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Abstract  

Drug-induced intrahepatic cholestasis is characterized by cellular accumulation of bile acids 

(BA) whose mechanisms remain poorly understood. The present study aimed to analyze early 

and progressive alterations of BA profiles induced by cyclosporine A, chlorpromazine, 

troglitazone, tolcapone, trovafloxacin and tacrolimus after 4h, 24h and 6 daily treatments of 

differentiated HepaRG cells. In BA-free medium the potent cholestatic drugs, cyclosporine 

A, chlorpromazine and troglitazone, reduced endogenous BA synthesis after 24h, while 

the rarely cholestatic drugs, tolcapone, trovafloxacin and tacrolimus, reduced BA synthesis 

only after 6 days. In the presence of physiological serum BA concentrations, cyclosporine 

A, chlorpromazine and troglitazone induced early and preferential cellular accumulation of 

unconjugated lithocholic, deoxycholic and chenodeoxycholic acids that increased 8-12- 

and 47-50-fold after 24h and 6 days respectively. Accumulation of these hydrophobic BAs 

resulted from strong inhibition of amidation and in addition, for lithocholic acid reduction of its 

sulfo-conjugation, and was associated with variable alterations of uptake and efflux 

transporters. Trovafloxacin also caused BA accumulation, especially after 6 days, while 

tolcapone and tacrolimus were still without effect. However, when exogenous BAs were added 

to the medium at cholestatic serum concentrations, a 6-day treatment with all drugs resulted 

in cellular BA accumulation with higher folds of chenodeoxycholic and lithocholic acids. At the 

tested concentration, tolcapone had the lowest effect. These results bring the first 

demonstration that major cholestatic drugs can cause preferential and progressive in 

vitro cellular accumulation of unconjugated toxic hydrophobic BAs, and bring new insights in 

mechanisms involved in drug-induced cellular accumulation of toxic BAs.  
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Introduction  

Bile acids (BAs) are the major components of bile, representing 67%. BAs play an important 

role in digestion through emulsification of lipids and they are critical for regulation of glucose 

and cholesterol homeostasis (Lefebvre et al., 2009; Crocenzi et al., 2012). The two primary 

BAs, chenodeoxycholic (CDCA) and cholic (CA) acids, are synthesized in the hepatocytes 

from cholesterol oxidation then conjugated (amidated) with either glycine or taurine by bile 

acid-CoA synthetase (BACs) and bile acid-CoA: amino acid N-acetyltransferase (BAAT) in 

hepatocytes giving rise to taurocholic acid (TCA), glycocholic acid (GCA), 

glycochenodeoxycholic acid (GCDCA), and taurochenodeoxycholic acid (TCDCA) (Chiang, 

2009; Monte et al., 2009; Anwer, 2014). BAs may also be metabolized by different liver 

enzymes such as cytochrome P450s, and glucuronosyl- and sulfo-transferases (Chiang, 

2009). After their formation BAs are secreted into bile and stored in the gallbladder. When 

secreted into the small intestine, the gut microbiota converts CDCA and CA by 7α-

dehydroxylation to the secondary BAs lithocholic (LCA) and deoxycholic (DCA) acids (Monte 

et al., 2009). The enterohepatic circulation allows for re-uptake of about 95% of both primary 

and secondary BAs from the intestinal lumen into the blood (Chiang, 2009; Anwer, 2014). 

Hepatic elimination and enterohepatic circulation of BAs are accomplished by a wide range of 

uptake and efflux transporters (Anwer, 2012). Circulating BAs are taken up into hepatocytes 

by the sodium taurocholate co-transporting polypeptide (NTCP) and organic anion transporting 

proteins (OATPs) located on the sinusoidal membrane of hepatocytes. Glycine- and taurine-

conjugated BAs are the main physiological substrates of NTCP (Hata et al., 2003; Dawson et 

al., 2009), while unconjugated and sulfated BAs are weak substrates for NTCP and efficiently 

imported by members of the OATP family (Hata et al., 2003; Dawson et al., 2009). 

In human liver, the bile salt export pump (BSEP) located on the canalicular membrane of 

hepatocytes is responsible for secretion of major BA species into bile including unconjugated, 

taurine- and glycine- amidated monovalent BA species (Stieger, 2011). In human, but not in 

rodents, BSEP transports some sulfated BAs (Hayashi et al., 2005); however, secretion of 
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most sulfated BAs is mediated by the multidrug resistance protein-2 (MRP2) and multidrug 

resistance protein-1/3 (MDR1/3) (Akita et al., 2001; Lam et al., 2005). 

Intrahepatic accumulation of BAs or their conjugated salts can be caused by a number of drugs 

(Amieva et al., 1994); it defines a pathological condition, cholestasis, in which bile secretion 

and flow are impaired and toxic BAs accumulate in the liver. The hydrophobic DCA, LCA and 

mainly CDCA, are the most toxic BAs (Kojima et al., 2008). Indeed, in large population-based 

studies bland and mixed cholestatic patterns were found to represent up to 60% of drug-

induced liver injury cases (Bjornsson and Jonasson, 2013). Several mechanisms underlying 

drug-induced cholestasis have been reported. A cholestatic agent can interfere in the activity 

of BA uptake and efflux transporters and with bile canaliculi (BC) motility, BA intracellular 

trafficking and BA metabolism and conjugation (Rodrigues et al., 2014). A disturbance of any 

one of these important processes can alter the balance of the BA pool and increase 

intracellular concentrations of toxic BAs. All these alterations converge in perturbation of the 

BA homeostasis pool leading to cholestasis.  

Many drugs can cause cholestasis in humans without any significant liver injury in preclinical 

animal models (Fattinger et al., 2001; Kojima et al., 2003; Kostrubsky et al., 2003; Pauli-

Magnus and Meier, 2006; Morgan et al., 2010). This could be attributed, at least in part, to the 

species differences in BA composition and regulation between humans and animals (Chiang, 

2009). Presently, there is little information regarding the early changes in BA profiles and 

disposition in human liver exposed to cholestatic drugs. Recently, we demonstrated a dose-

dependent accumulation of LCA in cell layers of HepaRG cells treated with cyclosporine A 

(CsA) (Sharanek et al., 2015). Importantly, these cells produce conjugated primary BAs at 

similar levels as primary human hepatocytes and as in clinic, they can exhibit typical cholestatic 

features after treatment with cholestatic drugs, including BC deformations, impairment of the 

Rho-kinase/myosin light chain kinase (ROCK/MLCK) pathway, inhibition of BA transporters, 

accumulation of endogenous BAs and initiation of compensatory mechanisms (Antherieu et 

al., 2013; Sharanek et al., 2015; Sharanek et al., 2016; Burban et al., 2017). These data led 

us to use metabolically competent and highly polarized HepaRG cells (Aninat et al., 2006; 
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Bachour-El Azzi et al., 2015) to investigate changes in BA profiles and disposition induced by 

cholestatic drugs as a function of time of treatment and in the absence or presence of 

exogenous BAs. Based on their clinical side effects, two categories of cholestatic drugs were 

selected: the potent cholestatic CsA, chlorpromazine (CPZ), troglitazone (Tro), and the rarely 

cholestatic trovafloxacin (TVX), tolcapone (Tol) and tacrolimus (Tac). Our results show early 

and progressive changes in BA intracellular content and profiles after single and repeated daily 

additions of the 6 cholestatic drugs and that these changes were dependent on the tested drug 

and the amount of added exogenous BAs to the culture medium. 

