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A B S T R A C T   

Reliable hepatic in vitro systems are crucial for the safety assessment of xenobiotics. Certain xenobiotics decrease 
the hepatic bile efflux, which can ultimately result in cholestasis. Preclinical animal models and the currently 
available in vitro systems poorly predict a xenobiotic’s cholestatic potential. Here, we compared the phenotype 
and capacity of three liver derived in vitro systems to emulate human functionality to synthesize and secrete bile 
acids (BAs). 

To this end, basal BA production of sandwich cultured human hepatocytes (SCHHs), HepaRG cells (HepaRGs) 
and hepatocyte-like intrahepatic cholangiocyte organoids (ICO-heps) were analysed, and the effect of the known 
BSEP (Bile Salt Export Pump)-inhibitors bosentan and lopinavir on BA disposition in SCHHs and HepaRGs was 
quantified. RT-qPCR of selected target genes involved in maturation status, synthesis, transport and conjugation 
of BAs was performed to mechanistically underpin the observed differences in BA homeostasis. 

ICO-heps produced a (very) low amount of BAs. SCHHs are a powerful tool in cholestasis-testing due to their 
high basal BA production and high transporter expression compared to the other models tested. HepaRGs were 
responsive to both selected BSEP-inhibitors and produced a BA profile that is most similar to the human in vivo 
situation, making them a suitable and practical candidate for cholestasis-testing.   

1. Introduction 

Drug-induced liver injury (DILI) is one of the foremost reasons for 
drug-withdrawal, and has thus large financial consequences for the 
pharmaceutical industry (van Tonder et al., 2013). Drug-induced 
cholestasis is a subgroup of DILI and refers to impeded bile flow lead-
ing to the accumulation of bile acids (BAs) in the liver and subsequent 
spillage to the systemic circulation (Noor, 2015). Not only drugs, but 
also the phytotoxins like pyrrolizidine alkaloids, food additives, and 
biocides can cause cholestasis (Lu et al., 2021; Vilas-Boas et al., 2019, 
2020). Causes of cholestasis range from changes in transporters to he-
patocellular or bile canalicular changes as described in an Adverse 
Outcome Pathway (AOP) (Gijbels et al., 2020). Currently, hepatic safety 
testing of drugs is performed predominantly by in vivo screening. 
However, animal studies can only predict 50 % of human drug induced 
liver injury, including cholestasis (Olson et al., 2000). Due to the poor 
predictivity as well as the ethical constraints of animal testing, new 

approach methodologies (NAMs) to assess the cholestatic potential of 
xenobiotics are being developed (Deferm et al., 2019). Presently avail-
able in vitro models detect hardly half of the clinical DILI events (Laverty 
et al., 2010), hence research is ongoing to design in vitro models with 
higher predictivity. Next, the optimal in vitro model would be suitable 
for long-term culture and not require fresh liver tissue (Ramli et al., 
2020; Vinken, 2018). 

BAs are the major functional components of bile, and have been 
known to serve as emulsifiers of dietary lipids and lipid-soluble vitamins 
in the intestine for a long time. Additionally, BAs are increasingly 
recognized as important signaling molecules between the gut microbes 
and the host. BAs are synthesized in the liver via cytochrome P450 
(CYP)-mediated oxidation of cholesterol. The classical pathway of BA 
synthesis is initiated by CYP7A1 and the alternative pathway is initiated 
by CYP27A1 (Axelson et al., 2000). Via various liver enzymatic re-
actions, ultimately the primary BAs cholic acid (CA) and chenodeox-
ycholic acid (CDCA) are formed in humans. In the liver, these primary 
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BAs are conjugated with taurine or glycine, resulting in tauro- or gly-
cocholic acid (TCA, GCA) and tauro- or glycochenodeoxycholic acid 
(TCDCA, GCDCA). Subsequently, BAs are secreted from the liver into the 
bile canaliculus via the canalicular bile salt export pump (BSEP, 
ABCB11) (Jia et al., 2018). Inhibition of BSEP is a common cause of 
cholestasis, although inhibition does not necessarily lead to cholestasis 
and vice versa as cholestasis is not always linked with BSEP-inhibition 
(Gijbels et al., 2019). Recently, an AOP network was established for 
human hepatotoxicity (Arnesdotter et al., 2021), connecting 14 linear 
AOPs related to human hepatotoxicity. This network visualizes the 
complex interaction between biological processes involved in hepato-
toxicity and elucidates multiple molecular initiating events (MIE), 
which rely on a sequence of key events (KEs) linked by key event re-
lationships (KERs), that eventually could lead to hepatotoxicity, or 
cholestasis more specifically. In the current work, the effect of the 
known BSEP-inhibitors bosentan and lopinavir on the BA homeostasis 
was assessed in three different in vitro models. Bosentan inhibits BSEP in 
a non-competitive nature (Fattinger et al., 2001), while lopinavir leads 
to transcriptional repression of BSEP via interaction with farnesoid X 
receptor (FXR) (Garzel et al., 2014). 

Upon secretion to the bile duct, BAs are transported to the intestine, 
where the gut microbes metabolize BAs to a wide array of primary and 
secondary BAs (Chiang, 2017; Jia et al., 2018). The BAs are reabsorbed 
into enterocytes and via the portal vein transported back to the liver. 
This cyclic process of BA secretion into the intestine, reabsorption and 
return to the liver is called enterohepatic recycling. Every day, around 
90–95% of the intestinal BAs is recycled between the gut and the liver 
(Chiang, 2009; Dawson et al., 2009). Accordingly, a disturbance of the 
hepatic BA homeostasis will not only result in a local adverse effect on 
the liver, but will also distort the gut-liver axis. 

Different cell-based systems emulate many liver functions involved 
in the development of drug-mediated hepatoxicity and are therefore 
potential powerful in vitro models to study cholestasis. Various hepatic in 
vitro systems are available, ranging from simple monolayers to more 
advanced 3D cultures, using immortalized, primary, or stem cell derived 
cell sources. Culturing cells in a 3D spheroid configuration provides 
several benefits over monolayers, such as improved cell viability and 
phenotypic stability (Bell et al., 2018). Primary human hepatocytes 
cultured in a spheroid configuration maintain typical hepatocyte func-
tions such as albumin and urea production and glycogen storage over a 
period of at least 5 weeks (Bell et al., 2016; Messner et al., 2018), and 
have shown promising for detecting DILI with a predictivity of 69 % 
(Vorrink et al., 2018). 

