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3D liver models in toxicology

Abstract
Drug-induced cholestasis (DIC) is one of the leading manifestations of drug-induced
liver injury (DILI). As the underlying mechanisms for DIC is not fully known and specific
and predictive biomarkers and preclinical models are lacking, the occurrence of DIC is often
only reported when the drug has been approved for registration. Therefore, in vitro models
that predict the cholestatic potential of drug candidates and provide insight in the mechanism
of DIC are highly needed. We investigated the application of rat precision-cut liver slices
(PCLS) to predict DIC, using several biomarkers of cholestasis: hepatocyte viability,
intracellular accumulation of total as well as individual bile acids and changes in the
expression of genes known to play a role in cholestasis. Rat PCLS exposed to the cholestatic
drugs chlorpromazine, cyclosporine A and glibenclamide for 48h in the presence of a
physiological bile acid (BA) mix reflected various changes associated with cholestasis, such
as decrease in hepatocyte viability, accumulation and changes in the composition of BA and
changes in the gene expression of Fxr, Bsep and Ntcp. The toxicity of the drugs was
correlated with the accumulation of BA, and especially DCA and CDCA and their conjugates,
but to a different extent for different drugs, indicating that BA toxicity is not the only cause
for the toxicity of cholestatic drugs. Moreover, our study supports the use of several
biomarkers to test drugs for DIC. In conclusion, our results indicate that PCLS may represent
a physiological and valuable model to identify cholestatic drugs and provide insight into the
mechanisms underlying DILI.
Keywords: drug-induced cholestasis, precision-cut liver slices, bile acids, drug-induced liver
injury

Rat PCLS predict drug‐induced cholestatic injury

Introduction
Drug-induced liver injury (DILI) is one of the main reasons of drugs being excluded
during the drug-development process or withdrawn from the market (Yang et al. 2013).
Therefore, many efforts have been made to select reliable biomarkers and develop predictive
in vitro models to detect hepatotoxic effects as early as possible in the drug-development
process.
Drug-induced cholestasis (DIC) is the leading and one of the most severe
manifestations of DILI (Qiu et al. 2016). Cholestasis is characterized by a reduction in bile
flow and can be caused by a variety of intra- or extrahepatic mechanisms. Numerous drugs
have been identified as a potentially cholestatic compound. And even though drugs undergo a
screening for inducing cholestatic disorders in the pre-clinical and clinical phases, in many
cases the occurrence of DIC is only being reported when the drug has been approved for
registration and is administrated to thousands of patients. This is due to the fact that exact
underlying mechanisms for DIC are not clear yet, hampering the validation of predictive
biomarkers. At this moment there are no specific, highly predictive biomarkers for DIC
(Padda et al. 2011). Elevations in the systemic blood levels of liver enzymes (such as alkaline
phosphatase (ALP) and gamma-glutamyl transpeptidase (GGT)), bilirubin and bile acid (BA)
are the most commonly used biomarkers in the clinic to identify cholestatic injury (Padda et
al. 2011; Schadt et al. 2016; Yang et al. 2013). However, elevation in ALP and GGT are also
observed during other liver diseases and their elevation during intrahepatic cholestasis
sometimes is minor. Also, an elevation in circulating BA concentration is not always
asymptomatic cholestasis with respect to BA, where elevation in the enzymes is the only
symptom (Padda et al. 2011).
One of the most common causes of drug-induced cholestasis is the inhibition of the
bile salt export pump (ABCB11 or BSEP) (Yang et al. 2013). BSEP is responsible for the
excretion of the recirculated as well as newly synthesized BA from the hepatocytes into the
bile canaliculi. Therefore, the inhibition of this transporter leads to the accumulation of BA in
hepatocytes, which is believed to be one of the main causes of the hepatotoxicity observed
during cholestasis.
Prediction of cholestatic side effects of drugs relies mainly on animal experiments
using the same biomarkers as described for patients, with the same drawbacks. Moreover,
these in vivo experiments do not provide any mechanistic insight, but do cause high animal
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associated with DILI (Rodrigues et al. 2014), and, on the other hand, some drugs cause
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discomfort. Thus, in vitro tests with high predictive value that also provide insight in the
mechanism are highly needed. Some in vitro models have been developed to predict druginduced cholestasis, based on hepatocyte sandwich monocultures (Chatterjee et al. 2014a;
Chatterjee et al. 2014b; Oorts et al. 2016). However, the decrease in drug metabolizing
enzyme activities and the variation in the expression of drug transporters during culture,
affects the predictively and reliability of this model. Moreover, when cell viability is used as
read-out parameter for DIC, it should be realized that various liver toxicity mechanisms
require the presence of other cell types besides hepatocytes, and therefore cannot be properly
predicted by monocultures. It has been recognized that drug-induced cholestasis is a
multifactorial process, where cholestasis might be a primary as well as a secondary event
leading to hepatotoxicity (Rodrigues et al. 2014). These are so called mixed cholestatic and
hepatocellular injuries, where various liver cell types are involved (Padda et al. 2011; Schadt
et al. 2016). Furthermore, bile acid homeostasis itself is a complex process that involves not
only hepatocytes, but also other cell types, for example, cholangiocytes. Therefore, models
that include various liver cell types would be of added value.
Precision-cut liver slices (PCLS) have been recognized as a reliable and predictive ex
vivo model for many toxicological and pharmacological studies (de Graaf et al. 2010; Vickers
and Fisher 2013). Advantages of this model include the presence of all liver cell types in their
natural environment and physiological polarized expression of membrane transporters.
Previous studies have shown that transcriptomics analysis of PCLS exposed to various
cholestatic drugs can be used to detect liver toxicity processes associated with cholestasis
(Szalowska et al. 2013; Vatakuti et al. 2016). However, the direct measurement of total
intracellular bile acid concentrations has not been successfully performed, even though it
might be an important biomarker in predicting drug-bile acid interactions (Yang et al. 2013).
Therefore, in the present study we aimed to investigate whether PCLS can be used to predict
DIC, using several biomarkers of cholestasis such as hepatocyte viability, intracellular
accumulation of bile acids and changes in the expression of genes known to play a role in
cholestasis. For that, we exposed rat PCLS to different concentrations of three well-known
cholestatic drugs: chlorpromazine (CP), cyclosporine A (CS) and glibenclamide (GB), in the
presence of a physiological concentration of a bile acid mix mimicking the bile acid
concentration and composition in the rat portal vein. The addition of BA to the medium is
essential to allow BA to reach toxic intracellular levels upon BSEP inhibition, especially
when BA-induced toxicity is an endpoint. Several recent studies on sandwich-cultured
hepatocytes (SCH) showed that it was only possible to detect toxicity of cholestatic drugs,
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when BA were added to the culture medium (Chatterjee et al. 2014b; Ogimura et al. 2011).
The relevance and predictivity of PCLS for DIC was shown by assessing the potential of the
compounds to cause cholestasis ex vivo by disturbing the BA homeostasis and by
demonstrating a correlation between BA accumulation and viability.