 

Materials and Methods 

Reagents 

CsA, CPZ, TVX, Tol, Tro, methylthiazoletetrazolium (MTT), 5(6)-carboxy-2′,7′-dichlorofluorescein 

diacetate (CDFDA) and all exogenous BAs were purchased from Sigma (St. Quentin Fallavier, 

France). Tac was provided by Tocris Bioscience (Bristol, UK). 3H-Taurocholic acid (3H-TCA) was 

from Perkin Elmer (Boston, MA). Hoechst dye was obtained from Promega (Madison, Wisconsin). 

Other chemicals were of reagent grade.  

Cell cultures 

HepaRG cells were seeded at a density of 2.6 × 104 cells/cm2 in Williams’ E medium 

supplemented with 10% Hyclone® fetal bovine serum (Thermo-Fisher scientific, Waltham, MA, 

USA), 100 IU/mL penicillin, 100 µg/mL streptomycin, 5 µg/mL insulin, 2 mM glutamine, and 50 

µM hydrocortisone hemisuccinate. After 2 weeks, HepaRG cells were shifted to the same 

medium supplemented with 1.7 % dimethyl sulfoxide (DMSO) for 2 more weeks in order to 

obtain differentiated cultures with maximum functional activities. At this time, the cultures 

contained around the same number of HepaRG hepatocytes and progenitors/primitive biliary 

cells and were ready for use (Cerec et al., 2007). 

Cell treatment 

Before starting the treatments HepaRG cells were incubated for 24h in a medium 

supplemented with 2% fetal bovine charcoal-stripped serum (BA-free serum) (Sigma, 
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reference: F6765) to eliminate bovine BAs accumulated into the cells during the previous 

culture period in a serum-supplemented medium (Sharanek et al., 2015). No individual BA was 

detected in charcoal-stripped serum. Then, the cells were treated with the tested compounds 

dissolved in BA-free medium supplemented with 2% charcoal-stripped serum and 1% DMSO 

for different time points, in the absence or presence of BA mixtures composed of 8 individual 

BAs at concentrations found in the serum of either normal individuals (1X) or cholestatic 

patients (60X) (Table 1). Because cholestatic drugs can alter BA uptake, the two BA mixtures 

were added 24h before their simultaneous addition with tested compounds.  

Cell viability  

Cytotoxicity of BA mixtures and tested drugs was evaluated using the MTT colorimetric assay. 

Briefly, the cells were seeded in 96-well plates and treated with various concentrations of 

tested compounds either alone or combined with BA mixtures for 24h or 6 days. After medium 

removal, 100μl of serum-free medium containing MTT (0.5mg/ml) was added to each well and 

incubated for 2h at 37°C. The water-insoluble formazan was dissolved in 100μl DMSO, and 

absorbance was measured at 550 nm. 

Phase-contrast cell imaging 

Phase-contrast images of HepaRG cells were captured with an AxioCam MRm camera using 

phase-contrast microscopy. An inverted microscope (Zeiss Axiovert 200M) equipped with a 

thermostatic chamber (37°C and 5% CO2) to maintain the cells under normal culture conditions 

was used. 

Measurement of bile acids  

Standard stock solutions were prepared in methanol at a concentration of 1mg.mL-1 and stored 

in a sealed container at -20°C. The stock solutions were pooled and diluted to obtain mixed 

calibration BA solutions with concentrations ranging from 31.3ng.mL-1 to 31.3µg.mL-1. 

Standard solutions were available for 28 BAs, i.e. CDCA; TCDCA; GCDCA; chenodeoxycholic 

acid 3 sulfate (CDCA-3S); CA; TCA; GCA; cholic acid 3 sulfate; DCA; taurodeoxycholic acid 

(TDCA); glycodeoxycholic acid (GDCA); deoxycholic acid 3 sulfate (DCA-3S); LCA; 

taurolithocholic acid (TLCA); glycolithocholic acid; lithocholic acid 3 sulfate (LCA-3S); 
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taurolithocholic acid 3 sulfate (TLCA-3S); glycolithocholic acid 3 sulfate; ursodeoxycholic acid; 

tauro-ursodeoxycholic acid; glycol-ursodeoxycholic; ursodeoxycholic acid 3 sulfate; tauro-

ursodeoxycholic acid 3 sulfate; glyco-ursodeoxycholic acid 3 sulfate ; taurohyodeoxycholic 

acid; hyodeoxycholic acid; hyocholic acid; and α-muricholic acid. Depending on culture 

conditions, 15 out of 28 BAs were detected, i.e. CDCA; TCDCA; GCDCA; CDCA-3S; CA; TCA; 

GCA; DCA; TDCA; GDCA; DCA-3S; LCA; TLCA; LCA-3S; TLCA-3S. 

Samples preparation and analysis 

Both cells and media were collected from HepaRG cell cultures treated with the 6 tested 

compounds combined or not with BA mixtures. Before analysis, the samples were lyophilized, 

and then 1ml of water was added to the dried samples, homogenized using a PolyTron® 

homogenizer for 30sec and clarified by centrifugation at 20 000 × g for 20min. The supernatant 

was collected and extracted using a SPE cartridge. BA content was measured using high 

pressure liquid chromatography coupled with tandem mass spectrometry (HPLC–MS/MS). 

The chromatographic separation of BAs was carried out on a Zorbax eclipse XDB-C18 (Agilent 

Technology, Garches, France) fitted on an Agilent 1100 HPLC system (Massy, France) as 

previously described for human samples (Humbert et al., 2012). The column temperature 

setting was 35°C. The mobile phases consisted of (A) ammonium acetate 15mmol/l, pH 5.3 

and (B) methanol at 65:35 (v/v). BAs were eluted by increasing B in A from 65 to 95 (v/v) for 

30min. Separation was achieved at a flow rate varying between 0.3 and 0.5ml/min for 30min. 

Mass spectra were obtained using an API® 2000 Q-Trap (AB-Sciex, Concord, Canada) 

equipped with a TurboIon electrospray (ESI) interface set in the negative mode (needle voltage 

– 4500V) with nitrogen as the nebulizer set at 40 (arbitrary pressure unit given by the 

equipment provider). Curtain and heater pressures were set at 20 and 40 (arbitrary units), 

respectively and the ion source temperature was set at 400°C. Declustering and entrance 

potentials were set at −60V and −10V, respectively. The MS/MS detection was operated at 

unit/unit resolution. The acquisition dwell time for each transition monitored was 70msec. Data 

were acquired by the Analyst® software (version 1.4.2, AB-Sciex) in the Multiple Reaction 

Monitoring mode. 
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Na+-dependent taurocholic cotransporting polypeptide activity 

Activity of the NTCP transporter was estimated through determination of sodium-dependent 

intracellular accumulation of the radio-labeled taurocholic acid (3H-TCA) substrate. After 

treatment with tested drugs, cells were incubated with 43.3nM of radio-labeled TA for 30 min. 

Cells were then washed twice with PBS and lysed with 0.1 N NaOH. Accumulation of 

radiolabeled substrate was determined through scintillation counting. 

 Carboxy dichlorofluorescein (CDF) clearance 

After treatment, the cells were washed with warm Williams’ E medium without phenol red 

and incubated in 3 μM CDFDA for 30 min at 37 °C in the medium used for passive 

intracellular accumulation. Upon hydrolysis by intracellular esterases, CDFDA was 

converted to fluorescent CDF (excitation/emission: 488/509 nm) and directed towards the 

biliary pole by membrane transporters, particularly MRP2. After washing, imaging was 

performed using a Cellomics. ArrayScan VTI HCS Reader (Thermo Scientific). The number 

of CDF accumulating BC was quantified using ImageJ 1.48 software. 