In the current work we compare three different hepatic in vitro sys-
tems, i.e. sandwich cultured human hepatocytes (SCHHs), HepaRG cells 
in a monolayer configuration (HepaRGs) and hepatocyte-like intra-
hepatic cholangiocyte organoids in a 3D configuration (ICO-heps). Pri-
mary human hepatocytes are typically isolated from resected liver tissue 
with a two-step collagenase perfusion technique (Hengstler et al., 2000; 
LeCluyse and Alexandre, 2010). To overcome the limited availability of 
fresh liver tissue, cryopreserved hepatocytes are commercially available 
(Hengstler et al., 2000). Upon seeding, primary hepatocytes rapidly lose 
their typical in vivo morphology and differentiation status. When 
cultured in a sandwich configuration (sandwich cultured human hepa-
tocytes, SCHH), i.e. between two layers of extracellular matrix, primary 
hepatocytes maintain their polarized phenotype for a longer period 
(Gijbels et al., 2019). 

The hepatic hepatoma cell line HepaRG is another commonly used in 
vitro tool to study cholestasis. HepaRG cultures consist of two cell pop-
ulations, one resembling hepatocytes and one resembling chol-
angiocytes (Kanebratt and Andersson, 2008). Next, organoid models 
could provide a solution for some of the drawbacks of primary 

hepatocytes or hepatoma-derived cells. Here, we used intrahepatic 
cholangiocyte organoids (ICOs) isolated from human biopsies. These are 
bipotential cells able to differentiate towards the hepatic and chol-
angiocytic lineage (Marsee et al., 2021). ICOs can be differentiated to-
wards hepatocyte-like cells (ICO-hep) when cultured in differentiation 
medium, which is deprived of inducers of proliferation such as 
Rspondin-1 and forskolin (Huch et al., 2015; Schneeberger et al., 2020; 
Verstegen et al., 2020). 

The aim of the current work was to compare three hepatic in vitro 
systems for their ability to emulate human liver functionality to syn-
thesize and secrete BAs. To this end, basal production of 18 BAs by 
SCHHs, HepaRGs and ICO-heps was measured using LC-MS/MS. qPCR of 
selected target genes involved in maturation status, BA synthesis, 
transport and conjugation was performed to mechanistically underpin 
the observed differences in BA homeostasis. We selected typical hepa-
tocyte markers, i.e. albumin (ALB) and CYP3A4, to evaluate the hepatic 
lineage of the in vitro models (Marsee et al., 2021), and leucine-rich 
repeat-containing G-protein coupled receptor 5 (LGR5) as a stemness 
marker (Verstegen et al., 2020). The transporters selected were all part 
of the AOP for cholestasis, and FXR was included due to its central role in 
the regulation of BA homeostasis (Chiang and Ferrell, 2022; Gijbels 
et al., 2020). CYP7A1 was selected as it is the rate limiting enzyme in the 
classical BA synthesis pathway, CYP27A1 for its crucial role in the 
alternative BA synthesis pathway and bile acid coenzyme A:aminoacid 
N-acyltransferase enzyme (BAAT) to explain the differences observed in 
the conjugation state of the BAs produced by the SCHHs, HepaRGs and 
ICO-heps (Axelson et al., 2000; Chiang, 2013; Russell, 2003). 

2. Materials and methods 

2.1. Chemicals 

Lopinavir (CAS 192725–17–0) and bosentan hydrate (CAS 
157212–55–0) were purchased from Sigma-Aldrich (Zwijndrecht, the 
Netherlands). These compounds were dissolved in dimethyl sulfoxide 
(DMSO) (CAS 67–68–5). DMSO was purchased from Acros Organics 
(Geel, Belgium). For all cell cultures, we used HBSS, purchased from 
Gibco (Thermo Fisher Scientific, Paisley, UK) and trypsin-EDTA (trypsin 
0.025 %/EDTA 0.01 %), purchased from Invitrogen (Thermo Fisher 
Scientific, Breda, the Netherlands). 

2.2. Cell culture 

Cryopreserved primary human hepatocytes (4 × lot HU8317 from one 
donor, 1 × lot HPP2380204 pooled from 5 donors), plating and cell 
maintenance supplement pack, FCS were purchased from Thermo Fisher 
Scientific (Landsmeer, the Netherlands). The plating and maintenance 
media were prepared in William’s E culture medium (Thermo Fisher 
Scientific). Human hepatocyte thawing medium was obtained from 
Sigma-Aldrich. Lot HU8317 was obtained from a Caucasian 59-year old 
male, HPP2380204 contains hepatocytes from 4 females and 1 male, aged 
52–69, all Caucasians. Primary human hepatocytes were thawed and 
plated according to the supplier’s protocol. The seeding density was 
400,000 cells per well in a 24-wells plate. The hepatocytes were allowed 
to form a monolayer for 6 h, and then the hepatocytes were overlayed 
with Matrigel (Corning, New York, NY, USA). The Matrigel was allowed 
to settle overnight. Hereafter, the cells were washed twice with HBSS and 
the medium was replaced with hepatocyte maintenance medium con-
taining a solvent control, 50 µM bosentan or 50 µM lopinavir (final DMSO 
concentration, 0.5 % (v/v)). Previous research showed that 24 h exposure 
to 50 µM of bosentan and lopinavir did not reduce cell viability but 
decreased endogenous BA accumulation in HepaRGs and sandwich 
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cultured rat hepatocytes, respectively (Burbank et al., 2017; Griffin et al., 
2013). 50 µM bosentan did not result in cytotoxicity in sandwich cultured 
rat hepatocytes (Susukida et al., 2015). We performed a resazurin assay 
confirming that 24 h exposure to 50 µM lopinavir did not affect HepaRG 
cell viability, see Appendix A for experimental details and results. 

The HepaRG cell line was purchased from Biopredic International 
(Rennes, France). Passages 17–20 were used. The growth medium (GM) 
was composed of 500 mL William’s E culture medium, completed with 5 
mL penicillin-streptomycin solution (P/S) and 5 mL L-glutamine, all 
were purchased from Thermo Fisher Scientific, 0.25 mL 0.05 % human 
insulin (5 μg/mL), 50 mL 10 % fetal calf serum (FCS) and 5 mL 
hydrocortisone-21-hemisuccinate (HCC) (10 mg/mL) were purchased 
from Sigma-Aldrich. The differentiation medium (DM) was composed of 
GM with 1.7 % (v/v) DMSO. Undifferentiated HepaRG cells were seeded 
at a density of 200,000 cells per well in a 6-wells plate and differentiated 
according to the supplier’s protocol. Following the differentiation, me-
dium was replaced by serum free medium, to deplete the cells from 
bovine BAs present in FCS. After 24 h, the cells were washed twice with 
HBSS and the medium was replaced with serum free medium containing 
a solvent control, 50 µM bosentan or 50 µM lopinavir (final DMSO 
concentration, 0.5 % (v/v)). 

