly show the occurrence of a cholestatic cellular response in HepaRG cells exposed to bosentan and therefore suggest that this human-based cell system is applicable to study cholestasis in vitro and be used for the verification and optimization of the respective AOP. 
3.3. Verification of the AOP 
As predicted by the AOP, the inhibition of BSEP, provoked in casu by bosentan, leads to intracellular bile accumulation, in turn activating the nuclear receptors FXR, PXR and CAR. This was associated with the downregulation of the expression of their corresponding genes, namely NRIH4 (1.2-fold), NR1I2 (2.4-fold) and NR1I3 (2.4-fold), respectively (Fig. 3A). The activation of the 3 nuclear receptors induces a number of transcriptional changes that can be linked to the increased effort of the organism to remove the excess of bile acids and their metabolites. When activated, FXR translocates to the nucleus, where it forms a dimer with RXR, which binds to the hormone response elements in specific gene promoters leading to modulation in transcriptional activity (Forman. et al., 1995, Beuers, 2015). In this context, Table 2 shows genes regulated by active FXR-RXR dimers in HepaRG cells exposed for 24h to bosentan in IC10 concentration. Six transcriptional changes induced by the activation of the nuclear receptors were reproduced in compliance with AOP prediction (Fig. 3B). More specifically, 4 genes (OSTBETA, ABCC2 (MRP2), CYP2B6 and CYP3A4) were upregulated and 2 genes (CYP7A1 and SLCO1B1 (SLCO1B1)) were downregulated (Suppl. Table S2). These changes are part of the adaptive cellular response that aims at counteracting the primary cholestatic insults induced by bosentan. It should be mentioned that murine CYP2B10 included in the AOP was replaced during this analysis by its human counterpart CYP2B6. 
Intracellular bile accumulation evokes a direct deteriorative response, which is accompanied by oxidative stress and inflammation. In line with these predicted KEs, enhanced transcription of genes coding for pro-inflammatory tumour necrosis factor (TNF), interleukin 6 (IL6) and interleukin 8 (IL8) were observed in HepaRG cells treated with bosentan (Fig. 3C). Simultaneously, several genes related to the activation of reactive oxygen species (ROS) were found to be upregulated, while those that counteract oxidative stress were downregulated (Suppl. Fig. S3). As such, activation of production of ROS was mainly modulated by an upregulation of Thioredoxin Reductase 1 (TXNRD1), Glutamate-Cysteine Ligase Catalytic Subunit (GCLC), Metallothionein 1X (MT1X), Heme Oxygenase 1 (HMOX1), NAD(P)H Quinone Dehydrogenase 1 (NQO1) and Superoxide Dismutase 2 (SOD2) (Suppl. Fig. S3) (Morel Y. et al., 1999). In parallel, the repression of ROS producing systems is revealed by a downregulation of nuclear factor I X (NFIX) and xanthine dehydrogenase (XDH), which contribute to the inhibition of oxidases (Morel Y. et al., 1999). 
Compared to the generated transcriptomics and proteomics data, the number of the identified endogenous metabolites by metabolomics analysis was relatively low. However, some of the identified metabolites were significantly modulated in HepaRG cells exposed to the highest concentration of bosentan. Thus, a concentration-dependent increase was noticed for 3-methyl-2-oxovalerate, carnitine, acetate, acetoacetate and lactate. Additionally, reduced amino acid uptake, in particular for leucine and isoleucine quantification, was observed (Fig. 4). These findings collectively point to mitochondrial impairment caused by bosentan and therefore corroborate with mitochondrial permeability pore transition, which is a KE of the current AOP. 

