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Abstract

The farnesoid X receptor/retinoid X receptor-alpha (FXR/RXRα) complex regu-
lates bile salt homeostasis, in part by modulating transcription of the bile salt ex-
port pump (BSEP/ABCB11) and small heterodimer partner (SHP/NR0B2). FXR 
is activated by bile salts, RXRα by the vitamin A derivative 9-cis retinoic acid 
(9cRA). Cholestasis is associated with vitamin A malabsorption. Therefore, we 
evaluated the role of vitamin A/9cRA in the expression of human and mouse bile 
salt export pump (hBSEP/mBsep), small heterodimer partner (hSHP/mShp), and 
mouse sodium-dependent taurocholate co-transporting polypeptide (mNtcp). 
HBSEP and hSHP transcription were analyzed in FXR/RXRα-transfected HepG2 
cells exposed to chenodeoxycholic acid (CDCA) and/or 9cRA. BSEP promoter 
activity was determined by luciferase reporter assays, DNA-binding of FXR and 
RXRα by pull-down assays. Serum bile salt levels and hepatic expression of Bsep/
BSEP, Shp, and Ntcp were determined in vitamin A–deficient (VAD)/cholic acid 
(CA)-fed C57BL/6J mice. Results indicated that 9cRA strongly repressed the CD-
CA-induced BSEP transcription in HepG2 cells, whereas it super-induced SHP 
transcription; 9cRA reduced DNA-binding of FXR and RXRα. The 9cRA repres-
sed the CDCA-induced BSEP promoter activity irrespective of the exact sequence 
of the FXR-binding site. In vivo, highest Bsep messenger RNA (mRNA), and pro-
tein expression was observed in CA-fed VAD mice. Shp transcription was highest 
in CA-fed vitamin A–sufficient mice. Ntcp protein expression was strongly redu-
ced in CA-fed VAD mice, whereas mRNA levels were normal. CA-fed control and 
VAD mice had similarly increased serum bile salt levels. Conclusion: We showed 
that 9cRA has opposite effects on bile salt–activated transcription of FXR/RXRα 
target genes. Vitamin A deficiency in CA-fed mice leads to high BSEP expression. 
Clearance of serum bile salts may, however, be limited because of post-transcrip-
tional reduction of NTCP. The molecular effects of vitamin A supplementation 
during cholestasis need further analysis to predict a therapeutic effect.

Introduction

Vitamin A and its metabolites retinaldehyde and retinoic acids fulfill important 
physiological functions at all stages of life, such as during embryogenesis, growth, 
and differentiation of tissues and reproduction (1,2). Mammals cannot synthesize 
vitamin A, and therefore it must be obtained from carotenoids and retinyl esters pre-
sent in the diet. The liver is the main storage site of vitamin A in mammals. Approxi-
mately 80% of the whole body content of retinols resides as retinyl palmitate in lipid 
droplets in the cytoplasm of hepatic stellate cells (3). Retinyl palmitate is the precurs-
or for biologically active compounds such as retinoic acid, all-trans retinoic acid, and 
9-cis retinoic acid (9cRA).
Vitamin A is a fat-soluble vitamin, and efficient absorption in the intestine is de-
pendent on the presence of micellar bile salts. Bile salts are synthesized in the liver 
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and efficiently maintained in an enterohepatic circulation because of the action of 
membrane-embedded bile salt transporter proteins in hepatocytes and enterocytes 
(4). Bile salt biosynthesis and transport are tightly controlled processes in which the 
bile salt–activated nuclear receptor farnesoid X receptor (FXR/NR1H4 [nuclear re-
ceptor subfamiliy 1, group H, member 4]) plays a key role (5). FXR acts as a hetero-
dimer with the retinoic X receptor-alpha (RXRα/NR2B1 [nuclear receptor subfamily 
2, group B, member 1]), the ligand of which is 9cRA. FXR/RXRα binds to a speci-
fic DNA-sequence, the FXR response element (FXRE), which is most commonly an 
inverted repeat with 1 nucleotide spacing (IR-1) (6). Key targets that are positively 
regulated by FXR/RXRα in the liver are the genes encoding the bile salt export pump 
(BSEP/ABCB11 [ATP-binding cassette, sub-family B, member 11]) (7, 8) and the 
orphan nuclear receptor small heterodimer partner (SHP/NR0B2 [nuclear receptor 
subfamily 0, group B, member 2]) (9, 10). BSEP transports bile salts from the liver to 
the bile. SHP represses expression of the basolateral sodium-dependent taurocholate 
co-transporting polypeptide (NTCP/SLC10A1) in conjunction with other mechanis-
ms that repress expression of this transporter (11, 12). In addition, SHP also represses 
expression of cholesterol 7-hydroxylase (CYP7A1) (9, 10), the rate-limiting enzyme 
in bile salt biosynthesis.
Cholestatic liver disease is associated with malabsorption of fat-soluble vitamins, 
including vitamin A, caused by low intestinal bile salt concentrations (13-15). Mo-
reover, in these disorders hepatic stellate cells become activated, transdifferentiate 
into (myo)fibroblasts, and lose their retinoid content (3). So far, most studies repor-
ting on FXR/RXRα-dependent regulation of target genes have been focused on the 
ligands for FXR, either natural or synthetic. The role of 9cRA-activated RXR has not 
been studied in detail. One study reported that ligand-activation of RXR inhibits the 
FXR-induced transcription of human BSEP (16). However, the combined action of 
the natural ligands for FXR and RXRα on transcriptional regulation of BSEP has not 
been reported.
The aim of this study was to determine the interaction of chenodeoxycholic acid 
(CDCA) and 9cRA on FXR/RXRα-regulated transcription of human BSEP and SHP. 
In addition, we analyzed the in vivo effects of vitamin A deficiency in mice fed a cho-
lic acid–supplemented diet.