For the establishment of intrahepatic cholangiocytes organoids 
(ICOs), human liver biopsies were acquired from transplantation resid-
ual tissues that were used to ascertain if the liver tissue was healthy prior 
to transplantation at the Erasmus Medical Center Rotterdam approved 
by the Medical Ethical Council (MEC 2014–060). Establishment of ICO 
cultures was performed as follows: Liver biopsies were cut into small 
pieces and enzymatic dissociation was performed by incubation with 
type II collagenase (0.125 mg/mL; Gibco, Thermo Fisher Scientific, 
Waltham, MA, USA) and dispase (0.125 mg/mL; Gibco) in DMEM Glu-
taMAX (Gibco) containing 0.1 mg/mL DNase I (Roche, Basel, 
Switzerland), 1 % (v/v) FCS (Gibco) and 1 % (v/v) P/S (Gibco) at 37 ℃ 
in a water bath incubator. The supernatant of digested liver biopsies was 
collected and replaced with fresh enzyme-supplemented medium. 
Collection of supernatant and replacement with fresh medium was 
repeated three times. Single cells were collected and washed in cold 
DMEM GlutaMAX medium containing 1 % (v/v) FCS and 1 % (v/v) P/S 
and centrifuged at 400 g for 5 min. The single cells were mixed with cold 
Matrigel (Corning) and seeded in droplets (50 µL) in a 24 well plate. 
After Matrigel gelation, expansion medium (EM) was added and cells 
were incubated at 37 ℃ with 5 % CO2 (v/v). The expansion medium was 
Advanced DMEM/F12 medium (Gibco) supplemented with 1 % (v/v) 
HEPES (10 mM; Gibco), 1 % (v/v) P/S, 1 % (v/v) GlutaMax (Gibco), 10 
% (v/v) Rspondin-1 conditioned medium (the Rspon1-Fc-expressing cell 
line was a kind gift from Calvin J. Kuo), 2 % (v/v) B27 supplement 
without vitamin A (Invitrogen, Carlsbad, CA, USA), 1 % (v/v) N2 sup-
plement (Invitrogen), Nicotinamide (10 mM; Sigma-Aldrich, St. Louis, 
MO, USA), N-acetylcysteine (1.25 mM; Sigma-Aldrich), fibroblast 
growth factor 10 (100 ng/mL; FGF10; Peprotech, Rocky Hill, NJ, USA), 
recombinant human (Leu15)-gastrin I (10 nM; GAS; Tocris Bioscience, 
Bristol, UK), 10 µM forskolin (Tocris Bioscience), epidermal growth 
factor (50 ng/mL; EGF; Peprotech), hepatocyte growth factor (25 ng/ 
mL; HGF; Peprotech) and A8301 (5 µM; transforming growth factor b 
inhibitor; Tocris Bioscience). Organoids were passaged every 7–10 days 
at ratio of 1:3–1:4 and medium was refreshed every 2–3 days. 

For the differentiation of ICOs to hepatocyte-like cells (ICO-heps), 
the BMP7 (25 ng/mL; Peprotech) was added in EM to prime differenti-
ation for 3 days prior to shifting the cells to differentiation medium 
(DM). The DM was based on Advanced DMEM/F12 containing 1 % (v/v) 
HEPES, 1 % (v/v) P/S, 1 % (v/v) GlutaMAX, 2 % (v/v) B27 supplement 
without vitamin A, 1 % (v/v) N2 supplement, 1.25 mM N-acetylcysteine, 
10 nM GAS, 50 ng/mL EGF, 25 ng/mL HGF, 500 nM A8301, fibroblast 

growth factor 19 (100 ng/mL; FGF19; Peprotech), BMP-7 (25 ng/mL; 
Peprotech), dexamethasone (30 µM; Sigma-Aldrich) and DAPT (10 µM; 
Selleckchem, Houston, TX, USA). Organoids were kept in DM for 7 days 
and medium was refreshed every 2–3 days. 

2.3. Time-dependent BA synthesis and secretion 

Medium and cells were collected to quantify BA content in the 
different in vitro models at different time points. The cost-effectiveness of 
HepaRGs allowed us to test more different timepoints (0, 4, 24, 48 and 
72 h) than was possible for the SCHHs or ICO-heps (0, 24, 48 h). No fresh 
medium was supplied between the time points in order to avoid a 
disturbance of the effect of BAs on their own synthesis and secretion. To 
sample the cells for subsequent analysis, trypsin was used to detach the 
cells from the plates. Firstly, cells were counted to be used for the 
normalization of the BA synthesis rate. Next, the cell suspensions were 
centrifuged for 5 min at 100 g at 4 ◦C, the supernatant was discarded and 
MilliQ was added to lyse the cells in order to measure intracellular BA 
content. 

Cell and medium samples were kept for at least 15 min at 4 ◦C and 
subsequently transferred to − 80 ◦C. If all BA concentrations in the cell 
or medium samples were below the Limit of Detection (LOD), the sam-
ples were lyophilized in a Christ Alpha 1–2 LD plus freeze-dryer and 
redissolved in methanol. If BA concentrations were sufficiently high and 
no lyophilization was needed, the samples were mixed with ACN (50:50 
v/v). Samples were centrifuged for 15 min at 15,000g and the super-
natant was transferred to LC-MS/MS vials with inserts, and the BA 
content in the samples was analysed using LC-MS/MS. 

For HepaRGs and SCHHs, triplicate measurements were performed 
in 3 independent experiments. For the SCHHs, we used 2 × one donor 
and 1 × 5 pooled donors. All 3 measurements were given the same 
weight in the data analysis, as we did not observe prominent interdonor 
differences based on the two batches of cells used in the analysis (Ap-
pendix Figure A. 2). For the ICO-heps duplicate measurements were 
performed for 4 different donors. 

2.4. Bile acid profiling by LC-MS/MS 

BA analysis was performed on a triple quadrupole LC-MS/MS system, 
model LCMS-8050 (Shimadzu Corporation, Japan), which was able to 
measure 18 BAs: UDCA, HDCA, CDCA, DCA, HCA, CA, GLCA, GUDCA, 
GDCA, GCDCA, GCA, TUDCA, THDCA, TCDCA, TDCA, TCA, TLCA and 
LCA. BAs in samples and standards were separated on an Kinetex C18 
column (1.7 µm × 100 A × 50 mm × 2.1 mm, Phenomenex 00B-4475- 
AN) using an ultra-high performance liquid chromatography (UHPLC) 
system (Shimadzu) with gradient elution using MilliQ water (0.01% 
formic acid) and methanol/acetonitrile (50 %v/50 %v) as mobile phase 
A and B, respectively. In order to enhance chromatographic perfor-
mance, a C18 2.1 mm security guard (Phenomenex AJ0–8782) pre-
column was used. Samples were injected (2 µL) onto the column 
equilibrated in 30 % B at a flow rate of 0.4 mL/min. Initially, the mobile 
phase composition was 30% of B, followed by a linear ramp to 70 % of B 
until 10.0 min. A linear change to 98 % of B was executed until 11.0 min, 
which was held for another 7 min before returning to 30 % of B at 19.0 
min and remained until 25 min. The column temperature was set at 40 
℃ and the sample tray temperature was set at 4 ℃. The mass spec-
trometer (MS) used electrospray ionization (ESI) in negative ion mode. 
The ESI parameters were as below: Nebulizing gas flow, 3 L/minutes; 
drying gas flow and heating gas flow, 10 L/minutes; Interface temper-
ature, 300 ℃; Desolvation temperature, 526 ℃; heat block temperature, 
400 ℃. Selective ion monitoring (SIM) and multiple reaction monitoring 
(MRM) were used for the detection of the BAs. The LOD was determined 
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as the lowest measurable concentration with a signal-to-noise-ratio 
larger than 3; limit of quantification (LOQ) was set at the lowest 
measurable concentration with a signal-to-noise-ratio largen than 10. 
LODs and LOQs were determined in methanol. Any BA concentration 