Taurocholate acid clearance 

Cells were first exposed to 43.3 nM 3H-TCA for 30 min to induce its intracellular 

accumulation, washed with standard buffer and then treated with the tested drugs for 4h in 

a standard buffer containing Ca2+ and Mg2+. After incubation, the cells were washed and 

scraped in 0.1 N NaOH, and the remaining radiolabelled substrate was measured through 

scintillation. 3H-TCA clearance was determined based on its accumulation in cell layers 

(cells + BC) and calculated relative to the control. 

Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR) Analysis 

Total RNA was extracted from 106 HepaRG cells with the NucleoSpin RNA isolation 

Kit (Macherey-Nagel, Düren, Germany). RNAs were reverse-transcribed into cDNA and RT-

qPCR was performed using a SYBR Green mix. Primer sequences are listed in Supplemental 

Table 1. 
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Data analysis 

The amounts of total and individual BAs in both cell layers and supernatants samples were 

measured. To keep the same unit, BAs in both cell layers and supernatants were expressed 

in µg/106 hepatocytes. The basal primitive biliary cells did not express BA metabolizing 

enzymes and transporters (Sharanek et al., 2014; Sharanek et al., 2015). Therefore, these 

cells were neglected for calculation of BA content. Only HepaRG hepatocytes were considered 

and estimated to represent 50% of total cells in the cultures (Cerec et al., 2007).  

Statistical analysis  

One-way ANOVA with Bonferroni's multiple comparison test (GraphPad Prism 5.00) was 

performed to compare data. Values of 4h samples corresponded to 4h treatments, those of 

24h and 6-day samples to 24h treatments (the last 24h for 6 days). Each value corresponded 

to the mean ± standard error of mean (SEM) of three independent experiments. Data were 

considered significantly different when p<0.05. 

 

Results 

Effects of tested drugs on bile canaliculi morphology and bile acid transporters 

We recently showed that BC deformation is an important feature of drug-induced cholestasis 

(Sharanek et al., 2016). In the current work, six cholestatic compounds were selected: CsA, 

CPZ, Tro, Tol, TVX and Tac. The lowest drug concentrations that caused obvious BC 

deformations without inducing cytotoxicity to HepaRG cells after 6 daily repeated additions, 

were selected (Figure 1A and B). After 4h, CsA (5µM), CPZ (15µM), Tol (10µM), TVX (10µM) 

and Tac (5µM) induced dilatation of BC which persisted without obvious aggravation after 6 

daily repeated treatments. Noticeably, in the conditions used in this study CPZ caused a slight 

dilatation of BC. Tro previously found to cause constriction of BC at concentrations higher than 

50µM, was cytotoxic after 6 daily repeated treatments at such concentrations. Consequently, 

it was used at 10µM, a concentration that did not obviously alter BC morphology but impaired 

BA transporters. 
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The effect of tested drugs on Na+-dependent BA uptake activity was estimated through 

measurement of intracellular accumulation of 3H-TCA after 4 and 24h treatment of HepaRG 

cells. Both CsA and Tro reduced 3H-TCA uptake by 70% after 4h compared to untreated cells. 

No significant inhibition was observed with other tested drugs even after 24h treatment (Figure 

1C). To estimate effects of tested drugs on BSEP activity, HepaRG cells were incubated with 

3H-TCA for 30 min and then treated for 4h with the tested drugs in standard buffer containing 

Ca2+/Mg2+. At the tested concentrations CsA and CPZ reduced 3H-TCA canalicular efflux to 42 

and 60% respectively. TVX and Tol also slightly reduced 3H-TCA efflux to 70% compared to 

untreated cells. No significant inhibition was observed with Tro and Tac (Figure 1D). To 

estimate MRP2 activity, HepaRG cells were exposed to the tested drugs for 4 or 24h followed 

by incubation with CDF, an MRP2 substrate. CDF fluorescent substrate was visualized in BC 

lumen of untreated cells. After 4h treatment, CsA, Tro and Tac inhibited canalicular excretion 

of CDF by 75, 77 and 53% respectively compared to untreated cells; no effect was observed 

with the 3 other drugs even after 24h treatment (Figure 1E and F). 

Effects of tested cholestatic drugs on endogenous BA profiles and disposition 

BA profiles and disposition were analyzed in both cell layers and supernatants of HepaRG cell 

cultures incubated in a medium supplemented with 2% BA-free charcoal-stripped serum. After 

4h, total BA content reached 0.12±0.01µg (0.09±0.01 and 0.04±0.01µg in supernatants and 

cell layers, respectively). After 24h, this total amount increased to 0.28±0.02µg and after 6 

days, i.e. 24h following the last medium renewal, peaked at 0.42±0.03µg, representing around 

1.5-fold the values measured at 24h. This increase in total BAs was mainly due to tauro-

conjugates. Glyco-conjugates (GCDCA) remained nearly unchanged (Figure 2A-C). 

Unconjugated BAs were not detected. Altogether, these data reflected the capacity of HepaRG 

cells to synthesize, conjugate and secrete BAs whose levels were estimated to reach 0.28µg 

BAs/106 hepatocytes/day versus 0.13µg BAs/106 hepatocytes/day in serum-free medium 

(Sharanek et al., 2015). 

BA profiles were then analyzed following treatment of HepaRG cells with the 6 cholestatic 

drugs in a medium containing 2% BA-free serum for 4h, 24h and 6 days. After 4h, whatever 
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the tested drug, total BA content (cells+supernatant) remained unchanged compared to 

untreated cells. However, changes in the supernatant/cell layer ratio were observed. 

Interestingly, an accumulation of total BAs in cell layers peaking at 0.01±0.01µg (1.8-fold) and 

0.06±0.01µg (1.6-fold) was observed with CsA and CPZ respectively, compared to 

0.04±0.01µg in their untreated counterparts. Cellular BAs corresponded to an accumulation of 

conjugates of primary BAs (TCDCA, GCDCA and TCA). Importantly, BA total amounts and 

profiles were not changed with the 4 other drugs in BA-free medium after 4h (Figure 2D). 

By contrast, intracellular BA accumulation was no longer observed after 24h treatment with 

CsA or CPZ and was associated with a reduced total BA content (cells+supernatants) to 

0.24µg (88%) and 0.23µg (84%) respectively, compared to 0.28µg in untreated cells (Figure 

2B), especially tauro-conjugates (TCA and TCDCA). A reduced total BA content to 0.20µg 

(71%) was also observed with Tro. These decreased values likely reflected an inhibition of BA 

synthesis by these 3 drugs while Tol, TVX and Tac were ineffective (Figure 2E). 

The influence of cholestatic compounds on endogenous BA content and profiles was also 

analyzed after 6 daily repeated additions. Compared to the total BA content of 0.42µg 

measured in untreated cultures those measured in drug-treated cultures were decreased 

whatever the tested drug, Tol showing the lowest effect at the tested concentration. They 

corresponded to 0.13±0.02µg (32%), 0.13±0.01µg (31%), 0.21±0.02µg (51%), 0.31±0.08µg 

(75%), 0.20±0.03µg (49%) and 0.17±0.01µg (41%), with CsA, CPZ, Tro, Tol, TVX and Tac 

respectively (Figure 2F). Synthesis of all primary BAs was reduced. 