[bookmark: _GoBack]3.4. Identification of novel biomarkers 
In addition to the substantiation of existing information blocks in the AOP, omics analysis equally revealed a number of yet unpredicted molecular changes that may form the basis for the characterization of new biomarkers that may underlie potentially new KE to be included in further optimization of the AOP. By selecting genes that are consistently modulated in cells exposed to decreasing concentrations of bosentan, a set of 37 genes was identified that might be specific for bosentan-induced hepatotoxicity (Fig. 5 and Suppl. Table S3). Several of these transcriptional changes (8 out of the 37 genes) were parallelled by similar modifications at the protein level (Table 3). A significant down-regulation at transcriptional and translational level was observed for all identified markers with the exception of solute carrier family 3 member 2 (SLC3A2), which is upregulated (Table 3).  
Among the downregulated enzymes, different isoforms of alcohol dehydrogenases could be identified that play a role in bile acid metabolism. Alcohol dehydrogenases (ADH1A, ADH1B and ADH1C) are directly regulated by FXR, which is a mediator of bile acid signalling and synthesis. These alcohol dehydrogenases also play a direct role in bile biosynthesis (Langhi et al., 2013). It seems therefore plausible that a downregulation of these enzymes indicates a homeostatic adaptation as a response to bile acid accumulation. If also the ADH4 isoform plays a role in bile acid metabolism is unclear, however our data indicate a clear modulation of this marker in the cells exposed to bosentan at both transcription and translation levels. 
Among other markers consistently identified with decreasing concentrations of bosentan are aldolase (ALDOB) and fatty acid binding protein (FABP1). Aldolase B has been proposed as a marker of liver cell damage and it has been found in serum of cholestatic patients (Cohn et al., 1968; Royds JA et al., 1987). However, in the current in vitro setting a downregulation of aldolase is observed. This might be caused by a compensatory effect of the cells as a response to bosentan-induced cell damage.  
FABP1 is known to play a role in fatty acid uptake and intracellular transport and it has also an important function in regulating lipid metabolism and cellular signalling pathways (Wang et al., 2015). It can also bind to bilirubin, bile acids and fatty acyl coenzyme A (Thumser et al., 1996). Furthermore, it has been reported that a decreased expression of fatty acid binding protein contributes to hepatic oxidative stress and consequently to the pathogenesis of biliary disease (Wang et al., 2007). Our results are in line with these previous observations and suggest that the downregulation of this molecule contributes to the oxidative stress in HepaRG cells exposed to bosentan. 
Carbamoyl-Phosphate Synthase 1 (CPS1) was also down regulated at both gene and protein levels in hepaRG cells exposed to decreasing concentrations of bosentan. This mitochondrial enzyme catalyzes the synthesis of carbamoyl phosphate from ammonia and bicarbonate, which is the first step of the urea cycle (De Cima et al., 2015). Despite its role in ammonia detoxification, the function of CPS1 in the onset of drug-induced cholestasis has not been documented yet. Also the influence of SLC3A2, which is the only marker that was consistently upregulated at gene and protein levels in all tested concentrations of bosentan, is unclear. This type II transmembrane cell surface molecule, has been described as a potential marker of renal melanoma (Prager et al., 2009), however its potential role in drug-induced cholestasis has not been documented. 
Notwithstanding the clear involvement of some of the above-mentioned molecules in the response to exposure of HepaRG cells to bosentan, it remains to be established weather these biomarkers determine potentially new KE. Their relevance and mechanistic anchorage to the AOP remains elusive. 