below the LOQ was set to 0 for further analysis. As we observed a matrix 
effect on the sensitivity of our analytical method, standards for the 
calibration curve were prepared in the same matrix as the samples. Data 
were collected and processed using the LabSolutions software 

Fig. 1. Bile acid content upon incubation of 
differentiated HepaRG cells in serum-free cell 
culture medium between 0 and 72 h without 
medium renewal. A) Medium B) Intracellular 
and medium. Values represent the mean+SD of 
triplicate measurements in 3 independent ex-
periments. Significance was assessed with a one 
way ANOVA followed by post hoc tests using 
Bonferroni’s correction. Statistically signficant 
altered bile acid contents are indicated with * . 
n.d. = not detected (< LOD). T/GCA=tauro/ 
glycocholic acid, (T/G)CDCA=tauro/glyco-
chenodeoxcholic acid.   

Fig. 2. Bile acid content of differentiated HepaRG cells incubated in serum-free cell culture medium upon incubation with a solvent control, 50 µM bosentan or 
50 µM lopinavir for 4 or 24 h. Values represent the mean+SD of triplicate measurements in 3 independent experiments. Significance was assessed with a one way 
ANOVA followed by post hoc tests using Dunnett’s correction. Statistically significant altered bile acid contents are indicated with * . T/GCA=tauro/glycocholic acid, 
T/GCDCA=tauro/glycochenodeoxcholic acid. 
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(Shimadzu). The MS parameters, LODs, LOQs and an exemplary chro-
matogram are provided Appendix Table B.1 and Fig. B.1. 

2.5. RT-qPCR 

RNA from HepaRGs, SCHHs and ICOs was isolated, in addition RNA 
was isolated from three liver biopsies from healthy tissues. The RNA 

from the three liver biopsies was pooled and used as a reference. RNA 
from the HepaRGs and ICOs was isolated both after expansion and dif-
ferentiation. HepaRG RNA was isolated after 14 days of maintenance in 
GM (HepaRG-GM), and after 14 days maintenance in GM followed by 14 
days of differentiation in DM (HepaRG-DM). For the organoids, RNA was 
isolated after a period of growth in EM (ICOs), and after 7 days of dif-
ferentiation in DM (ICO-heps). SCHHs RNA was isolated 30–32 h after 

Fig. 3. Bile acid content upon incubation of 
sandwich cultured human hepatocytes in 
serum-free cell culture medium between 0 and 
48 h without medium renewal. A) Medium B) 
Intracellular and medium. Values represent the 
mean+SD of triplicate measurements in 3 in-
dependent experiments. In total 6 different do-
nors were assessed (2x one donor, 1x pooled 5 
donors). Significance was assessed with a one 
way ANOVA followed by post hoc tests using 
Dunnett’s correction. Statistically significant 
altered bile acid contents are indicated with * . 
T/GCA=tauro/glycocholic acid, T/ 
GCDCA=tauro/glycochenodeoxcholic acid. n.d. 
= not detected (< LOD).   

Fig. 4. Bile acid content of sandwich cultured human hepatocytes upon 24 h incubation with a solvent control, 50 µM bosentan or 50 µM lopinavir. Values represent 
the mean+SD of triplicate measurements in 3 independent experiments. In total 6 different donors were assessed (2 × one donor, 1 × pooled 5 donors). Significance 
was assessed with a one way ANOVA followed by post hoc tests using Dunnett’s correction. Statistically significant altered bile acid contents are indicated with * . T/ 
CA=tauro/glycocholic acid, T/GCDCA=tauro/glycochenodeoxcholic acid. 

V.M.P. de Bruijn et al.                                                                                                                                                                                                                         



Toxicology Letters 365 (2022) 46–60

51

the Matrigel overlay. RNA was isolated using RNeasy Mini Kit (Qiagen; 
Hilden, Germany) following the manufacturer’s instructions. cDNA 
synthesis was performed using the iScriptTM cDNA synthesis kit ac-
cording to the manufacturer’s instructions (Bio-Rad, Veenendaal, the 
Netherlands). RT-qPCR was used to measure the relative gene expres-
sion using validated primers (Table B.2) following the SYBR method 
(Bio-Rad). Normalization was done using the reference genes 
hypoxanthine-guanine phosphoribosyltransferase 1 (HPRT1), hydrox-
ymethylbilane synthase (HMBS) and ribosomal protein L19 (RPL19). 
Lastly, relative mRNA levels were calculated and the levels in liver tissue 
were set to 1. For the organoids, samples from 5 donors were analysed, 
for HepaRG, 3 independent experiments were performed the cells 
originate from 1 donor, for SCHH we performed 4 independent experi-
ments (1 donor HU8317). 

2.6. Data analysis 

The R package tidyverse version 1.3 was used for data exploration 
and visualization (Wickham, 2019). Statistical significance was deter-
mined by a one-way ANOVA with a Dunnett/Bonferroni correction for 
multiple tests. Results were considered statistically significant when p 

< .05. Hierarchical clustering analysis was done in R using the heat-
map.2 function from the R package gplots. Ward’s clustering method 
with Euclidean as distance measure was used to compute the dendro-
grams. All analyses were performed in R version 4.0.2 (R Core Team, 
2020). 

For all in vitro models de novo BA synthesis rate was calculated as 
(BAmedium,t48+BAcells,t48-BAmedium,t0-BA cells,t0)/48. BA synthesis rate 
was expressed in pmoles/106 hepatocytes/h. For the HepaRGs, it was 
assumed that 50% of the cell population consisted of hepatocytes and 50 
% of cholangiocytes (Cerec et al., 2007). 