Materials and Methods
Animals. Male Wistar rats were obtained from Charles River (Sulzfeld, Germany). The rats
were housed in a temperature- and humidity-controlled room on a 12 hours light/dark cycle
with food and tap water ad libitum (Harlan Laboratories B.V., Horst, The Netherlands). The
rats were allowed to acclimatize for at least seven days before starting the experiments. All
experiments were started between 9.00 and 10.00 am in order to avoid influence of diurnal
rhythm. All experiments were approved by the Animal Ethical Committee of the University
of Groningen.
Excision of rat liver. The liver was excised under isofluorane/O2 anesthesia and placed into
ice-cold University of Wisconsin (UW) organ preservation solution (DuPont Critical Care,
Waukegab, IL) until use.
Preparation and incubation of rat PCLS. PCLS were prepared as described previously by
de Graaf et al. with minor modifications (de Graaf et al. 2010). In brief, PCLS of 5mm in
diameter and approximately 5 mg wet weight were used in this study. To get rid of cell debris
37 ºC in a 12-well plate filled with 1.3 ml of WME (Life Technology) saturated with 80%
O2/5% CO2 and supplemented with 25 mM glucose and 50 µg/ml gentamycin (Invitrogen),
while gently shaking 90 times per minute. Afterwards, PCLS were transferred to another 12well plate filled with 1.3 ml of medium with or without the 60μM bile acid mix (composition
of BA mix is given in Table 1) in combination with CP [18, 27 or 36 μM], CS [1, 3 or 5 μM],
GB [120, 150 or 180 μM] or the solvent DMSO (concentration during incubation ≤0.5%) and
incubated for 48h. Medium was refreshed after 24h of incubation with medium containing the
same initial drug concentration.
ATP and protein content of PCLS. Viability of PCLS was determined after 48h incubation
by means of the ATP content as described previously using the ATP Bioluminescence Assay
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and to restore ATP levels after the slicing procedure, the slices were pre-incubated for 1h at
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Kit CLS II (Roche, Mannheim, Germany) (de Graaf et al. 2010). Protein content of the
hPCLS was measured according to Lowry by using the Bio-Rad DC Protein Assay (Bio-Rad,
Munich, Germany) using a bovine serum albumin calibration curve (Lowry et al. 1951) as
described (Starokozhko et al. 2015).
LDH leakage. LDH leakage from the slice to the medium was used as a marker of cell
damage. In brief, medium was collected after 24 and 48h incubation, and stored at 4°C until
analysis (maximum 1 week). The LDH assay was performed using the Cyto Tox-ONE
Homogenous Membrane Integrity Assay kit (Promega, Madison, USA) according to the
manufacturer’s instructions with slight modifications. In brief, 50µL of medium sample was
mixed with 50µL of the substrate mix in a black 96-well plate. The plate was kept for 10 min
in the dark and the stop reagent was added afterwards to the mixture. Fluorescence was read
immediately at excitation 560nm and emission 590nm.
Table 1. Composition of rat bile acid mix.