Material and methods

Animals
Pregnant (2 weeks post coitum) C57BL/6J mice were obtained from Harlan (Horst, 
The Netherlands) and were housed in a temperature-controlled environment with 
alternating 12-hour light and dark cycles. Food and water were available ad libitum.

Experimental Design
Male mice (offspring) were made vitamin A deficient essentially as described (17). 
Briefly: Dams (+ offspring) were divided into two groups; one placed for 13 weeks on 
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a vitamin A–deficient diet (VAD; no. 4148.10, Hope Farms, Woerden, The Nether-
lands) and the other on a control diet (ref. no. 4068.02, Hope Farms), containing 
18,000 international units vitamin A/kg. Subsequently, both groups were divided into 
two subgroups, one continued on the original diet (VAD; n = 6 or control diet; n = 6), 
and the other continued on the original diet supplemented with 0.5% (wt/wt) cholic 
acid (VAD+CA; n = 7 or control diet + CA; n = 7). One week later, the mice were 
sacrificed. The livers were removed and processed for (1) plasma membrane isola-
tion, (2) RNA isolation, and (3) immunofluorescent microscopy. The experimental 
protocol was approved by the Ethical Committee on Animal Testing of the University 
of Groningen.

Cell Culture and Transfection
The human hepatoma cell line HepG2.rNtcp (18) and derivatives were cultured as de-
scribed earlier, (8) with the exception that lipid-stripped serum (Biosera, East Sussex, 
UK) was used instead of normal serum. HepG2.rNtcp cells were transiently transfec-
ted with (combinations of) plasmids as described previously. (8) Twenty-four hours 
after transfection, medium was refreshed and supplemented with 100 µmol/L CDCA 
and/or 9cRA in various concentrations, as described in the text. Cells were harvested 
after 24 hours for determination of luciferase activity and total RNA isolation.

Cell Viability Assay
HepG2.rNtcp cells were exposed to various concentrations of CDCA  (0-500µmol/L) 
with or without 1 µmol/L 9cRA for 24 hours. The cell viability was determined by 
measuring adenosine triphosphate levels with the Cell Titer Glow assay (Promega, 
Madison, WI).

Plasmids
The plasmids pSG5-hRXRα (overexpression of RXRα), pGL3-1649 (previously na-
med GL3- 1779 = luciferase reporter vector containing the -1649 to +25 bp BSEP/
ABCB11 promoter fragment) pCMV5 and pGEM-5 (control and carrier plasmids) 
have been described previously. (8)  Six nucleotide changes were introduced in the 
FXRE of pGL3-1649 by site-directed mutagenesis (see Supporting Table 2.S1 for 
primers used), yielding pBSEP-FXRESHP, containing the FXRE sequence of human 
SHP (Fig. 2B). Modified sequences were confirmed by sequence analysis. The human 
FXR expression plasmid (19) was provided by Prof. B. Staels, Lille, France.