As a reference, the daily BA synthesis rate of a human liver was 
calculated based on a synthesis rate of 0.35 mg/g liver/day (Ellis et al., 
1998), a hepatocellularity of 139 × 106 hepatocytes/g liver (Sohle-
nius-Sternbeck, 2006) and 1500 g of liver (Barter et al., 2007). This 
corresponds to about 240 pmoles/106 hepatocytes/h. 

3. Results 

3.1. HepaRG cells secrete conjugated primary bile acids 

HepaRGs secreted the conjugated primary BAs GCA, TCA, GCDCA 

Fig. 5. A Bile acid secretion to serum-free cell 
culture medium by hepatocyte-like intrahepatic 
cholangiocyte organoids (ICO-hep) after 48 h 
without medium renewal. Values represent the 
mean+SD of duplicate measurements of 4 
different donors. B) Comparison of bile acid 
synthesis rates of sandwich cultured human 
hepatocytes (SCHH), HepaRGs and ICO-heps. 
Data presented come from cells originating 
from 6, 1 and 4 different donors, respectively. 
Synthesis rates were corrected for intracellular 
bile acids present at t = 0 h, see Material & 
Methods. Significance was assessed with a one 
way ANOVA followed by post hoc tests using 
Bonferroni’s correction. Statistically significant 
alterations are indicated with * . C) Hierarchi-
cal clustering analysis of bile acid profiles of 
ICO-heps, SCHH, HepaRG, bile or liver tissue. 
For the in vitro models (ICO-heps, SCHH, Hep-
aRG) bile acid content was quantified in the 
medium. Bile acid content in bile and liver tis-
sue were derived from literature, as reviewed 
by Rodrigues (2014). Bile acids were calculated 
as percentage of the entire pool in the respec-
tive tissue/fluid. Only bile acids that were > 1% 
of the total pool were included. (T/G)CA=
(tauro/glyco)cholic acid, T/GCDCA=tauro/ 
glycochenodeoxcholic acid, T/GDCA=tauro/ 
glycodeoxycholic acid, GUDCA=glycourso-
deoxycholic acid.   
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Fig. 6. mRNA levels of target genes in 
organoids under expansion or differen-
tiation conditions (ICO, ICO-hep), Hep-
aRGs under growth or differentiation 
conditions (HepaRG-GM, HepaRG-DM) 
and sandwich cultured human hepato-
cytes (SCHH). mRNA levels in a pooled 
liver biopsy sample were set to 1 (n = 1) 
as a reference. Data represent mean+SD. 
Organoids: 5 donors, HepaRG: 3 inde-
pendent experiments, SCHH: 4 indepen-
dent experiments, donor HU8317. For 
details about the target genes, see 
Table B.1. Groups that share the same 
letter (a or b) are not statistically 
significantly different. Significance was 
assessed with a one way ANOVA fol-
lowed by post hoc tests using Bonferroni 
correction. A) enzymes involved in BA 
synthesis and conjugation, B) BA trans-
porters, C) stem cell/hepatocyte 
markers.   
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and TCDCA (Fig. 1A). The concentrations of the remaining 14 BAs were 
below the LOQ (See Annex Table B.1 for the LOQs of all individual BAs). 
CDCA conjugates were more abundantly secreted than CA conjugates, 
with GCDCA being the most abundant BA in the cell culture medium. No 
unconjugated or secondary BAs were detected in the cells or medium. 
The amount of intracellular BAs did not change significantly over time, 
while the total BA pool (cells with medium) significantly increased after 

72 h indicating de novo BA synthesis (Fig. 1B). 
Upon 4 h or 24 h treatment with 50 µM lopinavir or 50 µM bosentan, 

no statistically significant alterations were observed in the medium or 
total BA pool, although a slight but not significant decrease in the me-
dium BA content was observed after 24 h of treatment. The total intra-
cellular BA content, as well as intracellular GCDCA and TCDCA 
specifically, decreased significantly upon 24 h treatment with bosentan 

Fig. 7. Correlation of mRNA levels of selected target genes between organoids under expansion or differentiation conditions (ICO, ICO-hep), HepaRGs under growth 
or differentiation conditions (HepaRG-GM, HepaRG-DM) and sandwich cultured human hepatocytes (SCHH). Organoids: 5 donors, HepaRG: 3 independent ex-
periments, SCHH: 4 independent experiments, donor HU8317. For details about the target genes, see Appendix Table B.2) Linear correlation between the in vitro 
models and liver biopsy. Pearson’s correlation coefficient was calculated and shown in the plot if significantly different from 0. B) Hierarchical clustering analysis. 
Values were normalized to a pooled liver biopsy sample. Missing values are coloured white. 

Table 1 
Practical considerations and applicability domain of explored in vitro models.   

Cell type of origin Intended cell type (s) after 
differentiation 

Pros Cons 

HepaRG cells Hepatocellular 
carcinoma 

Hepatocytes and 
cholangiocytes 
(~ 50/50)  

• Easy in vitro proliferation, 
maintenance and storage  

• Suitable for long term exposure  
• Reproducible  
• Robust  

• Tumorigenic phenotype 

Hepatocyte-like intrahepatic 
cholangiocyte organoids 
(ICO-hep) 

Intrahepatic 
cholangiocyte 

Hepatocytes  • Unlimited availability and indefinite 
proliferation  

• Allows to study differences between 
donors  

• Low isolation and purification 
rate 

Sandwich cultured human 
hepatocytes (SCHH) 

Hepatocyte –  • Golden standard  
• Allows to study differences between 

donors  

• Donor material needed for every 
experiment  
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or lopinavir compared to the control (Fig. 2). After both 4 h and 24 h 
treatment with lopinavir, but not in the control or bosentan-treated 
cells, a small amount of CDCA was detected in both cells and the me-
dium, however, the respective amount could not be quantified (below 
LOQ, data not shown). 

3.2. SCHHs secrete mainly glycine conjugated primary bile acids 

Sandwich cultured human hepatocytes (SCHHs) secreted all four 
conjugated primary BAs known to be present in humans. Glycine- 
conjugates were secreted more abundantly to the medium than 
taurine-conjugates, with GCA being the most abundant BA in the me-
dium (Fig. 3A). Intracellular BAs did not change over time, but the total 
BA pool significantly increased after 48 h compared to t = 0 h (Fig. 3B). 

The bosentan or lopinavir treatment did not induce any significant 
changes in the total or intracellular BA pool, however, the GCDCA 
content in the medium was significantly decreased upon lopinavir 
treatment and TCDCA was detected in the cells in the control, but not 
after lopinavir or bosentan treatment (Fig. 4). Small amounts of GDCA, 
TDCA and TCA were detected in the medium after bosentan and lopi-
navir treatment, however, these amounts could not be quantified 
(<LOQ, data not shown). TDCA and GDCA were not detected in the 
control medium (<LOD, data not shown). 