Effects of cholestatic drugs in presence of physiological BA concentrations  

To mimic physiological BA content in human, a mixture of 8 BAs at concentrations found in the 

serum of normal individuals (1X-BAs) (3.56±0.22µM corresponding to 4.48±0.29µg) (Scherer 

et al., 2009), was added to the culture medium for 4h, 24h or 6 days (Table 1). After exposure 

of HepaRG cells to 1X-BAs, total BA content reached 4.89±0.24µg. After 24h, unconjugated 

BAs dropped to 0.05±0.02µg compared to 1.14±0.07µg in non-exposed medium (Figure 3A), 

paralleling a corresponding increase in conjugated BAs and resulting from tauro- and glyco-
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conjugation of exogenous unconjugated primary BAs (Figure 3B) and sulfation of LCA (Figure 

3C). 

Effects of the tested drugs on BA profiles were analyzed in HepaRG cells concomitantly 

incubated with the 1X-BA mixture after 4h, 24h and 6 days. In the presence of 1X-BAs, a 4h-

treatment with either CsA or CPZ caused accumulation of total BAs in cell layers peaking 

respectively at 1.38±0.25µg (2.3-fold) and 1.53±0.26µg (2.6-fold) compared to 0.59±0.22µg in 

untreated cells, and this accumulation was associated with a parallel decrease in supernatants 

(Figure 3D). Both conjugated (TCDCA, TCA, TDCA, TLCA, GCDCA, GCA, GDCA) and 

unconjugated BAs (CDCA, CA, DCA, LCA) were found to accumulate in cell layers. 

Interestingly, unconjugated BAs preferentially accumulated in cell layers after CsA and CPZ 

treatment reaching 8- and 10-fold respectively, while conjugated BAs accumulated only up to 

2-fold, compared to untreated cells after 4h (Figure 3E).  

After 24h, no further cellular accumulation of conjugated BAs was observed (Figure 4A). By 

contrast, unconjugated BAs continued to preferentially accumulate reaching 26-, 19-, and 16-

fold in CsA-, CPZ- and Tro-treated cells respectively compared to untreated cells (Figure 4B 

and C). Indeed, unconjugated CDCA DCA and LCA significantly accumulated in both cell 

layers and supernatants (Figure 4D-F). Sulfated LCA was found to be accumulated in cell 

layers and decreased in supernatants (Figure 4G). Even though unconjugated CA significantly 

accumulated in the supernatants of CsA-, CPZ- and Tro-treated cultures, no significant 

accumulation was observed in the cell layers (Figure 4H).  

In parallel, tauro- and glyco-amidation of exogenous BAs was reduced to 70-75% by CsA, CPZ 

and Tro. Sulfation of LCA was also decreased to 68, 30 and 60% after 24h treatment with CsA, 

CPZ and Tro respectively, compared to untreated cells, whereas the 3 other drugs were 

ineffective (Figure 5A and B). These data reflected a marked inhibition of de novo amidation 

and sulfation of exogenous BAs by the 3 potent cholestatic drugs. 

After 6 repeated daily additions of the 1X-BA mixture with medium renewal an accumulation 

of total BAs in cell layers reaching 1.95±0.04µg, 2.08±0.10µg, 1.90±0.12µg and 1.23±0.09µg 

was obtained with CsA, CPZ, Tro and TVX respectively, compared to 0.91±0.07 µg in 
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corresponding untreated cells (Figure 5C), reflecting an accumulation of almost all individual 

BAs. Conjugated BA species slightly accumulated in CsA-, CPZ-, Tro- and TVX-treated cells 

after 6 repeated additions; i.e. 1.9-, 2.1-, 1.9- and 1.3-fold respectively, compared to untreated 

cells (Figure 5D and F). Indeed, as observed after 24h, a 6-day treatment with CsA, CPZ, Tro 

and TVX, caused a marked preferential accumulation of unconjugated forms of primary and 

secondary BAs to reach 50-, 45-, 50- and 15-fold respectively compared to untreated cells 

(Figure 5E and F). Compared with a 24h exposure to the 1X-BAs mixture, more unconjugated 

BAs were found in cell layers of CsA-, CPZ-, Tro- and TVX-treated cultures after 6 days (Figure 

5G). No significant change in BA profiles and disposition was observed with Tol and Tac. 

Effects of tested drugs on BA profiles in cholestatic condition 

To mimic BA content in the cholestatic condition, the mixture of 8 BAs at concentrations found 

in the serum of patients suffering from cholestasis (60X-BAs) (179±3µM corresponding to 

225±5µg) (Scherer et al., 2009), was added to the culture medium for 4h, 24h or 6 days (Table 

1).  

The 60X-BAs mixture did not induce any significant cytotoxicity even after 6 days. Accordingly, 

no major morphological changes were evidenced, including absence of any alteration of BC 

structures. Only few lipid droplets were noticed in HepaRG hepatocytes exposed to the 60X-

BA mixture for 6 days. When HepaRG cells were co-exposed to this BA mixture and the six 

cholestatic compounds no further cytotoxicity and change in BC structures were evidenced, 

even after 6 days (Figure 6A). In support, gene expression of albumin was not significantly 

modulated (Table 2).  

In the presence of 60X-BAs, cell layers of untreated cells accumulated 23-fold more BAs after 

4h compared to 1X-BAs and the amount remained relatively unchanged thereafter (Figure 6B). 

While in cell layers conjugated and unconjugated BAs represented 96 and 4% of total cellular 

BAs respectively in the 1X-BA condition, cellular unconjugated BA content increased to 47% 

in parallel to a decrease in cellular conjugated BAs to 53% in the presence of 60X-BAs (Figure 

6C). These changes induced by the 60X-BAconcentration also influenced the effect of tested 

drugs. Indeed, 4h-treatment with CsA and CPZ in the presence of 60X-BA mixture induced 
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accumulation of both conjugated and unconjugated BAs in comparable proportions. Unlike in 

the 1X-BA condition, Tro and TVX induced cellular accumulation of total BAs as early as 4h. 

The effects of cholestatic drugs after 24h were comparable to their effects after 4h (Figure 6D). 

Interestingly, after 6 days all the tested compounds caused accumulation of total BAs, i.e. both 

primary and secondary BAs, peaking at 43.2±1.0, 50.4±14.5, 47.5±17.3, 44.2±16.7 and 

39.1±14.2µg after treatment with CsA, CPZ, Tro, TVX and Tac respectively, compared to 

14.2±2.8µg in untreated cells, corresponding to 3.0-, 3.6- 3.3-, 3.1- and 2.7-fold increase 

respectively. At the tested concentration, Tol showed a low potency to cause accumulation of 

BAs with a total amount of 27.9±4.9µg (1.9-fold) (Figure 6D). Compared to 24h, after 6-day 

exposure to the 60X-BA mixture, the tested drugs caused 2-3-fold more total LCA and CDCA 

accumulation in cell layers while total CA remained nearly unchanged (Figure 6E-G). 

Cholestatic drugs and exogenous BAs deregulate expression of various target genes 

Many genes involved in BA transport, synthesis, and metabolism can be deregulated by 

cholestatic drugs and intracellular accumulation of BAs (Antherieu et al., 2013; Liu et al., 2014; 

Sharanek et al., 2014). A set of target genes was analyzed by RT-qPCR after 24h and 6 daily 

treatments with various cholestatic drugs in absence or presence of exogenous BAs. Genes 

related to BA metabolism and transport included the nuclear receptor FXR, efflux transporters 

(BSEP, MDR1, MDR3, MRP2, MRP3 and MRP4), the uptake transporter NTCP, and BA 

synthesis and conjugation enzymes (CYP7A1, CYP8B1, CYP27A1, BAAT and SULT2A1). No 

significant effects were evidenced after 24h whatever the experimental condition. By contrast, 

various genes were found to be modulated after 6 days. 1X- and 60X-BA mixtures alone 

induced BSEP expression by 1.6- and 4.3-fold respectively; this fold-induction with 60X-BAs 

was not significantly modulated by cholestatic drugs. MDR1, MDR3, BAAT and SULT2A1 were 

also up-regulated while CYP7A1, CYP27A1 and NTCP were down-regulated to a variable 

extent by the 60X-BA mixture (Table 2).  