RNA Isolation and Quantitative Polymerase Chain Reaction
Total RNA isolation and quantitative real-time detection reverse transcription poly-
merase chain reaction (RT-qPCR) analysis of BSEP/Bsep, SHP/Shp, Ntcp, and Rxrα 
messenger RNA (mRNA) levels were described before (8, 20). Details about primer 
and probe sequences are shown in Supporting Table 2.S2.
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Biochemical and Analytical Procedures
Liver retinol concentrations (21) and total serum bile salt concentrations (22) were 
determined as described. The BSEP promoter activity was measured using the luci-
ferase reporter assay kit (8) according to the supplier’s protocol (Promega, Madison, 
WI). Nuclei were isolated from FXR/RXRα-transfected HepG2.Ntcp cells according 
to Shoemaker et al. (23) and analyzed by western blotting (24) for RXRα and P84 
(nuclear marker). Total plasma membranes were isolated from three or four poo-
led mouse livers using sucrose-gradient ultracentrifugation as described (25). Equal 
protein fractions of liver plasma membrane proteins were analyzed by western blot 
analysis for BSEP, NTCP, and Na+K+-adenosine triphosphatase (ATPase) (loading 
control). Antibodies used in this study: anti-Na+K+-ATPase (gift from Dr. W. Peters, 
Radboud University Medical Center, Nijmegen, The Netherlands), anti-FXR (PP-
A9033A-00; Perseus, Japan); anti- RXRα (D-20; sc-553; Santa Cruz Biotechnology, 
Santa Cruz, USA); anti-BSEP (K12; (25)) and anti-P84 (ab487; Abcam, Cambridge, 
UK). Protein concentrations were determined using the Bio-Rad Protein Assay sys-
tem (Bio-Rad GmbH, Munich, Germany) using bovine serum albumin as a standard.

FXR/RXRα Pull-Down Assay
A biotin-labeled, FXRE-containing DNA probe and streptavidin-coated beads were 
used to precipitate FXR/RXRα as described (26), with the following modifications:  
Two  53-bp  oligo’s (Supporting Table 2.S1) were annealed, creating a double-stran-
ded, biotin-labeled 53-bp DNA fragment from the BSEP promoter containing the 
FXRE. The biotin-labeled probe was coupled to streptavidin-coated beads. A cleared 
protein lysate was prepared of HepG2.rNtcp cells. FXRE beads were incubated for 
4 hours with soluble HepG2.rNtcp proteins (equivalent of 2 × 106 cells) in the pres- 
ence or absence of CDCA (100 µmol/L) and/or 9cRA (1 µmol/L). FXRE beads with 
bound proteins were washed three times with ice-cold phosphate-buffered saline 
containing 1 mmol/L ethylenediaminetetra-acetic acid, and 1 mmol/L dithiothreitol. 
Precipitated proteins were solubilized in sodium dodecyl sulfate polyacrylamide gel 
electrophoresis sample buffer and subjected to western blotting for the detection of 
FXR and RXRα.

Confocal Laser Scanning Microscopy
For microscopical analyses, 4-µm sections were cut from frozen mouse liver tissue. 
After drying, the liver sections were fixed in acetone and stained for BSEP expression 
using K12, with the corresponding secondary antibody Alexa fluor 488 (Alexis Bio-
chemicals, Lausen, Switzerland). Images were taken with a confocal scanning laser 
microscope (TCS 4D; Leica, Heidelberg, Germany) equipped with an argon/krypton 
laser and coupled to a Leitz DM IRB (Leica, Heidelberg, Germany) inverted micro-
scope.

Statistical Analysis
Data are presented as mean ± standard deviation (SD). Differences between the 
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in vitro quantitative polymerase chain reaction groups or animal groups were de-
termined in SPSS by Kruskal-Wallis followed by pairwise comparison of groups by 
Mann-Whitney U with p < 0.05.