3.3. ICO-heps produce a limited amount of bile acids 

ICO-heps synthesized and secreted (very) low amounts of BAs. Up 
until 48 h after medium renewal, all BAs in the medium of ICO-heps 
were below the LOD (data not shown). After 48 h of incubation, CA 
and GCA comprised the majority of the secreted BAs. Four different liver 
biopsy donors were tested, and this resulted in similar BA secretion 
profiles after 48 h (no statistical differences in the levels of individual 
BAs between the different donors), see Fig. 5A. Therefore, the results 
from these different donors were averaged and compared with the other 
hepatic in vitro systems. Intracellular BA content was below the LOD at 
all of the tested time points (data not shown). 

3.4. Comparison of bile acid profiles and synthesis rates 

The de novo synthesis rate was the highest in SCHHs, followed by 
HepaRGs and lastly ICO-heps (Fig. 5B). As the BA levels produced by ICO- 
heps were so low, bosentan’s and lopinavir’s effect on the BA pool were 
not assessed. Next, the BA profile secreted by the different hepatic in vitro 
systems were visualized and compared with human in vivo BA profiles in 
liver tissue and bile using hierarchical clustering analysis (HCA) (Fig. 5C). 
The human in vivo data were obtained from literature (Rodrigues et al., 
2014). The HCA revealed a large similarity between the BA profile in bile 
and liver tissue in vivo. The HepaRGs clustered more closely with the in 
vivo bile and liver data than SCHHs and ICO-heps. 

3.5. Expression of BA transporters is the highest in SCHHs 

Differential gene expression of the non-treated in vitro models was 
analyzed by RT-qPCR of samples from organoids, HepaRG and SCHHs. 
Organoids and HepaRG were analyzed under expansion/growth condi-
tions (ICOs, HepaRG-GM) and differentiation conditions (ICO-heps, 
HepaRG-DM). The analysis revealed many differences in mRNA levels 
between the cell types. mRNA levels of enzymes responsible for BA 
synthesis (CYP7A1 and CYP27A1) were comparable across ICO-heps, 
HepaRGs and SCHHs. Bile acid-CoA:amino acid N-acyltransferase 
(BAAT) mRNA levels were the highest in SCHHs followed by HepaRGs. 
ICOs and ICO-heps showed the lowest BAAT mRNA levels of the models 

studied (Fig. 6A). 
Interestingly, mRNA levels of most BA transporters were signifi-

cantly higher in the SCHHs than in the differentiated HepaRGs and ICO- 
heps, i.e. mRNA levels of ATP-binding cassette, sub-family B member 11 
(ABCB11, Bile Salt Export Pump (BSEP)), ATP binding cassette sub-
family C member 2 (ABCC2, multidrug resistance-associated protein 2 
(MRP2)), solute carrier family 10 member 1 (SLC10A1, Na+-taur-
ocholate cotransporting polypeptide (NTCP)), solute carrier organic 
anion transporter family member 1B1 (SLCO1B1, organic anion trans-
porting polypeptide 1B1 (OATP1B1)) and solute carrier family 51 sub-
unit alpha (SLC51A, organic solute transporter α (OSTα), but not its 
subunit OSTβ (SLC51B) (Fig. 6B). Stemness of the ICOs before differ-
entiation was indicated by the presence of LGR5. Hepatic markers ALB 
and CYP3A4 were slightly increased after differentiation (ICO-hep), 
indicating differentiation towards the hepatocyte lineage (Fig. 6C). 

3.6. The mRNA profiles of SCHHs and HepaRGs are the most similar to a 
liver biopsy 

HepaRG and SCHH mRNA levels show a strong correlation with 
those obtained for a liver biopsy (Pearson’s r > 0.96), while there was 
no statistically significant correlation found between the mRNA levels of 
the selected target genes in ICOs/ICO-heps and the liver biopsy 
(Fig. 7A). HCA shows that SCHHs cluster the closest with the liver bi-
opsy, followed by HepaRG-GM/HepaRG-DM, and in line with the cor-
relation analysis, the ICOs/ICO-heps mRNA levels are the most 
distinctive from the liver biopsy (Fig. 7B). 

4. Discussion 

The current study compares the capacity of three different hepatic in 
vitro systems to emulate human liver functionality to synthesize and 
secrete BAs. BA synthesis rates and profiles, responsiveness to selected 
BSEP-inhibitors and selected target genes were analysed for: hepatocyte- 
like intrahepatic cholangiocyte organoids (ICO-heps), sandwich 
cultured human hepatocytes (SCHH) and HepaRG cells (HepaRGs). The 
data reveal that differentiated HepaRGs and SCHHs correlate the closest 
to human liver in vivo data at the selected endpoints. 

In the current study, we employed organoids derived from biopsies of 
healthy human liver, and uniquely studied the BA synthesis and secretion 
capacity. Intrahepatic cholangiocyte organoids were isolated from liver 
biopsies and differentiated towards hepatocyte-like cells (ICO-heps) 
(Huch et al., 2015; Schneeberger et al., 2020). An advantage of tissue 
derived organoids, compared to induced pluripotent stem cells (iPSCs), is 
that they display high levels of genetic stability and are devoted to their 
tissue of origin (Prior et al., 2019). As the liver consists of multiple cell 
types, we evaluated the hepatocyte fate and maturation of the ICO-heps by 
assessing mRNA levels of stem cell and hepatocyte markers. Significant 
downregulation of the stem cell marker LGR5 and increased hepatocyte 
markers upon differentiation suggests that the ICO-heps were differenti-
ated towards the hepatic lineage. Typical liver functionalities, such as BA 
synthesis, glycogen storage, phase I and phase II drug metabolism and 
ammonia detoxification, have previously been identified in ICO-heps 
(Huch et al., 2015). However, single cell analysis of the human liver 
revealed a large diversity in cell (sub)types in the biliary tract, including 
cholangiocytes that express hepatocyte markers, such as ALB, SERPINA1 
and CYP3A4 (Aizarani et al., 2019). Hence, it remains to be determined 
whether the ICO-heps used in the current study had truly differentiated 
towards a hepatocyte-phenotype, or whether they were cholangiocytes 
that upregulated some hepatocyte markers and perform BA synthesis. 

A major advantage of ICO-heps over HepaRGs is their non-cancerous 
nature, and ICO-heps require drastically less fresh liver tissue than 
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SCHHs because of their indefinite proliferation capacity in vitro 
(Table 1). Currently, ICOs are explored to be used for mechanistic dis-
ease modeling (Nguyen et al., 2021), personalized medicine and drug 
screening (Broutier et al., 2017), and tissue transplantation (Huch et al., 
2015; Reza et al., 2021). 