4. Discussion
AOPs are open and flexible tools that should be continuously refined by feeding in established and newly produced data. In this respect, the present study was focused on a previously postulated AOP from BSEP inhibition to cholestasis (Vinken et al., 2013a), in view of verification of established information blocks and simultaneous identification of potentially new ones.  The experimental in vitro setting addressed for this purpose included human hepatoma-derived HepaRG cells exposed to bosentan, which is an endothelin receptor antagonist clinically used for the treatment of pulmonary arterial hypertension (Dingemanse and van Giersbergen, 2004; Muller and Milton, 2012). This drug is also well-known to inhibit BSEP and to cause cholestasis in humans (Dawson et al., 2011; Fattinger et al., 2001; Lepist et al., 2014). Therapeutic oral doses of bosentan typically vary around 125 mg twice a day, corresponding with clinical Cmax values up to 7.5 µM (Chatterjee et al., 2014; Dingemanse and van Giersbergen, 2004). Although this value is 10 times lower than the concentrations necessary to inhibit BSEP, cholestasis may still occur during therapy (Dawson et al., 2011; Lepist et al., 2014). Most likely, this is due to active uptake and accumulation of bosentan in hepatocytes, thereby locally increasing its concentration in the liver (Muller and Milton, 2012). Therefore, the actual concentration in hepatocytes that cause cholestatic injury in vivo is thought to be considerably higher than Cmax and hence fits within the concentration range tested in this in vitro study. 
The principal but not sole MIE in the established AOP is the inhibition of BSEP, which mediates trafficking of bile acids from the hepatocyte cytosol into the bile canaliculi (Vinken et al., 2013a). BSEP inhibition is indeed frequently, yet not always, linked to the clinical manifestation of cholestasis (Dawson et al., 2011; Kis et al., 2012). As expected, exposure for 24h to 250 µM bosentan suppressed BSEP functionality in the established human hepatoma-derived HepaRG cell culture system, as evidenced by lower accumulation of a fluorescent probe substrate (tauro-nor-THCA-24-DBD), which is specifically transported by BSEP. 
This is in line with data published by other groups testing bosentan in sandwich-cultured primary hepatocytes (Chatterjee et al., 2014; Hartman et al., 2010; Lepist et al., 2014). Furthermore, a second MIE was identified, namely inhibition of MRP2 activity. Using the fluorescent probe substrate CDF, bosentan was indeed found to negatively affect MRP2 function in HepaRG cells. Inhibition of MRP2 activity by bosentan has equally been observed in rat hepatocytes (Kemp et al., 2005), but not in sandwich-cultured primary hepatocytes (Hartman et al., 2010; Lepist et al., 2014). In fact, bosentan was even reported to enhance MRP2 functionality in membrane vesicles derived from Spodoptera frugiperda 9 cells (Mano et al., 2007). The discrepancy between these reports is not clear, but may be explained, at least in part, by interspecies differences and/or the use of different model substrates with varying MRP2 specificity.
It was also observed that the expression of the BSEP gene ABCB11 was downregulated in HepaRG cells exposed to the highest concentrations of bosentan. The altered expression of ABCB11 by BSEP inhibitors has been previously associated with drug-induced cholestatic liver toxicity (Garzel. et al., 2014). The capacity of the addressed in vitro setting to reproduce an in vivo-like cholestatic response could be clearly demonstrated using different omics read-outs. Moreover, the strong correlation between transcriptomics and proteomics data, particularly in HepaRG cells exposed to bosentan in IC10 concentration for 24h, further highlights the soundness of this experimental system to study cholestasis. 
Metabolomics analysis showed concentration-dependent increases of specific endogenous metabolites. These metabolomic changes collectively point to mitochondrial impairment, which as such is predicted in the AOP. 3-Methyl-2-oxovalerate is a metabolite of isoleucine that belongs to the branched chain amino acid metabolites (BCAA).  BCAA are often associated with mitochondrial dysfunction, stress signalling and apoptosis (Lynch et al., 2014). The reduced amino acids leucine/isoleucine in the cells exposed to bosentan in IC10 concentration further suggests their catabolism towards BCAA, hereby also pointing to mitochondrial dysfunction. Carnitine, which is a non-essential amino acid, is responsible for carrying fatty acids across the inner mitochondrial membrane for β-oxidation (Bremer, 1983). Its release in plasma is associated with mitochondrial dysfunction (Parikh et al., 2009; Tein et al., 2003). The observed increased levels of acetate and lactate indicate a higher rate of glycolysis and thus impairment of fatty acid oxidation in mitochondria. The increase of acetoacetate, which can be released by the liver to be used by extra-hepatic tissues for energy production, again suggests a decrease in mitochondrial function (Begriche, et al., 2011).
Several observed deteriorative cellular responses were in line with the reported oxidative stress KE (Vinken 2013a). Firstly, several genes related to the activation of reactive oxygen species (ROS) were upregulated, whereas genes which contribute to the inhibition of oxidases were downregulated. In addition, fatty acid binding protein was fpound to be downregulated at both gene and protein expression levels. A downregulation of this marker has been previously reported to contribute to hepatic oxidative stress and consequently to the pathogenesis of biliary disease (Wang et al., 2007). 
The main KE representing the adaptive cellular response of the AOP are FXR, PXR and CAR activation (Vinken 2013a). This could be partially confirmed by the downstream gene expression analysis regulated by the FXR/RXR dimer, which suggests that bosentan activates the FXR nuclear receptor. This activation, but also subsequent transcriptional modifications have been correctly reproduced. Importantly, the microarray analysis could also reveal a number of transcriptional changes that have not yet been included in the AOP, in particular, expression of PXR, FXR and CAR was downregulated, probably due to a compensatory response to the activation of these nuclear receptors. FXR is a mediator of bile acid synthesis, but it also controls the expression of alcohol dehydrogenases. Therefore, its downregulation was further propagated to several isoforms of alcohol dehydrogenases, which are enzymes that play a direct role in bile biosynthesis (Langhi et al., 2013). Their downregulation points also toward a homeostatic adaptation of the cells as a response to BSEP inhibition. 
This analysis allowed to substantiate and elaborate a number of KEs of the AOP related to a deteriorative as well as adaptive cellular response. These observed KE specifications have been summarized following the same structure of the previously introduced AOP (Fig. 6).
In conclusion, the outcome of this study underscores the scientific soundness of the previously introduced AOP of cholestasis and demonstrates the power of experimental in vitro testing for the optimization of AOPs. Furthermore, this study leads the way to the establishment of an AOP network that integrates different pathways that lead to cholestatic liver injury.