Composition of bile acids

Final concentration in the incubation
medium (μM)

Cholic acid (CA)

33.24

Chenodeoxycholic acid (CDCA)

1.62

Deoxycholic acid (DCA)

0.88

Lithocholic acid (LCA)

0.04

Glycocholic acid (GCA)

0.63

Taurocholic acid (TCA)

8.92

Ursodeoxycholic acid (UDCA)

0.55

Taurochenodeoxycholic acid (TCDCA)

1.55

Taurohyodeoxycholic acid (THDCA)

6.37

Hyodeoxycholic acid (HDCA)

5.33

Glycoursodeoxycholic acid (GUDCA)

0.11

Taurodeoxycholic acid (TDCA)

0.68

Total bile acid assay (TBA). It is expected that in PCLS a part of the total BA pool resides in
bile canaliculi. Therefore, in order to measure the intracellular concentration of bile acids in
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the slices, an extra washing step to empty the bile canaliculi was performed before collecting
PCLS for the TBA analysis.
After 48h of incubation, the PCLS were transferred to another 12-well plate containing
1.3ml of Ca2+-free and Mg2+-free Hank’s Balanced Salt Solution (HBSS) (Life Technology)
saturated with 90% O2/5% CO2, supplemented with 5 mM EGTA (Titriplex VI, Merck,
Germany) and were incubated for 1h at 4°C while gently shaking 90 times per minute. Pilot
experiments showed that the concentration of BA in the slices gradually decreased during
washing up to 2h in Ca2+-free and Mg2+-free HBSS with EGTA, with a minimum after 1 h,
suggesting that a part of the BA resided in bile canaliculi formed by tight hepatocyte junctions
that are sensitive to Ca2+-depletion, which can be released after 1h incubation in Ca2+ and
Mg2+-free conditions. Therefore, a washing step of 1 hour in Ca2+-free and Mg2+-free HBSS
with EGTA was chosen as the most optimal. After this washing step, the slices were collected
and stored in -80°C until analysis. In those experimental groups where bile acids were not
added to the medium, 3 slices were pooled together for the analysis, as the bile acid content of
one slice was below the detection limit. In experimental groups with the addition of bile acids
to the medium, individual slices were collected in separate 1.5ml Eppendorf tubes. Collected
PCLS were homogenized for 45 seconds in 450μL of 70% methanol and centrifuged for 15
min at 15°C and 13000rpm. The supernatant (350μL) was collected to a new Eppendorf tube
and the pellet was used for further protein analysis. The TBA concentration in the sample was
measured using Total Bile Acids Assay Kit (Diazyme, USA) according to the manufacturer
instructions with slight modifications. The collected supernatant was evaporated at 35°C
using the CentriVap Concentrator (Labconco, USA) and the formed sample pellet containing
thawing, 5μL of the sample was mixed with 135μL of the Reagent 1 in a clear 96-well plate
and incubated in the dark at 37°C for 3min. Subsequently, 45μL of Reagent 2 was added to
each well and the absorbance was read at 37°C after 5 and 30 min at 405nm. TBA
concentration in the sample was calculated using the equation provided in the kit using
conjugated cholic acid as a standard.
Determination of individual bile acid concentrations by LC/MS. The concentration of
DCA and CDCA, TDCA, GDCA, TCDCA, GCDCA. TCA and GCA were determined via
LC-MS/MS in the same samples as used for the TBA assay and in appropriate calibration
samples, using an Acquity UPLC system (Waters, Milford, MA, USA) coupled to a Xevo
TQ-S (Waters) triple quadropole mass spectrometer. The compounds were separated using a
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bile acids was reconstituted in 70μL of Milli-Q water and stored at -20°C until analysis. After
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Zorbax Eclipse Plus C18 analytical column (Rapid Resolution HD 1.8 μm; 50 × 2.1 mm,
Agilent, USA). The elution gradient was as follows: 0 min 30% B; 2-2.5 min 80% B; and
2.6-4 min 30% B. Solvent A consisted of 0.1% formic acid in water and Solvent B consisted
of 0.1% formic acid in acetonitrile. The column temperature was set at 40°C, and the flow
rate was 500µl/min. The effluent from the UPLC was passed directly into the electrospray ion
source. Negative electrospray ionization was achieved using nitrogen as a desolvation gas
with ionization voltage at 3.0 kVolt. The source temperature was set at 500°C and argon was
used as collision gas. Detection of the bile acids was based on isolation of the deprotonated
molecular ion, [M - H]- after which MS/MS fragmentations and multi reaction monitoring
(MRM) were carried out. The following MRM transitions were used: for TDCA and TCDCA
m/z 498.1(parent ion) to m/z 498.1 and 80.2 (both product ions), for GDCA m/z 448.3(parent
ion) to m/z 448.3 and 74.0 (both product ions), for GCDCA m/z 448.3(parent ion) to m/z
386.8 and 74.0 (both product ions), for DCA m/z 391.2(parent ion) to m/z 391.2 and 345.0
(both product ions), for CDCA m/z 391.2(parent ion) to m/z 391.2 and 373.2 (both product
ions), for TCA m/z 514.1(parent ion) to m/z 514.1 and 80.2 (both product ions), for GCA m/z
464.2 (parent ion) to m/z 464.2 and 73.9 (both product ions).
RNA isolation and cDNA synthesis
RNA isolation from the slices was performed using the Maxwell® 16 LEV Total RNA
purification kit (Promega, The Netherlands) with a Maxwell® 16 LEV Instrument. After
isolation, the RNA quality fulfilled the criteria of a 260/280 ratio of ~2 and 260/230 ratio of
2.0-2.2. The concentration was measured using the ND-100 spectrophotometer (Fisher
Scientific, The Netherlands). TaqMan reverse Transcription Reagents Kits (Applied
Biosystems, Foster City, CA) was used to generate cDNA from RNA. cDNA was generated
in the Eppendorf mastercycler (Hamburg, Germany) with the gradient at 20°C for 10 minutes,
42°C for 30 minutes, 20°C for 12 minutes, 99°C for 5 minutes and 20°C for 5 minutes. RTPCR was used to determine relative Bsep, Fxr and Ntcp mRNA expression levels. Primers
used:

Bsep,

5’-

TGGAAAGGAATGGTGATGGG

-3’(F),

3’-

CAGAAGGCCAGTGCATAACAGA -5’(R); Fxr: 5’- CCAACCTGGGTTTCTACCC -3’(F),
3’- CACACAGCTCATCCCCTTT -5’(R); Ntcp; 5’-CTCCTCTACATGATTTTCCAGCTTG
-3’(F), 3’- CGTCGACGTTCGTTCCTTTTCTTG -5’(R). RT-PCR was performed using
SYBR Green with the ABI Prism 7900HT sequence detection system with 1 cycle of 10
mintes at 95°C, 40 cycles of 15 seconds at 95°C and 25 seconds at 60°C, with a dissociation
stage (15 seconds at 95°C, 60°C and 95°C). Sample Ct values were normalized using Gapdh
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as

a

housekeeping

geene

(5’-

CGCTGG
GTGCTGA
AGTATGTC
CG

-3’(F
F),

3’-

CTGTG
GGTCATGA
AGCCCTTCC -5’(R))). Data are expressed as a fold chhange com
mpared to
the non--treated conntrol after 48
8h of incub ation.
mum of threee different rat livers were
w used for each expeeriment, usin
ng slices
Statisticcs. A minim
in tripliicates from
m each liveer. Statisticcal testing was perforrmed with two way repeated
measurees ANOVA
A with indiv
vidual rats aas random effect.
e
We performed
p
a Tukey HS
SD posthoc testt for pairwisse comparissons. Correllation coeffi
ficients weree calculatedd using Pearrson’s R.
A p-vallue of ≤ 0.05 was considered to bee significan
nt. In all graaphs mean vvalues and standard
hown.
error off the mean (SEM) are sh

Resullts
Viabilitty of PCLS
S upon drug
g exposure
T
The viabilitty of PCLS following 448h incubattion with ch
holestatic drrugs in the presence
p
or absennce of the BA
B mix waas assessed bby analysiss of ATP co
ontent and L
LDH leakag
ge to the
incubatiion medium
m. The BA mix itselff did not significantly decrease thhe ATP co
ontent of
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PCLS aafter 48h (Fiig. 1 a,b,c). However, LDH leakage increased
d slightly buut significantly

Figure 1. ATP contennt of PCLS aftter 48h incubaation and LDH
H leakage from PCLS to inncubation med
dium after
gs, in absencee (grey bars) or presence (black bars) oof BA. ATP content is
48 h incuubation with different drug
expressedd in absolute values. LDH leakage is exxpressed as reelative valuess to the controol without BA
A. Graphs
representt the mean valuues ± SEM off 4-5 experimeents, using 3 PCLS
P
for each
h group in eveery experimen
nt.
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t
in preseence of BA
A (Fig. 1 d,,e,f). Additiion of BA to the incu
ubation meddium increased the
toxicityy of the highher doses of
o CP, CS aand GB (baased on the decrease inn ATP con
ntent and
wever, onlyy in GB-treaated groups it was founnd to be stattistically
increasee in LDH leeakage), how
significaant.
Bile aciid accumullation in PC
CLS
T
The BA conntent in PCL
LS incubateed for 48h hours
h
witho
out the addittion of the BA
B mix,
decreaseed by 82-998% compaared to thee fresh slicce. The add
dition of thhe BA mix
x to the
incubatiion medium
m, on the other
o
hand,, resulted in
i the main
ntenance off the physiiological
intracelllular TBA concentratio
c
on in PCLS
S after 48h of incubatiion (Fig. 2aa). The com
mposition
of the B
BA pool in PCLS incu
ubated for 448h with BA
A was only slightly diffferent from
m that in
fresh PC
CLS. For example, th
he concentrration of GC
CA and GD
DCA was ssomewhat higher
h
in
slices iincubated with
w
the BA
B mix forr 48h com
mpared to the
t fresh tiissue, whereas the
concenttration of