From the three hepatic in vitro models tested, the de novo BA syn-
thesis rate was the highest in SCHHs (31 ± 7 pmoles/106 hepatocytes/ 
h), which is higher than the range reported in literature (7–19 pmoles/ 
106 hepatocytes/h (Ellis et al., 1998; Sharanek et al., 2015)), but still 
7-fold lower than the in vivo de novo synthesis rate by the human liver 
(Ellis et al., 1998; Sohlenius-Sternbeck, 2006). The BA de novo synthesis 
rate and BA profile produced by HepaRGs are consistent with literature 
(Sharanek et al., 2015). Both HepaRGs and SCHHs secrete, in line with 
previous reported data, conjugated primary BAs (Behr et al., 2020; Ellis 
et al., 1998; Sharanek et al., 2015). The most striking difference between 
the HepaRGs and SCHHs is the predominance of glycine-conjugated BAs 
secreted by SCHHs (96%), whereas HepaRGs also secrete a substantial 
amount of tauro-conjugates (42%). This discrepancy between these two 
models has been previously attributed to the tumour origin of HepaRGs 
(Sharanek et al., 2015). Compared to the in vivo situation the formation 
of tauro-conjugates by HepaRGs results in a BA profile more similar to 
the profile in liver and bile than the SCHHs, given that ~30% of BAs in 
human bile are tauro-conjugates (Rodrigues et al., 2014). The conju-
gation state of a BA depends on the substrate availability (glycine or 
L-cysteine, taurine’s precursor) (Starokozhko et al., 2017). HepaRGs and 
SCHHs were both cultivated in William’s E medium, hence differences in 
substrate availability cannot explain this differences in BA composition. 
The ICO-heps showed the lowest BA synthesis rate and the most distinct 
BA profile compared to human bile and liver tissue profiles. mRNA levels 
of CYP7A1, the rate limiting enzyme in BA synthesis, were comparable 
across all three in vitro models, but the BAAT mRNA levels were 
significantly lower in the ICO-heps. This provides a plausible explana-
tion for the incomplete BA conjugation by ICO-heps and the subsequent 
abundancy of CA. We found high CYP3A4 levels and similar ALB and 
FXR levels in HepaRGs compared to SCHHs. Similar results were re-
ported in literature for HepaRGs compared to primary human hepato-
cytes cultured in suspension (Kanebratt and Andersson, 2008). CYP3A4 
and BSEP mRNA levels were low in SCHHs compared to the pooled liver 
sample (fold change <0.1). A recent study showed that mRNA levels of a 
number of key hepatocyte genes, including CYP3A4 and BSEP, were 
drastically reduced in SCHHs on day 2 of culture due to dedifferentia-
tion. The SCHHs can redifferentiate after prolonged culturing (Yang and 
Li, 2021). Our analysis was performed on day 1, but dedifferentiation 
provides a plausible explanation for the low CYP3A4 and BSEP RNA 
levels in the SCHHs compared to the pooled liver sample. mRNA levels 
of ALB, CYP7A1 and CYP27A1, BAAT and the remaining BA trans-
porters, except OSTβ, had a fold expression of > 0.5 compared to the 
pooled liver sample, indicating that the SCHHs had not fully dediffer-
entiated. Even though BSEP mRNA levels were low in SCHHs, we found 
that mRNA levels of all selected BA transporters, but not OSTβ, were 
significantly lower in HepaRGs than in SCHHs, which is in line with 
previous results (Susukida, Sekine et al., 2016). Irrespective of the low 
mRNA levels it has been shown that both HepaRGs and SCHHs have 
functional BA transporters and are suitable for BA transport studies 
(Bachour-El Azzi, Sharanek et al., 2015; De Bruyn et al., 2013; 
Guguen-Guillouzo and Guillouzo, 2019; Sharanek et al., 2015). 

We next studied the responsiveness of the cell systems to a FXR- 
mediated transcriptional repression of BSEP by lopinavir (Garzel et al., 
2014) and direct BSEP inhibition by bosentan (Fattinger et al., 2001) on 
the BA content in medium and cells. Bosentan exposure did not affect the 
amount of BAs secreted to the medium by HepaRGs, but resulted in a 
decrease of intracellular BA content in HepaRGs, confirming previous 
results (Burbank et al., 2017). The results point towards the presence of 
a compensatory mechanism to counteract or prevent intrahepatic BA 
accumulation. This adaptive response is visualized and described in the 
AOP for cholestasis, and indicates that through activation of the nuclear 

receptors Farnesoid X receptor (FXR), Pregnane X receptor (PXR) and 
constitutive androstane receptor (CAR), sinusoidal BA efflux is increased 
by the upregulation of several ABC-transporters, such as ABBC3 (MRP3) 
and ABCC2 (MRP2), and hepatic BA influx is reduced by a down-
regulation of SLC10A1 (NTCP). These mechanisms have been verified 
for HepaRGs treated with bosentan using qPCR for various BA trans-
porters and immunolabeling of MRP3 (Burbank et al., 2017). Lopinavir 
treatment resulted in similar changes in BA disposition in HepaRGs as 
bosentan. Lopinavir’s agonistic effect on FXR-activation is expected to 
repress not only BSEP transcription, but also increase the sinusoidal BA 
efflux and reduce BA uptake. The observed similar alterations in the BA 
pool upon exposure of HepaRGs to lopinavir and bosentan, i.e. an 
intracellular BA reduction but no effects on BA secretion to the medium, 
suggest an at least partially shared mechanism of action between lopi-
navir and bosentan treatment. In the SCHHs, we have found a decrease 
in GCDCA medium content upon lopinavir-treatment, which was also 
found in a study with primary rat hepatocytes (Griffin et al., 2013). 
Previously, a decrease in GCA and GCDCA content in the cell lysate, and 
a decrease GCA in the culture medium, have been reported upon 24 h 
bosentan-treatment with concentrations ranging from 10 to 100 µM in 
SCHHs (Lepist et al., 2014; Oorts, Van Brantegem et al., 2021), but we 
could not confirm this. No adverse effect of 24 h treatment with 50 µM 
bosentan (Burbank et al., 2017) or lopinavir on HepaRG cell viability 
was observed (current study). An 192 h (8 day) exposure to 50 µM 
bosentan reduced the viability of spheroid cultures primary human he-
patocytes (Hendriks et al., 2016), while 24 h exposure to 50 µM lopi-
navir or bosentan did not affect the cell viability of sandwich-cultured 
primary rat hepatocytes (Griffin et al., 2013; Susukida et al., 2015). 
Therefore, a reduction of cell viability of the human SCHHs following 
bosentan or lopinavir treatment cannot be fully excluded as a possible 
explanation for the observed differences in BA disposition in the SCHHs. 
As ICO-heps showed a low BA production, the applicability of this model 
to predict the effects of reduced BSEP activity was not assessed. 