Acknowledgements
This work was financially supported by the grants of European Union (FP7)/Cosmetics Europe (SEURAT-1 projects DETECTIVE (HEALTH-F5-2010-266838) and HeMiBio (HEALTH-F5-2010-266777)), the European Research Council (Starting Grant 335476), the Fund for Scientific Research-Flanders (FWO grants G009514N, G010214N and 12H2216N), the University Hospital of the Vrije Universiteit Brussel-Belgium (“Willy Gepts Fonds” UZ-VUB). In addition, we gratefully acknowledge the financial support from the Ministerium für Innovation, Wissenschaft und Forschung des Landes Nordrhein-Westfalen, the Senatsverwaltung für Wirtschaft, Technologie und Forschung des Landes Berlin, and the Bundesministerium für Bildung und Forschung. We would also like to thank Dr. Christophe Chesné (Biopredic) for making HepaRG cells available and Dr Stefan Vinckier for assistance with confocal microscopy.

References

Bachour-El Azzi P., Sharanek A., Burban A., Li R., Guével R.L., Abdel-Razzak Z., Stieger B., Guguen-Guillouzo C., Guillouzo A. (2015) Comparative localization and functional activity of the main hepatobiliary transporters in HepaRG cells and primary human hepatocytes. Toxicol Sci 145, 157-168.
[bookmark: _ENREF_1]
Begriche, K., Massart, J., Robin, M. A., Borgne-Sanchez, A., & Fromenty, B. (2011) Drug-induced toxicity on mitochondria and lipid metabolism: mechanistic diversity and deleterious consequences for the liver. J Hepatol 54, 773-794. 

Beuers, U., Trauner, M., Jansen, P., & Poupon, R. (2015) New paradigms in the treatment of hepatic cholestasis: from UDCA to FXR, PXR and beyond. J Hepatol 62, S25-S37.

Björnsson E., Olsson R. (2005) Outcome and prognostic markers in severe drug-induced liver disease. Hepatology 42, 481-489.

Bremer, J. (1983) Carnitine-metabolism and functions. Physiol Rev 63, 1420-1480.

Burkhart, J. M., Schumbrutzki, C., Wortelkamp, S., Sickmann, A. and Zahedi, R. P. (2012) Systematic and quantitative comparison of digest efficiency and specificity reveals the impact of trypsin quality on MS-based proteomics, J Proteomics 75, 1454-1462.

Chatterjee S., Richert L., Augustijns P., Annaert P. (2014) Hepatocyte-based in vitro model for assessment of drug-induced cholestasis. Toxicol Appl Pharmacol 274, 124-136.