Figure 2.. Concentratioon of eight diffferent BA (GC
CA, TCA, TC
CDCA, TDCA
A, GCDCA, G
GDCA, CDCA
A, DCA) in
fresh PCL
LS and in PCL
LS incubated for 48h with oor without BA
A, expressed in
n absolute valu
lues (a) or in percentage
p
of total B
BA (b). Conceentration of eiight different BA in PCLS incubated forr 48 hours with
th the solvent DMSO or
one of thhe cholestaticc drugs CP36
6, CS5, GB1880 ATP in th
he absence (cc) or presencee (d) of BA. Data are
expressedd in absolute values.
v
Graph
hs represent m
mean values ± SEM of 10-11
1 experimentss for (a) and (b
b) and 3-5
experimeents for (c) andd (d), using 3 PCLS for eacch group in every experimen
nt.
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TCA annd TDCA was
w lower in incubateed PCLS compared to
o the non-inncubated PCLS.
P
In
PCLS inncubated without
w
BA the total am
mount of th
hese 8 BA in
i the slicess was decreeased by
more thhan 90% butt the compo
osition only changed to a minor extent (Fig 2aa and 2b).
T
The intracellular TBA concentratiion significcantly increaased in PCL
LS treated with
w CP,
CS or G
GB in the prresence of BA
B in the doose-dependeent manner (Fig. 3). PC
CLS treated with the
drug aloone withoutt BA, howeever, did noot show a siignificant in
ncrease in T
TBA conceentration,
stressingg the imporrtance of thee addition oof the BA mix
m to the mo
odel. The cconcentratio
ons of all
eight BA
A measuredd individuallly increasedd after the treatment
t
with
w the chollestatic drug
gs in the
presence of BA (Table 2 and figure 2d). The variation in the co
oncentrationns of individual BA
betweenn rats was high.
h
Howev
ver, the conncentrations of all eightt BA increassed within every
e
rat
upon thhe drug treatment. Th
he total conncentration of the eigh
ht tested B
BA as meassured by
LC/MS in PCLS upon
u
drug+B
BA treatmeent was low
wer than thee TBA conccentration measured
m
by the eenzymatic assay,
a
which
h can be duue to the facct that somee BA, such as muricho
olic acid,

Figure 3. TBA contennt of PCLS affter 48h incubbation with diifferent drugss, in absence ((grey bars) orr presence
BA content is expressed in rrelative valuess to the respecctive control ((0.16 and 1.48
8 nmol/mg
(black baars) of BA. TB
protein fo
for the controol without or with BA resspectively). Graphs
G
represeent the mean values ± SE
EM of 4-5
experimeents, using 3 PCLS
P
for each group in everry experimentt.

W
When incubbated in thee presence oof BA, the relative
r
abu
undance of tthe eight tested bile
acids w
was similar in the CS
S5+BA andd GB180+B
BA treated groups in comparison
n to the
control, with the exxception off CDCA, whhich increassed 9 times upon drug exposure (F
Fig. 2d).
The relative abunddance of TCDCA
T
andd GCDCA was elevatted upon C
CP36+BA trreatment
(from 5 to about 20%),
2
whereeas that of T
TCA and GCA
G
decreaased (from 880% to abo
out 45%)
compareed to the coontrol. Furth
hermore, thhe relative abundance
a
of
o CDCA inncreased 4-ffold, and
of GDC
CA and TDC
CA increaseed 1.8 and 22.7-fold resp
pectively in
n PCLS treaated with CP
P36+BA
compareed to the coontrol (Tablee 2).
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as well as sulfate annd glucuron
nide conjuggates of BA were not measured
m
by LC/MS.
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Table 2. Concentration and absolute amount of eight different BA in PCLS incubated for 48 hours with the
solvent DMSO or one of the cholestatic drugs CP36, CS5, GB180 ATP in the presence of BA. Data are
expressed in absolute values. Table represents mean values ± SD (% of total) of 10-11 experiments for DMSO
group and 3-5 experiments for drug-treated groups, using 3 PCLS for each group in every experiment.
pmol/mg protein
DCA
CDCA
GDCA
GCDCA
TDCA
TCDCA
TCA
GCA
Total

DMSO+BA
1.4 ± 1.3
(0.8%)
0.3 ± 0.7
(0.1%)
20.2 ± 11.8
(8.5%)
6.6 ± 3.8
(2.9%)
13.5 ± 7.0
(6.0%)
4.9 ± 3.3
(2.2%)
41.4 ± 23.1
(16.5%)
156.5 ± 73.9
(63.0%)
245.0 ± 118.3
(100%)

CP36+BA
3.9 ± 2.8
(0.6%)
4.0 ± 5.1
(0.5%)
80.8 ± 4.7
(15.5%)
60.7 ± 13.4
(10.7%)
83.8 ± 1.5
(16.3%)
60.2 ± 14.2
(10.4%)
64.5 ± 16.0
(12.1%)
180.3 ± 45.4
(33.8%)
538.1 ± 93.4
(100%)

CS 5+BA
7.5 ± 8.3
(1.3%)
8.1 ± 10.8
(1.1%)
61.1 ± 38.3
(9.4%)
28.4 ± 24.9
(4.7%)
38.6 ± 23
(6.2%)
29.0 ± 28.9
(4.3%)
90.2 ± 42.7
(14.4%)
364.3 ± 149.5
(58.6%)
627.2 ± 260.5
(100%)

GB 180+BA
5.7 ± 8.3
(1%)
6.7 ± 11.0
(1.2%)
82.0 ± 23.0
(6.7%)
16.2 ± 9.0
(1.8%)
56.2 ± 15.6
(5.1%)
30.3 ± 28.3
(4.2%)
235.8 ± 69.2
(13.8%)
1275.6 ± 454.7
(66.2%)
1708.5 ± 448.1
(100%)