Results

9-cis Retinoic Acid Differentially Modulates CDCA-Induced Transcription of 
Human BSEP and SHP
The mRNA levels of human BSEP and SHP were analyzed in FXR/RXRα-transfected 
HepG2.rNtcp cells cultured in the presence or absence of CDCA (100 μmol/L) and/
or 9cRA. CDCA alone resulted in a significant (4.9-fold) increase in BSEP mRNA 
levels (Figure 2.1A). The CDCA-induced BSEP transcription was, however, strongly 
attenuated when also 1 μmol/L 9cRA was added to the culture medium (58% compa-
red with CDCA-treated cells). This inhibitory effect was dose-dependent, and 9cRA 
did not increase BSEP transcription above the CDCA-induced level at any 9cRA con-
centration tested (down to 1 pmol/L; data not shown). In contrast, transcription of 
SHP was maximally induced in the presence of both ligands (Figure 2.1B). A simi-
lar ligand-dependent expression profile was detected in untransfected HepG2.rNtcp 
cells, and maximal effects were detected with 100 μM CDCA, although the same 
pattern of regulation was observed at lower concentrations of CDCA (Supporting 
Figure 2.S1).The nuclear RXRα protein levels appeared slightly but significantly de-
creased after 9cRA treatment (Figure 2.1C), as reported by others (27). However, 
9cRA did not significantly decrease nuclear RXRα levels in CDCA-treated HepG2.
rNtcp cells. HepG2.rNtcp cells showed normal viability under our experimental con-
ditions (Figure 2.1D). A reduction in cell viability was only detected at concentrati-
ons above 100 mol/L CDCA. Therefore, our data show that, in addition to synthetic 
ligands (16), natural ligands of RXRα repress FXR/CDCA-induced transcription of 
BSEP. Moreover, SHP transcription is regulated in an opposite fashion under identi-
cal experimental conditions. 

Table 2.1. Effect of VAD and the CA-diet on General Animal Characteristics

Control
n = 6

Control + CA
n = 7

VAD
n = 6

VAD + CA
n = 7

Body weight (g) 26.9 ± 1.1 25.8 ± 1.6 22.9 ± 2.8* 24.6 ± 3.6†
Liver weight (g) 1.0 ± 0.2 1.2 ± 0.1 1.0 ± 0.2 1.0 ± 0.2
Liver to body ratio (%) 3.7 ± 0.6 4.5 ± 0.3 4.4 ± 0.5 4.2 ± 0.8
Liver retinol (µmol/g) 93.6 ± 33.8 135.9 ± 34.2 n.d. n.d.

Data are presented as mean ± SD.
*Significantly different from control group.
†Significantly different from VAD group.
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Figure 2.1. Opposite effect of 9cRA on FXR/RXR/CDCA-induced expression of human BSEP and 
SHP
(A,B) FXR/RXRα-transfected HepG2.rNtcp cells were exposed to combinations of vehicle, 100 μmol/L 
CDCA, and 1 μmol/L 9cRA. BSEP (A) and SHP (B) mRNA levels were determined by quantitative 
RT-PCR and normalized to 18S (n = 5). CDCA-treated condition was set to 100%. (asignificantly diffe-
rent from transfected -/-; bsignificantly different from transfected -/9cRA; csignificantly different from 
transfected CDCA/-; dsignificantly different from transfected CDCA/9cRA) (C) FXR/RXRα-transfected 
HepG2.rNtcp cells were exposed to 0 or 100 μmol/L CDCA with or without 1 μmol/L 9cRA followed by 
isolation of nuclei. RXRα and P84 (nuclear marker) were detected by western blotting, and the RXRα 
signals from four independent experiments were quantified relative to P84. (D) HepG2 cell viability af-
ter 24 hours’ exposure to increasing concentrations of CDCA in the absence or presence of 1 μmol 9cRA. 
Reduced cellular adenosine triphosphate levels were only observed in HepG2 cells exposed to CDCA
concentrations above 100 μmol. Data are presented as mean ± SD. *P < 0.05.
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Figure 2.2. 9cRA inhibits CDCA-induced 
BSEP promoter activity, independent of the 
specific IR-1 sequence
(A) HepG2.rNtcp cells were transfected with 
pGL3-1649 and hRXRα and/or hFXR expres-
sion plasmids as indicated. Twenty-four hours 
after treatment with 100 μmol/L CDCA and va-
rious concentrations of 9cRA (μmol/L), cellular 
luciferase activities were determined. Values 
are presented as mean ± SD of n = 3. (B) The 
FXRE in the BSEP promoter was replaced by 
the FXRE from the SHP promoter. Nucleotide 
variations compared with the consensus IR-1 

are shown in bold; mutations in the BSEP FXRE are underlined. (C) The pBSEP-WT (pGL3-1649) and 
pBSEP-FXRESHP were co-transfected with hFXR and hRXR into HepG2.rNtcp cells. Twenty-four hours 
after treatment with combinations of vehicle, 100 μmol/L CDCA, and 1 μmol/L 9cRA, cells were harve-
sted and luciferase activities were determined. Values are presented as mean ± SD; n = 3.