Cohn EM, Winsten S, Abramson EB (1968) A study of the serum aldolase test in various types of jaundice. Am J Gastroenterol. 1968
Mar;49(3):219-34

Dawson S., Stahl S., Paul N., Barber J., Kenna J.G. (2011) In vitro inhibition of the bile salt export pump correlates with risk of cholestatic drug-induced liver injury in humans. Drug Metab Dispos 40, 130-138.

De Cima, S., Polo, L. M., Díez-Fernández, C., Martínez, A. I., Cervera, J., Fita, I., & Rubio, V. (2015) Structure of human carbamoyl phosphate synthetase: deciphering the on/off switch of human ureagenesis. Sci Rep 5, 16950

Dickhut C., Radau S., Zahedi R. (2014) Fast, Efficient, and Quality-Controlled Phosphopeptide Enrichment from Minute Sample Amounts Using Titanium Dioxide. In: Martins-de-Souza D (ed) Shotgun Proteomics. Springer New York, 417-430.

Dingemanse J., van Giersbergen P.L. (2004) Clinical pharmacology of bosentan, a dual endothelin receptor antagonist. Clin Pharmacokinet 43, 1089-1115.

Fattinger K., Funk C., Pantze M., Weber C., Reichen J., Stieger B., Meier P.J. (2001) The endothelin antagonist bosentan inhibits the canalicular bile salt export pump: a potential mechanism for hepatic  adverse reactions. Clin Pharmacol Ther 69, 223-231.

Forman, B.M., Goode, E., Chen, J., Oro, A.E., Bradley, D.J., Perlmann, T., Noonan, D.J., Burka, L.T., McMorris, T., Lamph, W.W. and Evans, R.M. (1995) Identification of a nuclear receptor that is activated by farnesol metabolites. Cell 81, 687-693.

Garzel B, Yang H, Zhang L, Huang SM, Polli JE, Wang H (2014) The role of bile salt export pump gene repression in drug-induced cholestatic liver toxicity. Drug Metab Dispos 42,318-322.

Hartman J.C., Brouwer K., Mandagere A., Melvin L., Gorczynski R. (2010) Evaluation of the endothelin receptor antagonists ambrisentan, darusentan, bosentan, and sitaxsentan as substrates and inhibitors of hepatobiliary transporters in sandwich-cultured human hepatocytes. Can J Physiol Pharmacol 88, 682-691.

Horvat T., Landesmann B., Lostia A., Vinken M., Munn S., Whelan M. (2017) Adverse outcome pathway development from protein alkylation to liver fibrosis. Arch Toxicol 91, 1523-1543.

Kall L., Canterbury J.D., Weston J., Noble W.S., MacCoss M.J. (2007) Semi-supervised learning for peptide identification from shotgun proteomics datasets. Nat Meth 4, 923-925. 

Kemp D.C., Zamek-Gliszczynski M.J., Brouwer K.L. (2005) Xenobiotics inhibit hepatic uptake and biliary excretion of taurocholate in rat hepatocytes. Toxicol Sci 83, 207-214. 

Kis E., Ioja E., Rajnai Z., Jani M., Méhn D., Herédi-Szabó K., Krajcsi P. (2012) BSEP inhibition: in vitro screens to assess cholestatic potential of drugs. Toxicol In Vitro 26, 1294-1299.
[bookmark: _ENREF_2]
Köck K., Ferslew B.C., Netterberg I., Yang K., Urban T.J., Swaan P.W., Stewart P.W., Brouwer K.L. (2014) Risk factors for development of cholestatic drug-induced liver injury: inhibition of hepatic basolateral bile acid transporters multidrug resistance-associated proteins 3 and 4. Drug Metab Dispos 42, 665-674.

Kollipara, L. and Zahedi, R. P. (2013). Protein carbamylation: In vivo modification or in vitro artefact? Proteomics 13, 941-944.

Langhi C., Pedraz-Cuesta E., Haro D., Marrero P. F., Rodríguez J. C. (2013) Regulation of human class I alcohol dehydrogenases by bile acids. J Lipid Res 54, 2475-2484. 