Exposure of PCLS to CS5 or GB180 in the absence of BA lead to a small increase in
the cumulative concentration of the tested BA (Fig. 2c). Surprisingly, the cumulative
concentration of the eight tested BA in PCLS after CP36-treatment was lower compared to
the non-treated control (Fig. 2c). However, this phenomenon was not shown with the
measurement of TBA concentration, where the concentration of TBA in PCLS was slightly
higher in CP36-treated group compared to the control. No major changes occurred in the
relative abundance of the different BA upon PCLS exposure to CP36, CS5 or GB180 alone.
Gene expression
Changes in the expression of genes known to be involved in cholestasis, such as Bsep,
Ntcp and Fxr have been investigated. Ntcp is responsible for the basolateral uptake of bile
acids, whereas Bsep is responsible for their efflux to the bile canaliculi on the apical side of
hepatocytes. BA significantly decreased Ntcp expression to 60% in PCLS after 48h of
incubation. This effect of BA on Ntcp expression is known and has been described before.
Ntcp gene expression in PCLS was significantly and strongly decreased to ca. 10% of the
value of the controls after incubation with CP36, CS5 and GB180 treatment alone and was not
further decreased in the presence of BA (Fig. 4a). Bsep expression showed some variation
between and within experimental groups, and was significantly decreased in the drug alone154
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treated groups wheen all experriments weere taken altogether, bu
ut not in thhe groups drug+BA
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(Fig. 4bb).

Figure 4. Gene expressison of Bsep,, Ntcp and Fxxr normalized to the housek
keeping gene Gapdh. Data expressed
mpared to thee 48h controll without BA
A. Graphs rep
present mean values ± SE
EM of 3-4
as relativve values com
experimeents, using 3 PCLS
P
for each group in everry experimentt.