The 6 cholestatic drugs differently modulated expression of the tested genes; all but Tol, 

decreased BSEP expression. NTCP expression was inhibited by CPZ and TVX, and induced 

by CsA. All drugs but Tol reduced CYP7A1, CYP27A1 and CYP8B1 gene expression without 
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any further aggravation in the presence of exogenous BAs. CsA, CPZ and Tro reduced 

expression of BAAT and SULT2A1, whereas TVX and Tac showed similar effects only in the 

presence of exogenous BAs (Table 2). Genes related to oxidative and ER stress were also 

differently deregulated by these tested drugs. While CPZ and Tro caused overexpression of 

HO1, CsA, TVX and to a lower extent CPZ induced that of ER stress-related genes (ATF4 and 

CHOP). Tol and Tac had no significant effects. Co-addition of exogenous BAs aggravated 

oxidative and ER stress response, especially the 60X-BA mixture (Table 2). 

 

Discussion 

In the present work, we analyzed the first steps leading to drug-induced accumulation of BAs 

in human liver using HepaRG hepatocytes. Our data showed that BA accumulation profile and 

disposition were dependent on the tested cholestatic drug, co-exposure to exogenous BAs and 

treatment duration and that treatment with the major cholestatic drugs resulted in early, 

preferential and progressive cellular accumulation of unconjugated forms of toxic hydrophobic 

BAs. 

At the tested concentrations that were not cytotoxic even after 6 daily exposures in presence 

of 1X- or 60X-BA mixtures, CsA, CPZ, Tol, TVX and Tac caused dilatation of BC as previously 

reported (Burbank et al., 2016). Only Tro appeared to be ineffective at the low tested 

concentration; like CPZ and CsA, Tro has been found to induce BC constriction at high 

concentrations (Antherieu et al., 2013; Sharanek et al., 2014; Burbank et al., 2016).  

Marked differences in their potential to accumulate total and individual BAs in HepaRG cells 

were observed between the tested cholestatic drugs. On the basis of the different patterns of 

BA profiles after treatment in the absence or presence of exogenous BA mixtures, it was 

possible to classify the 6 drugs into 2 groups: group 1 that corresponded to the three potent 

cholestatic compounds (CsA, CPZ, Tro) and group 2 that included the 3 other drugs (TVX, Tol, 

Tac); noteworthy, these two groups correspond to potent and rarely cholestatic drugs in clinic 

respectively (Burbank et al., 2016). Cellular accumulation of BAs was evidenced in cultures 

treated with CPZ and CsA for 4h, likely due to inhibition of BSEP transport. However, after 24h 
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a decrease in total BA content (cell layers+supernatants) was observed with group 1 drugs 

while similar contents were still observed in untreated and group 2 drug-treated cultures. After 

6 days, the decrease in intracellular BA content was strongly amplified with CsA, CPZ, Tro and 

Tac but not with Tol and only slightly with TVX. Total BA contents were decreased with all the 

drugs, especially CsA and CPZ; with these two last drugs they were reduced to one third of 

the content measured in corresponding control cultures. These data could be explained by 

inhibition of not only BA synthesis but also neo-synthesized BA re-uptake by NTCP and 

activation of compensatory secretion via the sinusoidal transporters MRP3/4 (Zollner et al., 

2003; Sharanek et al., 2015). In support, BA metabolizing enzymes were down-regulated 

except with Tol after 6-day treatment. 

To mimic the physiological in vivo situation, a cocktail of 8 human primary and secondary BAs 

in their unconjugated and conjugated forms were added to the culture medium at 

corresponding serum concentrations (1X-BA mixture). Group 1 molecules caused the earliest 

and highest accumulation of total BAs. Four major differences with group 2 were evidenced. 

First, BA accumulation was already observed with CsA and CPZ after 4h and with Tro after 

24h while the 3 other drugs remained ineffective. Second, group 1 drugs caused cellular 

accumulation of greater amounts of BAs compared to group 2 molecules in the different 

experimental conditions tested. Third, unconjugated hydrophobic BAs (CDCA, DCA and LCA), 

preferentially accumulated in cell layers from cultures treated with group 1 drugs during the 

first 24h. Fourth, preferential accumulation of these hydrophobic BAs in group 1 treated cells 

increased as a function of treatment duration, from 8-12-fold after 4h to 45-50-fold after 6 daily 

repeated additions. Such progressive accumulation of toxic BAs is relevant with in vivo chronic 

development of drug-induced cholestasis. Indeed, while in most instances, acute drug-induced 

cholestasis is reversible after drug ceasing, continuous therapy with cholestatic drugs can lead 

to chronic liver disease (Padda et al., 2011). Noticeably, TVX effects on BA accumulation were 

close to those of group 1 drugs after 6 days in the presence of 1X-BAs. In addition to acute 

liver failure (Stahlmann, 2002) rare cases of cholestasis have been reported with this antibiotic 
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(Lucena et al., 2000). It cannot be excluded that the number of cholestasis cases would have 

been higher if hepatic failure had appeared later after the start of treatment. 

The increase in total unconjugated BA content in both cell layers and supernatants of cultures 

treated with CsA, CPZ and Tro resulted from inhibition of amidation and sulfation activities. 

Indeed, amidation of BAs requires sequential enzymatic reactions that mainly involved two 

enzymes, namely BACs and BAAT. Unconjugated BAs are first activated with coenzyme A 

(CoA) by the fatty acid transport protein 5, which is located on the basolateral membrane of 

hepatocytes and is responsible for major BACs activity (Doege et al., 2006). Next, CoA-

activated BAs are substrates for BAAT that is predominantly present in peroxisomes (Pellicoro 

et al., 2007). This requires CoA-activated unconjugated BAs to be transported into 

peroxisomes, followed by glycine and taurine conjugation. Therefore, inhibition of BA 

amidation could result from interference of drugs with one or more of these essential steps, (i) 

reduced expression and/or activity of BACs preventing CoA-BA formation, (ii) blockage of CoA-

BA translocation to the peroxisomes and (iii) interference with expression and/or activity of 

BAAT preventing amidation of CoA-BA with taurine and glycine in the peroxisomes (Figure 7). 

In support, BACs was found to be inhibited with 10 μM CsA, without any significant inhibition 

of BAAT activity (Vessey and Kelley, 1995). 

The secondary and most lipophilic BA, LCA, was entirely sulfo-conjugated and secreted within 

the first 24h in untreated and group 2 drug-treated cultures. By contrast, CsA, CPZ and Tro 

caused inhibition of LCA sulfation associated with its accumulation in cell layers. Inhibition of 

LCA sulfation could be at least partly related to an inhibition of SULT2A1. Noteworthy, high 

LCA levels were measured in the serum of patients treated with CsA and of patients with 

intrahepatic cholestasis of pregnancy (Myara et al., 1996; Lucangioli et al., 2009), supporting 

the clinical relevance of our in vitro findings.  