Le Vee M., Jigorel E., Glaise D., Gripon P., Guguen-Guillouzo C., Fardel O. (2006) Functional expression of sinusoidal and canalicular hepatic drug transporters in the differentiated human hepatoma HepaRG cell line. Eur J Pharm Sci 28,109-117.

Lepist E.I., Gillies H., Smith W., Hao J., Hubert C., St. Claire R.L. 3rd, Brouwer K.R., Ray A.S. (2014) Evaluation of the endothelin receptor antagonists ambrisentan, bosentan, macitentan, and sitaxsentan as hepatobiliary transporter inhibitors and substrates in sandwich-cultured human hepatocytes. PLoS One 9, e87548.

Livak K.J., Schmittgen T.D. (2001) Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) method. Methods 25, 402-408.

Lynch, C. J., & Adams, S. H. (2014) Branched-chain amino acids in metabolic signalling and insulin resistance. Nat Rev Endocrinol 10, 723-736.

Mano Y., Usui T., Kamimura H. (2007) Effects of bosentan, an endothelin receptor antagonist, on bile salt export pump and multidrug resistance-associated protein 2. Biopharm Drug Dispos 28, 13-18.

Manza, L. L., Stamer, S. L., Ham, A.-J. L., Codreanu, S. G. and Liebler, D. C. (2005) Sample preparation and digestion for proteomic analyses using spin filters, Proteomics 5, 1742-1745.

Mita S., Suzuki H., Akita H., Hayashi H., Onuki R., Hofmann A.F., Sugiyama Y. (2006) Inhibition of bile acid transport across Na+/taurocholate cotransporting polypeptide (SLC10A1) and bile salt export pump (ABCB 11)-coexpressing LLC-PK1 cells by cholestasis-inducing drugs. Drug Metab Dispos 34, 1575-1581.

Morel Y., Barouki R. (1999) Repression of gene expression by oxidative stress. Biochem J 342, 481-496.

Mosmann T. (1983) Rapid colorimetric assay for cellular growth and survival: application to proliferation and cytotoxicity assays. J Immunol Meth 65, 55-63.

Muller P.Y., Milton M.N. (2012) The determination and interpretation of the therapeutic index in drug development. Nat Rev Drug Discov 11, 751-761.

OECD (2014),Users’ handbook supplement to the guidance document for developing and assessing AOPs. Available at: http://www.aopwiki.org (consulted September 2016).

Proposal for a template and guidance on developing and assessing the completeness of adverse outcome pathways. Series on Testing and Assessment 184, 1-45.

Oorts M., Richert L., Annaert P. (2015) Drug-induced cholestasis detection in cryopreserved rat hepatocytes in sandwich culture. J Pharmacol Toxicol Methods 73, 63-71.

Padda M.S., Sanchez M., Akhtar A.J., Boyer J.L. (2011) Drug-induced cholestasis. Hepatology 53, 1377-1387.
[bookmark: _ENREF_7]
Palmisano, G., Parker, B.L., Engholm-Keller, K., Lendal, S.E., Kulej, K., Schulz, M., Schwämmle, V., Graham, M.E., Saxtorph, H., Cordwell, S.J., Larsen, M.R. (2012) A Novel Method for the Simultaneous Enrichment, Identification, and Quantification of Phosphopeptides and Sialylated Glycopeptides Applied to a Temporal Profile of Mouse Brain Development. Mol Cell Proteomics 11, 1191-1202. 
[bookmark: _ENREF_8]
Parikh, S., Saneto, R., Falk, M. J., Anselm, I., Cohen, B. H., & Haas, R. (2009) A modern approach to the treatment of mitochondrial disease. Curr Treat Options Neurol 11, 414-430.

Prager, G. W., Poettler, M., Schmidinger, M., Mazal, P. R., Susani, M., Zielinski, C. C. and Haitel, A. (2009) CD98hc (SLC3A2), a novel marker in renal cell cancer. Eur J Clin Invest 39, 304-310.

Qiu X, Zhang Y, Liu T, Shen H, Xiao Y, Bourner MJ, Pratt JR, Thompson DC, Marathe P, Humphreys WG, Lai Y (2016) Disruption of BSEP function in HepaRG cells alters bile acid disposition and is a susceptive factor to drug-induced cholestatic injury. Mol Pharm. 13, 1206-1216.