F
Fxr is thought to be a master reggulator of BA
B homeosstasis, actingg on BA sy
ynthesis,
conjugaation and transport. In our study, Fxr expresssion was significantlyy downregu
ulated by
20% in PCLS incuubated with the BA miix for 48h, with a furth
her strongerr decrease in
i PCLS
treated w
with CP, CS
S or GB (Fiig. 4c), withh no differen
nce between
n with or wiithout BA.
Correlaation analyysis
T
The decrease in viabillity of PCL
LS upon thee exposure to CP and CS in com
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with BA
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o BA, wheereas no sig
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Figure 55. Correlationn between AT
TP and TBA content of PCLS
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model to stud
dy early tran
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correlattion was obsserved in th
he GB-treateed groups (F
Fig. 5).
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with cholestasis using mouse and human liver tissue (Szalowska et al. 2013; Vatakuti et al.
2016). Here we show for the first time that these drugs are more toxic in the presence of BA
in rat PCLS and induce changes in the intracellular bile acid concentration and composition.
The presence of BA in their physiological concentrations and ratios may increase the
validity of an in vitro model for DIC studies. For example, incubation of mouse PCLS with
cholestatic drugs alone did not result in the elevation in intracellular BA concentration
(Szalowska et al. 2013). Moreover, in our study we showed that without the addition of BA,
PCLS excreted most of them during incubation, whereas the incubation of PCLS with the BA
mix resulted in the maintenance of the physiological concentrations of BA in PCLS after 48 h
of incubation. The observed shift to glycine conjugates after the incubation with the BA mix
might be due to the small difference between the composition of the BA mix (which was
based on the portal vein BA concentrations) and tissue values, as well as the more active
production of glycine conjugates of BA during incubation compared to the production of
tauroconjugates. This higher production of glycine conjugates might be explained by the
higher substrate availability of glycine compared to the taurine precursor (L-cysteine) in the
medium (http://www.thermofisher.com) (Penttilä 1990). In addition, a shift between taurine
and glycine conjugation was also found before in rats fed diet with different supplements
(Park et al. 1999).
The secondary bile acids, such as DCA and LCA, are considered to be the most toxic
BA due to their lipohilicity, and therefore are important in the progression of bile acidinduced hepatic injury (Li and Chiang 2011; Schadt et al. 2016; Yang et al. 2013). However,
they are not produced in the liver but formed in the intestinal track by anaerobic and/or
aerobic bacteria (Alnouti 2009). Since in vitro liver models usually do not include the liverintestine interaction part, the addition of these secondary BA to the BA mix is necessary to
study the effects of these toxic BA and the shifts in ratios of certain BA during cholestasis.
High concentrations of CP, CS and GB in combination with the BA mix decreased the
viability of PCLS, which correlated for CP and CS with the increase in the intracellular
concentrations of BA. The increase in the total concentration of BA upon the exposure to
cholestatic drugs as well as changes in the fractions of the eight most prevalent BA in the
body has been analyzed. We showed that all three cholestatic drugs CP, CS and GB caused a
dose-dependent increase in BA in PCLS, but this resulted in different profiles of accumulated
BA. For example, CP-treatment increased the relative abundance of CDCA and its conjugates
GCDCA and TCDCA, as well as DCA conjugates GDCA and TDCA, whereas the abundance
of GCA and TCA was decreased. CS and GB, on the other hand, did not significantly change
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the composition of the BA pool with respect to CA and CDCA conjugates, but the relative
abundance of CDCA itself and that of the secondary BA DCA were increased. DCA and
CDCA are known to be more toxic than the other measured BA due to their lipophilicity and
therefore, the increase in their intracellular concentration in PCLS treated with cholestatic
drugs, might at least partly be responsible for the toxicity observed. The differences in the
composition of the intracellular BA pool following the exposure to different cholestatic drugs
may be explained by the different abilities of the individual drugs to inhibit the BSEPmediated transport of certain BA (Yang et al. 2013).
In this study, we did not find a threshold value of the intracellular concentration of
TBA above which the viability of PCLS decreases. Different drugs decreased PCLS viability
at different intracellular levels of BA, showing some variability also within their own group.
This data might indicate that the toxicity depends not on the elevation in the total BA, but
more likely is attributed to the increase in the concentration and relative abundance of certain
toxic BA, such as LCA, DCA and its conjugates and CDCA. We have shown the increase in
the relative abundance of DCA, DCA conjugates and CDCA upon the treatment with toxic
concentrations of cholestatic drugs. However, in order to show the correlation between the
viability of PCLS and the increase in the concentration of these BA (with the possibility to
find a threshold value), further analysis with various concentrations of drugs needs to be
performed.
Previous studies on SCH demonstrated higher toxicity of CS and GB in the presence
than in the absence of BA. In our study, CS concentrations that led to the decrease in viability
and increase in intracellular BA concentrations were 2-3 folds lower (Chatterjee et al. 2014b;
values of CP and GB in the presence of BA were similar to (for CP) or 1.5-3 folds higher (for
GB) than those in rat SCH (Chatterjee et al. 2014b; Ogimura et al. 2011). Nevertheless, none
of these studies measured BA accumulation in hepatocytes to confirm BA-dependent
hepatotoxicity. Even though Ansede et al. showed the possibility to study intracellular
accumulation of BA upon CS and GB treatment in SCH, further studies using other toxicity
parameters to test BA-dependent toxicity have not been performed (Ansede et al. 2010).
Elevated BA levels are considered to be one of the key triggers in DILI development.
However, in many cases, altered transporter functions coincide with other mechanisms of
cytotoxicity and liver injury. The ability of BA to trigger cytotoxic effects has been shown in
various studies (Attili et al. 1986; Palmeira and Rolo 2004; Rolo et al. 2000; Woolbright et al.
2015). For example, certain BA were shown to impair mitochondrial function by altering the
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Ogimura et al. 2011; Oorts et al. 2016) than that found with rat or human SCH. In PCLS, IC50
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transmembrane potential and mitochondrial permeability transition (Rolo et al. 2000).
Moreover, a recent study on primary human hepatocytes (PHH) showed that exposure of PHH
to high concentration of GCDCA leads to necrosis. However, the BA concentrations used in
this study far exceeded the serum concentrations measured in cholestatic patients (Woolbright
et al. 2015). Serum BA values are not always representative for the intracellular BA
concentrations, since they represent the net effect of the uptake of BA into hepatocytes, which
can be also inhibited without cholestasis, and the basolateral efflux of BA due to high
intracellular concentrations during cholestasis.
In our study, low non-toxic doses of cholestatic drugs moderately increased the