 Noteworthy, contrary to their similar effects on cellular accumulation of both conjugated and 

unconjugated BAs, CPZ, CsA and Tro differently affected activity of uptake and efflux 

transporters. CsA has been found to be a strong competitive inhibitor for BSEP (Watanabe et 

al., 2007) and to alter membrane fluidity (Yasumiba et al., 2001). CPZ can induce ROS 
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generation leading to alteration of BA transporters in HepaRG cells (Antherieu et al., 2013). 

Tro-sulfate competitively inhibits BSEP (Ivetic and Ridley, 2004). In support, after 4h treatment 

at the tested concentrations CPZ and CsA inhibited efflux of radiolabeled 3H-TCA, the major 

substrate of BSEP while Tro, like CsA, inhibited 3H-TCA uptake by NTCP and CDF efflux by 

MRP2 (Figure 7). Therefore, even if preferential cellular accumulation of unconjugated 

hydrophobic BAs could be explained by the reduced capacity of BA efflux transporters it 

appeared that inhibition of amidation represented a major step in intracellular accumulation of 

BAs. 

Addition of exogenous BAs at cholestatic concentrations (60X-BA mixture), also considerably 

affected BA contents and profiles in both cell layers and supernatants. The disposition of 

unconjugated and conjugated BAs was different in cell layers of cultures exposed to 60X-BA 

versus 1X-BAs. Indeed, 23-fold more BAs were accumulated in cell layers and unconjugated 

BAs represented 47% versus 4% in the presence of 1X-BA concentrations after 24h. These 

differences could be explained by strong inhibition of amidation activity and efflux transporters 

in the presence of BA overload. Noticeably, group 2 molecules, also accumulated BAs after 6 

daily repeated exposure to 60X-BAs. Tol slightly accumulated BAs, suggesting that it had the 

lower cholestatic potential. In agreement, in clinic even though Tol has been associated with 

liver toxicity and mortality (Watkins, 2000), only one single case of cholestasis has been 

reported in the LiverTox website (www.livertox.nih.gov). 

Although compared to 1X-BAs, more BAs were accumulated in cell layers after 6 daily 

repeated exposure to 60X-BAs, no cytotoxicity was observed. In agreement, serum and 

intrahepatic BAs at concentrations that are observed during cholestasis in vivo are largely non-

hepatotoxic to isolated hepatocytes and liver cell lines unless the BA composition is toxified by 

addition of the hydrophobic BAs CDCA, LCA or DCA (Suda et al., 2011). Necrosis was 

evidenced in the human hepatocytes exposed to GCDCA only at concentrations of 2mM or 

higher for 24h (Wakabayashi et al., 2006). LCA and DCA were not cytotoxic to HepaRG cells 

at concentrations lower than 200µM after a 24h exposure (Sharanek et al., 2015), supporting 
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the prolonged survival of hepatocytes in cholestatic livers despite high intrahepatic and serum 

BA levels. 

In conclusion, we report the first in vitro in-depth analysis of intracellular accumulation of total 

and individual BAs caused by various cholestatic drugs in the presence of exogenous BAs and 

as a function of culture time. Our results demonstrate that the most potent cholestatic drugs 

can cause in vitro intracellular accumulation of unconjugated forms of the three hydrophobic 

BAs, CDCA, LCA and DCA, that could represent suitable markers to distinguish potent 

cholestatic drugs from those referred as rarely cholestastic in clinic. Moreover, they suggest 

that inhibition of BA amidation and sulfation represents major mechanisms of drug-induced 

cholestasis. However, a large number of cholestatic and non-cholestatic drugs has to be 

investigated to determine the specificity and robustness of this new way to predict the 

cholestatic potential of new drugs. Finally, since currently ursodeoxycholic acid is the only 

FDA-approved drug for the treatment of cholestasis and its efficacy is limited (Erlinger, 1997; 

Mullenbach et al., 2005) there is an urgent need for new treatments of cholestatic liver 

diseases. HepaRG cells could represent a consistent and easy to use in vitro cell model to 

study anti-cholestatic therapeutics. 
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Legends for Figures 

Figure 1. Cytotoxicity and effects on bile canaliculi morphology and bile acid 

transporters of tested drugs in human HepaRG cells. (A) Representative phase-contrast 

images of HepaRG cells treated with 5µM CsA, 15µM CPZ, 10µM Tro, 10µM Tol, 10µM TVX 

and 5µM Tac for 4h. Images were captured using time lapse microscopy. Orange arrows 

indicate BC dilatation (bar = 50 µm). (B) Cytotoxicity was measured using the MTT 

colorimetric assay. HepaRG cells were treated daily for 6 days with tested drugs. (C) Uptake 

and (D) efflux of 3H-TCA in HepaRG cells after 4h of treatment. (E) Quantification of CDF 

accumulation in BC of HepaRG hepatocytes using ImageJ 1.48 software (F) Representative 

fluorescent images showing effects of tested drugs on CDF efflux after 4h of treatment. 

Nuclei stained in blue (Hoechst dye). The fluorescent images were obtained with a 

Cellomics ArrayScan VTI HCS Reader. Data were expressed relative to those of untreated 

cells arbitrarily set at 100%. They represent the means ± SEM of 3 independent 

experiments. *p < 0.05 compared with that of untreated cells.   

 

Figure 2. Effects of tested drugs on endogenous BA production and profiles in HepaRG 

cell cultures incubated with BA-free charcoal stripped serum. BA contents were 

measured in both supernatants and cell layers by HPLC–MS/MS (A) Endogenous BAs (B) 

Total CDCA (TCDCA and GCDCA) (C) TCA. (D-F) Total BAs after (D) 4h, (E) 24h and (F) 6-

day treatment with cholestatic drugs. Both individual and total BAs were calculated in µg/106 

hepatocytes. Values represent the mean ± SEM of 3 independent experiments.  (A-C) *p<0.05 

compared with the values after 4h. (C-D) *p<0.05 compared with the values in cell layers of 

untreated cells, #p<0.05 compared with the values in supernatants of untreated cells and 

$p<0.05 compared with the values in cells+supernatant of untreated cells. 

 

Figure 3. Effects of tested drugs on BA profiles in HepaRG cell cultures incubated with 

1X-BA mixture. (A-C) HepaRG cells were incubated for 4h, 24h and 6 days in the presence 

of 1X-BA mixture alone.  (A) Total unconjugated BAs (B) total conjugated BAs and (C) sulfated 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on September 19, 2017 as DOI: 10.1124/dmd.117.077420

 at A
SPE

T
 Journals on A

pril 19, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD # 77420 

31 
 

LCA (S-LCA) in supernatants and cell layers. (D-E) HepaRG cells were co-exposed to 

cholestatic drugs and 1X-BAs for 4h. (D) Total BAs in supernatants and cell layers. (E) Fold 

changes in cellular accumulation of conjugated and unconjugated BAs after treatment with 

tested drugs compared to untreated cells arbitrarily set at a value of 1. BAs were calculated in 

µg/106 hepatocytes. Values represent the mean ± SEM of 3 independent experiments. (A-C) 

*p<0.05 compared with the values in the non-exposed media. (D-E) *p<0.05 compared with 

the values in cell layers of untreated cells and #p<0.05 compared with the values in supernatant 

of untreated cells. 