Ross, P.L., Huang, Y.N., Marchese, J.N., Williamson, B., Parker, K., Hattan, S., Khainovski, N., Pillai, S., Dey, S., Daniels, S., Purkayastha, S., Juhasz, P., Martin, S., Bartlet-Jones, M., He, F., Jacobson, A., Pappin, D.J. (2004) Multiplexed Protein Quantitation in Saccharomyces cerevisiae Using Amine-reactive Isobaric Tagging Reagents. Mol Cell Proteomics 3, 1154-1169. 

Royds J.A., Kennedy H.J., Little P.V., Taylor C.B., Triger D.R. (1987) Serum aldolase isoenzymes in benign and malignant liver disease. Clin Chim Acta 167, 237-246.

Sharanek A., Azzi P.B., Al-Attrache H., Savary C.C., Humbert L., Rainteau D., Guguen-Guillouzo C., Guillouzo A. (2014) Different dose-dependent mechanisms are involved in early cyclosporine a-induced cholestatic effects in hepaRG cells. Toxicol Sci 141, 244-253.

Taus, T., Köcher, T., Pichler, P., Paschke, C., Schmidt, A., Henrich, C., Mechtler, K. (2011) Universal and Confident Phosphorylation Site Localization Using phosphoRS. J Proteome Res 10, 5354-5362. 

Tein, I. (2003) Carnitine transport: pathophysiology and metabolism of known molecular defects. J Inherit Metab Dis 26, 147-169.
Thumser, A. E., & Wilton, D. C. (1996). The binding of cholesterol and bile salts to recombinant rat liver fatty acid-binding protein. Biochem J 320, 729–733.

Tsakovska I., Al Sharif M., Alov P., Diukendjieva A., Fioravanzo E., Cronin M.T., Pajeva I. (2014) Molecular modelling study of the PPARγ receptor in relation to the mode of action/adverse outcome pathway framework for liver steatosis. Int J Mol Sci 15, 7651-7666.

Vaudel M., Barsnes H., Berven F.S., Sickmann A., Martens L. (2011) SearchGUI: An open-source graphical user interface for simultaneous OMSSA and X!Tandem searches. Proteomics 11, 996-999.

Vaudel, M., Burkhart, J.M., Zahedi, R.P., Oveland, E., Berven, F.S., Sickmann, A., Martens, L., Barsnes, H. (2015) PeptideShaker enables reanalysis of MS-derived proteomics data sets. Nat Biotechnol 33, 22-24. 

Villeneuve D.L., Crump D., Garcia-Reyero N. et al. (2014a) Adverse outcome pathway (AOP) development I: strategies and principles. Toxicol Sci 142, 312-320.

Villeneuve D.L., Crump D., Garcia-Reyero N. et al. (2014b) Adverse outcome pathway development II: best practices. Toxicol Sci 142, 321-330.

Vinken M. (2013) The adverse outcome pathway concept: a pragmatic tool in toxicology. Toxicology 312, 158-165.

Vinken M., Landesmann B., Goumenou M., Vinken S., Shah I., Jaeschke H., Willett C., Whelan M., Rogiers V. (2013a) Development of an adverse outcome pathway from drug-mediated bile salt export pump inhibition to cholestatic liver injury. Toxicol Sci 136, 97-106.

Vinken M., Maes M., Vanhaecke T., Rogiers V. (2013b) Drug-induced liver injury: mechanisms, types and biomarkers. Curr Med Chem 20, 3011-3021.

[bookmark: _ENREF_12]Vinken M., Knapen D., Vergauwen L., Hengstler J.G., Angrish M., Whelan M. (2017) Adverse outcome pathways: a concise introduction for toxicologists. Arch Toxicol: in press.

Wang, G., Bonkovsky, H. L., de Lemos, A., & Burczynski, F. J. (2015). Recent insights into the biological functions of liver fatty acid binding protein 1. J Lipid Res 56, 2238–2247. 