Collectively, the data reveal important differences in phenotype and 
BA homeostasis between the three human hepatic in vitro systems tested. 
The BA synthesis rate of SCHHs and HepaRGs is (still) superior to ICO- 
heps, and also their BA profiles and the mRNA levels of the selected 
target genes cluster closer together with the human in vivo situation than 
the ICO-heps. While SCHHs have the highest BA synthesis rate and BA 
transporter expression from the models tested, HepaRGs showed the 
most in vivo like BA profile and responsiveness to the selected BSEP- 
inhibitory or repressing compounds. By that, HepaRGs provide a 
powerful and practical in vitro model for cholestasis testing. 
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Appendix A 

See Figs. A.1–A.3. 

Cell viability 

The effect of lopinavir on the cell viability of the HepaRG cells was 
determined via the Resazurin assay. Resazurin sodium salt (CAS 

62758–13–8) was purchased from Merck (Darmstadt, Germany). 
560 µM resazurin was dissolved in PBS, sterilized and stored in the dark 
at 4 ◦C. 96 wells plates with fully differentiated HepaRGs were exposed 
to 0–150 µM lopinavir for 24 h. Next, 10 % v/v resazurin was added to 
the HepaRG cells. The plates were incubated at 37 ◦C for 4 h, protected 
from direct light. Fluorescence was measured using the SpectraMax® 
iD3 from Molecular Devices. The excitation wavelength was set on 
560 nm and the emission wavelength on 590 nm. 

Fig. A. 2. Bile acid content upon incubation of sandwich cultured human hepatocytes in serum-free cell culture medium between 0 and 48 h without medium 
renewal. Each row represents the mean+sd of one biological replicate, measured in triplicate. 

Fig. A. 1. Cell viability of HepaRGs upon 24 h treatment with different concentrations of lopinavir assessed using the resazurin assay. Values represent the mean±SD 
of triplicate measurements in 3 independent experiments. 
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Fig. A.3. Chromatograms of LC-MS/MS run. 1 μM of a mixture of 18 BAs in MeOH. Abbreviations, MS parameters and LOD are presented in Table B.1.  
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Fig. A.3. (continued). 
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Appendix B 

See Tables B.1 and B.2. 
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Table B.1 
MS parameters, limit of detection (LOD) and limit of quantification (LOQ) of the BAs studied.    

Mode Q1 Q3 Retention time (min) LOD (nM) in MeOH LOQ (nM) in MeOH 

Lithocholic acid (LCA) SIM   375.3  12.75  10  20 
Ursodeoxycholic acid (UDCA) SIM   391.3  8.398  40  50 
Hyodeoxycholic acid (HDCA) SIM   391.3  8.889  40  50 
Chenodeoxycholic acid (CDCA) SIM   391.3  10.809  30  50 
Deoxycholic acid (DCA) SIM   391.3  11.073  5  10 
Hyocholic acid (HCA) SIM   407.3  8.145  20  30 
Cholic acid (CA) SIM   407.3  8.942  5  10 
Glycolithocholic acid (GLCA) MRM 432.3  74  11.088  5  5 
Glycoursodeoxycholic acid (GUDCA) MRM 448.3  74  6.590  5  5 
Glycochenodeoxycholic acid (GCDCA) MRM 448.3  74  9.051  5  5 
Glycodeoxycholic acid (GDCA) MRM 448.3  74  9.452  10  20 
Glycocholic acid (GCA) MRM 464.3  74  7.310  5  5 
Taurolithocholic acid (TLCA) SIM   482.3  11.077  5  10 
Tauroursodeoxycholic acid (TUDCA) SIM   498.4  6.189  5  10 
Taurohyodeoxycholic acid (THDCA) SIM   498.4  6.530  5  10 
Taurochenodeoxycholic acid (TCDCA) SIM   498.4  8.825  5  10 
Taurodeoxycholic acid (TDCA) SIM   498.4  9.283  10  20 
Taurocholic acid (TCA) SIM   514.4  7.001  5  5 

SIM: Single Ion Monitoring; MRM: Multiple Reaction Monitoring; Q1: first stage MS, Q3: second stage MS; LOD: limit of detection; LOQ: limit of quantification 

Table B.2 
List of Primers used in RT-qPCR analysis.  

Protein name Symbol Gene symbol Forward primer Reverse primer 

Bile Salt Export Pump BSEP ABCB11 GTCATCTTGTGCTTCTTCCC TCATTTGTAATCTGTCCCACCA 
Multidrug Resistance-associated Protein 2 MRP2 ABCC2 GCCAACTTGTGGCTGTGATAGG ATCCAGGACTGCTGTGGGACAT 
Albumin ALB ALB GTTCGTTACACCAAGAAAGTACC GACCACGGATAGATAGTCTTCTG 
Bile acid-CoA:amino acid N-acyltransferase BAAT BAAT GAGGCTGCCAACTTTCTCCT AGTACCGTGGCTGTGACTTG 
Cytochrome P450 27A1 CYP27A1 CYP27A1 AGGCCAAGTACGGTCCAATG GTACCAGTGGTGTCCTTCCG 
Cytochrome P450 3A4 CYP3A4 CYP3A4 TTTTGTCCTACCATAAGGGCTTT CACAGGCTGTTGACCATCAT 
Cytochrome P450 7A1 CYP7A1 CYP7A1 TAAGGTGTTGTGCCACGGAA TCCATCCATCGGGTCAATGC 
Hydroxymethylbilane synthase HMBS HMBS GGCAATGCGGCTGCAA GGGTACCCACGCGAATCAC 
Hypoxanthine phosphoribosyltransferase 1 HPRT1 HPRT1 TATTGTAATGACCAGTCAACAG GGTCCTTTTCACCAGCAAG 
Leucine rich repeat containing G protein-coupled receptor 5 LGR5 LGR5 GCAGTGTTCACCTTCCC GGTCCACACTCCAATTCTG 
Farnesoid X receptor FXR NR1H4 AGGTAGCAGAGATGCCTGTAACAA CACAGCTCATCCCCTTTGATC 
Ribosomal protein L19 RPL19 RPL19 ATGAGTATGCTCAGGCTTCAG GATCAGCCCATCTTTGATGAG 
Na+ -taurocholate cotransporting polypeptide NTCP SLC10A1 GATATCACTGGTGGTTCTC ATCATCCCTCCCTTGATGAC 
Organic solute transporter- α subunit OSTα SLC51A TTGTTCGCCTCCCTATTCC TTGTGGTCTTTCCTTCGGT 
Organic solute transporter- β subunit OSTβ SLC51B TGTGGTGGTCATTATAAGCATGG TCTTAGGTTGTTTAGGCTGTTGTG 
Organic anion transporting polypeptide 1B1 OATP1B1 SLCO1B1 GAGCAACAGTATGGTCAGCCT GGCAATTCCAACGGTGTTCA  
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