9cRA Reduces the CDCA-Induced BSEP Promoter Activity by Inhibiting Bin-
ding of FXR/RXRα to the FXRE
To assess whether 9cRA acts directly on FXR/RXRα-regulated BSEP transcription, 
we performed BSEP promoter activity studies. HepG2.rNtcp cells were transfected 
with hFXR and hRXRα expression plasmids and pGL3-1649 containing the BSEP 
promoter sequence with an FXRE present at position 63 to 51. CDCA (100 μmol/L) 
induced BSEP promoter activity 11-fold in these cells. 9cRA reduced the CDCA-in-
duced luciferase activity in a dose-dependent manner (63% at 1 μmol/L 9cRA; Fi-
gure 2.2A), similar to the effect of 9cRA on the endogenous BSEP mRNA levels. To 
establish the molecular mechanism involved, we performed FXR/RXRα pulldown 
assays using a biotin-labeled 53-bp DNA fragment from the human BSEP promo-
ter containing the FXRE (Figure 2.3). CDCA and/or 9cRA were added to protein 
extracts of HepG2.rNtcp cells, followed by precipitation by the biotin-labeled FXRE 
beads and western blot analysis for FXR and RXRα. CDCA clearly induced binding 
of both FXR and RXRα to the FXRE beads, whereas 9cRA strongly reduced binding 
of RXRα (80%) and FXR (30% to 40%). Similar results were obtained by electrop-
horetic mobility shift assays (Supporting Figure 2.S2).These results are in line with 
earlier observations that 9cRA inhibits binding of in vitro translated FXR/RXRα to 
the BSEP-FXRE after co-stimulation with the synthetic
FXR ligand GW4064 (16). We next evaluated whether the opposite effect of 9cRA on 
FXR/CDCAinduced expression of BSEP and SHP is attributable to the specific nu-
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cleotide sequence of the FXREs in the promoter elements of the corresponding genes. 
The FXRE in the BSEP promoter was changed to the one present in the SHP promo-
ter (Figure 2.2B; pBSEP-FXRESHP contains six mismatches compared with the BSEP 
promoter). As shown in Figure 2.2C, 9cRA also reduced the CDCA-induced activity 
of the pBSEP-FXRESHP mutant promoter, similar to the wild-type BSEP promoter.

Figure 2.3. RXRα acts as a nonpermissive 
partner of FXR at the BSEP FXRE
A 53-bp biotinylated DNA probe containing 
the BSEP FXRE was incubated in vitro with a 
total protein extract of HepG2.rNtcp cells in 
the presence or absence of 9cRA and/or CDCA. 
Streptavidin-coated agarose beads were used to 
precipitate the DNA probe with associated pro-
teins. Antibodies against FXR and RXRα were 
used in western blot analysis, and the signals 
were quantified as a measure for ligand-depen-

dent binding/release to the BSEP FXRE. CDCA induced binding of FXR and RXRα to the FXRE (both 
set at 100%), and 9cRA reduced binding of both nuclear receptors under basal and CDCA-induced 
conditions.