Wang G., Shen H., Rajaraman G., Roberts M. S., Gong Y., Jiang P., and Burczynski F. (2007) Expression and antioxidant function of liver fatty acid binding protein in normal and bile-duct ligated rats. Eur J Pharmacol 560, 61-68.

Zhang Y, Li F, Patterson AD, Wang Y, Krausz KW, Neale G, Thomas S, Nachagari D, Vogel P, Vore M, Gonzalez FJ, Schuetz JD (2012) Abcb11 deficiency induces cholestasis coupled to impaired β-fatty acid oxidation in mice.  J Biol Chem. 2012 Jul 13;287(29):24784-94.

Zollner G., Trauner M. (2008) Mechanisms of cholestasis. Clin Liver Dis 12, 1-26.


Figure legends
Fig. 1 Immunostaining of BSEP (green) and nuclear staining (blue) of differentiated HepaRG cells (A). Normalized relative gene expression (microarray) of BSEP (coded by the ABCCB11) in HepaRG cells exposed to bosentan (* significantly downregulation; student t-test p < 0.05) (B). Accumulation of fluorescent probe substrates for BSEP (green) and MRP2 (red) in bile canicular structures of untreated HepaRG cells (C) and cells exposed to bosentan (24h, IC10 (250 µM)) (D). Phase contrast (PhC) images show hepatocyte-like clusters of HepaRG cell culture.
Fig. 2 Principle component analysis (PCA) plot of microarray data sets of HepaRG cells exposed for 1h, 24h and 24h+72h to 3 concentrations of bosentan, namely IC10, IC10/4 and IC10/10 and respective vehicle controls. 
Fig. 3 Heat map of NR1H4, NR1I2 and NR1I2 genes representing the downregulation of FXR, PXR and CAR nuclear receptors in HepaRG cells exposed to bosentan (24h, IC10 (250 µM)) (A). Heat map of a selection of modulated genes in HepaRG cells exposed to bosentan (24h, IC10) that correctly represent intermediate steps in the selected KE of the AOP for cholestatic liver injury (B). Heat map of tumour necrosis factor (TNF), interleukin 6 (IL6) and interleukin 8 (IL8) in HepaRG cells exposed to bosentan (24h, IC10 (250 µM)) (C).
Fig. 4 Alterations in metabolite production detected by NMR spectroscopy of media from HepaRG cells exposed to bosentan (24h, IC10 (250 µM)) compared to control samples (** student t-test p < 0.01; *** student t-test p < 0.001).
Fig. 5 Venn diagram of modulated genes in HepaRG cells exposed to bosentan in IC10 (250 µM), IC10/4 and IC10/10 concentrations for 1h, 24h and 24h+72h (gene selection was based on a fold change modulation > 2 when compared to respective controls and Fisher’s p < 0.05).
Fig. 6 In vitro specifications of KE (green) related to the deteriorative cellular response (yellow background) and adaptive cellular response (pink background) of the AOP of cholestasis.
Suppl. Fig. S1 Heat map and cluster analysis of differentially expressed genes in samples of HepaRG cells exposed to bosentan in  IC10, IC10/4 and IC10/10 concentrations for 1h, 24h and 24h+72h (selection of the gene list was based on 1-way ANOVA p <0.05). 
Suppl. Fig. S2 Correlation between proteomics (PTX) and transcriptomics (TCX) data sets illustrated separately for each time point. Blue filled squares in the scatter plots indicate regulated proteins for proteomics data (student t-test p ≤ 0.05 and ≥ 2 fold of global standard deviation away from the global mean over all protein log2 fold change (LFC)). Blue open squares indicate proteomics data only selected with p ≤ 0.05 and no restriction on LFC. Red circles indicate the transcriptomics data selected with raw p <0.001. Note that blue plot symbols may cover the red symbols. The correlations between the transcriptomics and proteomics data were evaluated using Pearson’s r coefficient. 
Suppl. Fig. S3 Oxidative stress pathway showing gene expression data of HepaRG cells exposed for 24h to bosentan in IC10 concentration. (Chart obtained Wikipathway with overlaid data obtained with TAC, significant gene modulation threshold  based on 1-way ANOVA p < 0.05).
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