intracellular BA concentration in PCLS, possibly indicating inhibition of the excretion of BA
by BSEP. However, high doses of drugs are likely to provoke various other toxicological
mechanisms aside BSEP inhibition that contribute to the overall toxicity observed. For
example, high doses of CP, CS and GB without the presence of BA in the medium slightly
decreased ATP levels and increased LDH leakage in PCLS, which cannot be explained by the
small increase in intracellular BA levels as they are still far below the physiological levels,
represented by the t=0 samples and the values at 48h incubation with BA (Fig 2c,d).
Therefore, while there are indications that BSEP inhibition and as a consequence BA
accumulation are important players in DILI initiation, the progression of liver injury likely
also involves other key adverse events that lead to the disturbance of the normal cell
physiology.
FXR is a member of the nuclear receptor subfamily and is directly involved in BA
homeostasis (Claudel et al. 2005; Modica et al. 2010; Schadt et al. 2016). It was reported that
FXR regulates both bile acid synthesis and transport. For example, activation of FXR by BA
leads to the downregulation of CYP7A1 and CYP8B1 involved in BA synthesis (Li and
Chiang 2011; Schadt et al. 2016). Moreover, activation of Fxr by an intracellular increase in
BA concentration suppresses the hepatic influx transporters Ntcp and Oatp and upregulates
the major bile acid efflux transporter BSEP. This downstream cascade of responses is playing
a protective role and directed on the reduction of intracellular BA concentration and, as a
result, prevention of the bile acid-induced cytotoxicity.
Incubation of PCLS with the BA mix resulted in the slight downregulation of Fxr
gene. This may be due to the increased levels of GDCA as it was shown that GDCA
decreased the expression of FXR in human cholangiocarcinoma cells in vitro (Dai et al.
2011). Moreover, induced expression of human and mouse FXR by FXR agonists GW4064
and CDCA was reversed by LCA or GDCA (Dai et al. 2011; Yu et al. 2002). The secondary
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BA, DCA and LCA, have a higher affinity to the FXR receptor than, for example CDCA, that
increases the expression of FXR and activates it (Dai et al. 2011; Paumgartner et al. 2004; Yu
et al. 2002). In our study, the concentration of DCA and its conjugates in PCLS incubated
with the BA mix was more than 100 fold higher than in the control slices without the addition
of BA that might explain the difference in Fxr expression and activation between the two
groups. This also indicates that the regulation of Fxr expression and its target genes depends
on a defined balanced of agonists and antagonists in the milieu.
Exposure of PCLS to CP, CS or GB resulted in a very strong downregulation of Fxr,
which is in line with previous studies on mouse and human PCLS that demonstrated FXR
downregulation by cholestatic compounds (Szalowska et al. 2013; Vatakuti et al. 2016).
Regulation of FXR in hepatocytes and enterocytes is a complex process of a multifactorial
nature that can be also influenced by other factors not directly involved in bile acid
homeostasis. For example, a given drug can directly disrupt Fxr function or can influence its
expression indirectly by triggering inflammatory and cytotoxic processes in the liver
(Rodrigues et al. 2014; Szalowska et al. 2013). Various cholestatic drugs, including CP and
CS, have been shown to cause ER stress, oxidative stress, apoptosis, trigger inflammatory
responses and influence β-oxidation in the liver (Anthérieu et al. 2013; Szalowska et al.
2015). These pathological processes, in turn, can lead to the downregulation of FXR, as well
as other nuclear receptors (Szalowska et al. 2013). Moreover, the concentration of secondary
BA DCA and its conjugates increased 3 to 5 folds in PCLS treated with cholestatic drugs that
might have further contributed to FXR downregulation.
The Ntcp expression in rat PCLS treated with the BA mix was 40% lower compared to
that BA negatively regulate NTCP expression. The effects of BA on NTCP are thought to be
mediated via FXR stimulation and, as a result, SHP pathway activation (Modica et al. 2010;
Schadt et al. 2016). Furthermore, BA can increase SHP stability by inhibiting its proteasomal
degradation in an extracellular signal-regulated kinase (ERK)-dependent manner (Miao et al.
2009). In our study Ntcp downregulation by the BA mix could be of Fxr dependent- or
independent manner, since Fxr expression was also downregulated in the BA-treated group
compared to the non-treated control. The Ntcp expression was shown to be regulated also via
other signaling pathways involving transcription factors, such as HNF4α, HNF3β, HNF1α or
the glucocorticoid receptor (Kosters and Karpen 2008; Matsubara et al. 2012). Moreover,
Ntcp expression in the non-treated control, on the other hand, could have been upregulated
due to the low concentrations of BA present in the system. All tested cholestatic drugs
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the non-treated control, which is in line with previously reported data, where it was shown
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induced a downregulation of Ntcp expression, which can be considered as an adaptive
response to the increase in intracellular concentration of BA. Moreover, the three drugs
themselves were found to downregulate Ntcp in the absence of BA.
Inhibition of BSEP is thought to play a crucial role in drug-induced cholestasis
(Vinken et al. 2013; Yang et al. 2013). Cholestatic drugs can directly inhibit BSEP activity by
binding to the transporter protein in a competitive manner (Kosters and Karpen 2008; PauliMagnus and Meier 2006; Stieger 2010). Some previous studies have shown that cholestatic
drugs may also reduce the expression of BSEP mRNA in mouse and human PCLS
(Szalowska et al. 2013; Vatakuti et al. 2016), whereas another study on rats did not reveal any
changes in Bsep expression after CS and sirolimus treatment (Bramow et al. 2001). In our
study BSEP expression was reduced in slices treated with CP (with or without BA mix) or
CS-alone. GB treatment, however, did not result in any significant changes in BSEP mRNA
levels. Moreover, it is thought that genetic polymorphism in the expression of BSEP or
mutations in this transporter increase the risk of the development of DIC and is associated
with idiosyncratic cholestatic episodes in some of the patients taking a potentially cholestatic
drug (Chalasani and Björnsson, 2010).
In summary, we showed that rat PCLS exposed to cholestatic drugs in the presence of
a physiological BA mix reflect various changes associated with cholestasis, such as decrease
in hepatocyte viability, accumulation of BA and changes in the expression of genes known to
play a role in cholestasis. Therefore, we believe that PCLS represent a physiological and
valuable model to identify potential cholestatic compounds and elucidate mechanisms
underlying DIC and DILI. The toxicity of cholestatic drugs was correlated with the
accumulation of BA, and especially DCA and CDCA and their conjugates, but to a different
extent for the different drugs, indicating that BA toxicity is not the only cause for the toxicity
of cholestatic drugs. This study was performed with rat PCLS and, therefore, needs to be
further verified with human PCLS, to avoid species-specific differences with respect to the
cholestatic action of the tested compounds. Moreover, our study supports the use of a
combination of several biomarkers to identify the cholestatic potential of a drug, since every
one of them apart might not be sufficiently predictive or specific.
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