 

Figure 4. Effects of 24h treatment with tested drugs on BA profiles in HepaRG cell 

cultures incubated with 1X-BAs. (A-H) The cells were co-exposed to cholestatic drugs and 

1X-BAs for 24h. (A) Total conjugated BAs and (B) total unconjugated BAs in supernatants and 

cell layers. (C) Fold changes in cellular accumulation of conjugated and unconjugated BAs 

after treatment with tested drugs compared to untreated cells arbitrarily set at a value of 1. (D) 

Unconjugated CDCA, (E) unconjugated DCA, (F) unconjugated LCA, (G) sulfated LCA and (H) 

unconjugated CA content in supernatants and cell layers after 24h treatment. Both individual 

and total BAs were calculated in µg/106 hepatocytes/24h. Values represent the mean ± SEM 

of 3 independent experiments. *p<0.05 compared with the values in cell layers of untreated 

cells, #p<0.05 compared with the values in supernatant of untreated cells and $p<0.05 

compared with the values in cells + supernatants of untreated cells. 

 

Figure 5. Effects of tested drugs on BA amidation and sulfation and BA profiles in 

HepaRG cell cultures incubated with 1X-BAs. (A) Effects of tested drugs on BA amidation 

after 4h, 24h and 6 days of treatment. Amidation activity was based on content of total 

conjugated BA species in each condition and data are expressed in percent relative to the 

amount present in untreated cells arbitrarily set at a value of 100. (B) Effects of tested drugs 

on BA sulfation after 4h, 24h and 6 days of treatment. Sulfation activity was based on content 

of total sulfated LCA in each condition and data are expressed in percent relative to the amount 
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present in untreated cells arbitrarily set at a value of 100. (C-G) The cells were treated with 

cholestatic drugs for 6 days in presence of 1X-BAs. (C) Total BAs (D) total conjugated BAs 

and (E) total unconjugated BAs in supernatants and cell layers. (F) Fold changes in cellular 

accumulation of conjugated and unconjugated BAs after treatment with tested drugs compared 

to untreated cells arbitrarily set at a value of 1. (G) Amounts of unconjugated BAs accumulated 

in cell layers after 6 days compared to 24h treatment with tested drugs. BAs were calculated 

in µg/106 hepatocytes/24h. Values represent the mean ± SEM of 3 independent experiments. 

*p<0.05 compared with the values in cell layers of untreated cultures, #p<0.05 compared with 

the values in supernatants of untreated cultures and $p<0.05 compared with the values in cells 

+ supernatants of untreated cultures. 

 

Figure 6. Effects of tested drugs on cell viability and BA profiles in HepaRG cell cultures 

incubated with 60X-BAs. (A) HepaRG cells were treated with 5µM CsA, 15µM CPZ, 10µM 

Tro, 10µM Tol, 10µM TVX and 5µM Tac in absence or presence of 60X-BAs for 6 days. 

Cytotoxicity was measured using the MTT colorimetric assay. (B) Cellular accumulation of total 

BAs after 4h, 24h and 6 days of incubation with 60X-BAs compared to 1X-BAs. (C) Percent of 

conjugated and unconjugated BAs in cell layers of cultures incubated with 1X- and 60X-BAs. 

(D) Amounts of conjugated and unconjugated BAs in cell layers after 4h, 24h and 6 days of 

treatment with cholestatic drugs in presence of 60X-BAs. (E) Total CDCA (F) total LCA and 

(G) total CA content accumulated in cell layers after 6 days of treatment with cholestatic drugs 

compared to 24h in presence of 60X-BAs. Both individual and total BAs were calculated in 

µg/106 hepatocytes. Values represent the mean ± SEM of 3 independent experiments. (C) 

*p<0.05 values in the cell layers in 60X-BAs compared to their corresponding values in cell 

layers in 1X-BA condition and (D-G) compared with the values in cell layers of untreated cells. 

 

Figure 7. Schematic representation of the diverse effects of the tested cholestatic drugs.  

The 3 potent cholestatic drugs CsA, CPZ and Tro inhibit BA amidation either by inhibition of 

BA CoA ligation activity of BACs (1), CoA-BA translocation to the peroxisomes (2), and/or 
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BAAT activity leading to increase of total unconjugated BAs (3). CsA, CPZ and Tro also inhibit 

LCA sulfation (4). TVX induces similar effects particularly after 6 daily (repeated) treatments 

and Tol and Tac are ineffective. The 3 potent cholestatic drugs also alter BA transporter 

activities: CsA and CPZ inhibit BSEP activity (5) and CsA and Tro inhibit MRP2 (6) and NTCP 

activity (7).  
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Table 1: Concentration and corresponding quantity of individual BAs measured in unexposed 

media supplemented with 1X- or 60X-BA mixture compared to their concentration in human 

plasma 

 

Corresponding quantity of each individual BA available for 106 hepatocytes was calculated 

from the concentration measured using the following formula: Quantity (µg/106 hepatocytes) = 

Concentration* molecular weight* volume of medium / number of hepatocytes. Based on 

medium volume= 10ml and number of hepatocytes=3.5*106 hepatocytes per dish. 

 

 

Bile 

acids 

Human 

plasma 

1X-BA mixture 60X-BA mixture 

Concentration 

(μM) 

Concentration 

measured in 1X 

(μM) 

Corresponding 

quantity (µg/106 

hepatocytes) 

Concentration 

measured in 

60X(μM) 

Corresponding 

quantity (µg/106 

hepatocytes) 

TCDCA 0.21 0.2±0.01 0.3±0.02 10.71±0.67 15.29±0.95 

TCA 0.048 0.06±0.01 0.08±0.01 2.24±0.02 3.3±0.03 

GCDCA 1.71 1.64±0.28 2.11±0.36 82.43±1.42 105.86±1.82 

GDCA 0.38 0.36±0.03 0.46±0.04 14.58±1.33 18.72±1.71 

GCA 0.41 0.3±0.01 0.4±0.02 18.65±0.92 24.81±1.23 

LCA 0.03 0.04±0.01 0.05±0.01 1.63±0.11 2.25±0.15 

CDCA 0.34 0.37±0.04 0.42±0.04 19.81±0.93 22.21±1.04 

DCA 0.48 0.4±0.02 0.45±0.02 19.75±0.61 22.14±0.69 

CA 0.2 0.18±0.02 0.21±0.02 8.83±1.29 10.31±1.51 
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Table 2: Effects of tested drugs on expression of mRNAs encoding genes related to hepatobiliary transporters, BA metabolizing and conjugating 

enzymes, ROS and ER stress markers in HepaRG cells after 6-day treatment in absence and presence of 1X- and 60X- mixtures.  

Data represent the means ± SEM of 3 independent experiments. All results are expressed relative to the levels found in untreated cells 

arbitrarily set at 1. Bold and underlined data are statistically significant (p<0.05) compared to untreated cells 

 

 1X-BA 60X-BA CPZ 

CPZ  

1X-BA 

CPZ 

60X-BA CsA 

CsA 

1X-BA 

CsA 

60X-BA TRO 

TRO 

1X-BA 

TRO 

60X-BA TOL 

TOL 

1X-BA 

TOL 

60X-BA TVX 

TVX 

1X-BA 

TVX 

60X-BA Tac 

Tac 

1X-BA 

Tac 

60X-BA 

BSEP 1.6±0.2 4.3±0.9 0.5±0.1 0.6±0.1 4.6±0.9 0.8±0.0 1.5±0.1 5.9±1.1 0.7±0.1 1.5±0.2 3.8±0.1 1.2±0.3 1.4±0.1 4.4±0.2 0.7±0.1 1.1±0.1 4.5±0.7 0.4±0.1 1.1±0.0 3.7±0.2 

NTCP 1.1±0.1 0.7±0.1 0.7±0.1 0.8±0.1 0.8±0.1 2.4±0.2 2.2±0.5 0.8±0.1 1.1±0.3 1.1±0.2 0.9±0.2 1.0±001 1.4±0.1 1.0±0.2 0.7±0.1 0.7±0.1 0.8±0.1 1.4±0.3 1.4±0.1 1.0±0.2 

MRP2 1.4±0.1 1.0±0.1 1.0±0.1 1.0±0.1 1.3±0.1 1.2±0.0 1.2±0.0 1.4±0.1 1.2±0.1 1.1±0.0 1.3±0.1 1.3±0.1 1.2±0.0 1.4±0.0 1.4±0.1 1.5±0.1 1.6±0.1 1.2±0.1 1.2±0.0 1.3±0.1 

MRP3 1.3±0.0 1.6±0.1 0.7±0.0 0.7±0.0 0.9±0.1 1.0±0.1 1.1±0.0 2.1±0.5 1.0±0.1 1.1±0.0 1.2±0.2 1.4±0.1 1.2±0.1 1.3±0.1 1.1±0.0 1.1±0.0 1.3±0.1 1.2±0.1 1.4±0.1 1.2±0.1 

MRP4 1±0 1.1±0.1 1.2±0.01 1.2±0.01 1.8±0.1 1.5±0.1 1.8±0.1 1.8±0.3 1.1±0.1 1.1±0.1 1.5±0.2 1.1±0.1 1.3±0.01 1.5±0.2 1.3±0.1 1.4±0.01 1.8±0.1 1.3±0.1 1.3±0.1 1.2±0.1 

MDR1 1.2±0.1 1.9±0.2 1.1±0.2 1.4±0.2 1.5±0.2 1.4±0.2 1.9±0.2 1.7±0.2 1.5±0.3 1.8±0.2 1.5±0.3 1.2±0.1 1.6±0.2 1.4±0.2 1.2±0.1 1.4±0.1 1.4±0.1 1.5±0.2 1.5±0.2 1.3±0.1 

MDR3 1.4±0.1 3.5±0.3 0.5±0.1 0.6±0.1 2.4±0.3 0.7±0.1 1.6±0.1 4±0.5 1±0.1 2.5±0.6 4.7±0.4 1.4±0.4 1.7±0.1 3.3±0.6 0.5±0.1 1±0.1 2.2±0.4 0.8±0.2 1.5±0.3 2.9±0.4 

CYP7A1 0.9±0.01 0.7±0.1 0.7±0.1 0.7±0.01 0.6±0.01 0.8±0.1 0.7±0.01 0.8±0.01 0.7±0.1 0.7±0.1 0.7±0.01 1±0.1 1.1±0.01 0.9±0.1 0.8±0.1 0.8±0.1 0.7±0.1 0.7±0.1 0.7±0.1 0.7±0.1 

CYP8B1 1±0.01 0.8±0.01 0.6±0.02 0.6±0.01 0.5±0.03 0.8±0.04 0.8±0.2 0.7±0.04 0.7±0.1 0.8±0.02 0.7±0.03 0.7±0.1 1.1±0.02 0.9±0.1 0.8±0.1 0.8±0.01 0.5±0.05 0.7±0.1 0.8±0.02 0.7±0.03 

CYP27A1 0.8±0.01 0.6±0.1 0.7±0.03 0.6±0.2 0.7±0.2 0.8±0.1 0.8±0.2 0.7±0.1 0.7±0.01 0.8±0.2 0.6±0.1 1±0.01 0.9±0.2 1.2±0.1 0.8±0.02 0.7±0.2 0.7±0.03 0.8±0.2 0.8±0.1 0.8±0.2 

ATF4 1.3±0.05 1.2±0.01 1±0.01 1.2±0.03 1.1±0.05 2.4±0.15 2.6±0.13 2.9±0.2 1.4±0.03 1.4±0.03 1.3±0.03 1.3±0.05 1.5±0.1 1.4±0.01 2.2±0.05 2.3±0.23 2.7±0.01 1.3±0.03 1.1±0.05 1.1±0.03 

ATF6 1.4±0.03 1.4±0.08 1.1±0.05 1.3±0.03 1.5±0.13 1.3±0.05 1.5±0.01 1.9±0.1 1.3±0.05 1.2±0.01 1.5±0.1 1.3±0.08 1.4±0.03 1.6±0.2 1.5±0.08 1.7±0.25 1.94±0.05 1.4±0.08 1.2±0.03 1.3±0.08 

CHOP 1.6±0.03 1.3±0.05 1.4±0.05 1.6±0.03 1.5±0.02 3.4±0.02 3.6±0.02 4.1±0.01 1.5±0.05 1.5±0.03 1.3±0.04 1.3±0.13 1.5±0.14 1.4±0.05 2.3±0.08 2.3±0.3 2.7±0.13 1.2±0.18 1.2±0.11 1.4±0.08 

GRP78 0.85±0.03 0.9±0.02 1.05±0.13 1±0.15 1.2±0.25 2±0.02 2.3±0.03 2.9±0.01 1.15±0.03 1.2±0.14 1.2±0.2 0.95±0.08 1.35±0.13 1.5±0.25 1.25±0.08 1.4±0.18 1.7±0.25 1.35±0.18 1.3±0.15 1.5±0.25 

MnSOD 0.8±0.03 0.7±0.05 0.9±0.05 0.8±0.03 0.9±0.03 0.9±0.03 0.8±0.03 0.7±0.01 0.9±0.03 1±0.03 0.8±0.05 1.1±0.05 1.1±0.03 0.8±0.13 0.9±0.02 0.9±0.05 0.8±0.02 0.8±0.05 0.7±0.13 0.7±0.01 

HO-1 1.1±0.01 1±0.03 1.8±0.03 1.9±0.02 2.4±0.13 0.9±0.02 0.8±0.03 0.9±0.05 1.9±0.03 2.3±0.03 2.9±0.01 1.1±0.08 1.1±0.01 1±0.02 1.4±0.3 0.9±0.03 1±0.01 1.1±0.05 1±0.05 1.1±0.04 

BAAT 1.7±0.1 1.9±0.13 0.7±0.01 0.5±0.01 0.6±0.01 0.8±0.02 0.8±0.09 0.7±0.01 0.8±0.04 0.8±0.01 0.8±0.01 1.1±0.15 1.2±0.14 1.2±0.16 0.9±0.03 0.8±0.01 07±0.03 0.9±0.1 1±0.1 0.7±0.09 

FXR 1.1±0.06 0.5±0.02 1±0.07 0.7±0.06 0.5±0.08 1.1±0.03 0.8±0.03 0.7±0.02 1.1±0.08 1.1±0.08 0.9±0.08 1.6±0.03 1±0.08 0.8±0.02 0.9±0.06 0.8±0.1 0.6±0.02 0.8±0.07 0.9±0.06 0.6±0.04 

ALB 1±0.06 1.1±0.06 1.2±0.07 1.1±0.2 1.0±0.06 1.1±0.06 1±0.04 0.8±0.07 1.3±0.06 1.2±0.16 1.1±0.03 1±0.06 1.2±0.05 0.9±0.04 0.7±0.02 0.9±0.04 1±0.07 1±0.1 1.2±0.16 0.9±0.03 

SUL2A1 1.4±0.1 2.0±0.13 0.7±0.01 0.5±0.01 0.6±0.01 0.8±0.02 0.8±0.09 0.7±0.01 0.8±0.04 0.8±0.01 0.8±0.01 1.1±0.15 1.2±0.14 1.2±0.16 0.9±0.03 0.8±0.01 0.7±0.03 0.9±0.1 1±0.1 0.7±0.09 
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