Vitamin A Deficiency Increases Cholic Acid–Induced Bsep Expression in Mouse 
Liver.
Next, we analyzed whether vitamin A plays a role in regulation of hepatic Bsep and 
Shp expression in mice. From our in vitro data, we hypothesized that Bsep expression 
is high when vitamin A levels are low. Therefore, we generated vitamin A–deficient 
(VAD) mice and fed them a cholic acid (CA)–supplemented diet. Retinol levels were 
undetectable in the livers of VAD mice, whereas these were readily detectable in mice 
on control diets (Table 2.1). CA treatment itself did not significantly affect hepatic 
vitamin A levels. CA feeding of VAD mice resulted in a strong induction of hepatic 
Bsep mRNA levels (3.2-fold increased compared with control; p = 0.002), whereas 
only a 1.7-fold increase was observed in mice on control diets (p = 0.001; Figure 
2.4A). Importantly, Bsep mRNA levels were similar in VAD and control mice that 
did not receive CA. In contrast, Shp mRNA levels were highest in CA-fed ontrol mice 
(2.2-fold increase compared with control without CA feeding; p = 0.022) (Figure 
2.4B). CA feeding of mice has been reported to lead to FXR-dependent downregula-
tion of Ntcp (28). Indeed, we found that the Ntcp mRNA levels were strongly reduced 
in CA-fed control mice (67%, p = 0.022 versus control) (Figure 2.4C). Remarkably,
CA feeding had no effect on Ntcp mRNA levels in VAD mice, which were comparable 
to control mice. Rxrα gene transcription was similar in all four groups. Only a slight 
and significant increase of Rxrα mRNA level was detected in the VAD+CA group 
(1.5-fold increase compared with control, p = 0.009, Figure 2.4D). Bsep protein levels 
in purified liver plasma membranes were comparable in control and VAD mice (Fi-
gure 2.5A). CA feeding of control mice did not lead to a significant increase in Bsep 
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protein levels. In contrast, Bsep protein levels were markedly increased (2.5-fold) in 
VAD+CA mice. Immunofluorescent microscopical analyses of liver sections showed 
a normal canalicular staining for BSEP for mice from all four groups, indicating that 
neither the VAD diet nor CA feeding gave rise to abnormal BSEP sorting in hepato-
cytes (Figure 2.5B-E).

Figure 2.4. Effect of CA feeding on hepatic mRNA levels of selected genes in control and VAD mice 
Total RNA was isolated from livers of mice either fed the control diet (black bars) or VAD diet (white 
bars), with (+) or without (-) CA supplementation. Relative Bsep (A), Shp (B), Ntcp (C), and Rxrα (D) 
mRNA levels were analyzed by quantitative RT-PCR and normalized to 18S. Data are presented as mean  
± SD of individual mice per group. (aSignificantly different from control group; bsignificantly different 
from control+CA group; csignificantly different from VAD group; dsignificantly different from VAD+ 
CA group)

Bile Salt Clearance Is Not Increased in CA-fed VAD Mice
To determine the consequences of the altered bile salt transporter expression in VAD 
mice, we analyzed the serum bile salt concentration in the four animal groups (Fi-
gure 2.6). As expected, the serum bile salt concentration was increased in CA-fed 
control mice compared with the control animals (29.5 ± 4.4 μmol/L versus 55.8 ± 
17.7 μmol/L, p = 0.006). A VAD diet per se did not lead to elevated serum bile salt 
levels. However, levels in CA-fed VAD mice were significantly increased compared 
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with those in VAD mice (30.2 ± 8.5 versus 107.7 ± 93.1, p = 0.002). No significant 
difference was observed between the CA-fed control and VAD groups. To find an 
explanation for the elevated serum bile salt levels in the CA-fed VAD mice, we de-
termined the protein levels of NTCP in total hepatic membranes. In sharp contrast 
to what was expected from the mRNA levels (Figure 2.4C), Ntcp protein levels were 
strongly reduced (77%) in the CA-fed VAD mice (Figure 2.7). This may strongly 
limit the hepatic bile salt uptake from the serum.

Figure 2.5. Bsep protein expression is increased by CA feeding in VAD mice, but not in control mice 
(A) Total plasma membranes were isolated from three or four pooled livers from control or VAD mice 
receiving a diet supplemented with (+) or without (-) CA. Equal amounts of two independent mem-
brane isolations were analyzed by western blotting for BSEP and Na+K+-ATPase protein expression. 
Western blot signals were scanned and quantified by Quantity One software. BSEP levels are expressed 
relative to the Na+K+-ATPase . BSEP levels of control mice were set to 1. Values are presented as mean 
± SD. (B-E) Liver sections from control mice (B), CA-fed control mice (C), VAD mice (D), and CA-fed 
VAD mice (E) were stained for BSEP, and its subcellular location was determined by confocal laser 
scanning microscopy.
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Discussion

In this study, we show that vitamin A and its derivative 9cRA exert both transcripti-
onal and post-transcriptional effects on the expression of hepatic proteins involved 
in bile salt homeostasis. Because cholestatic liver disease is associated with vitamin 
A deficiency (13-15), it is crucial to understand the molecular mechanisms involved. 
This may lead to novel treatment strategies aimed at optimizing transporter function 
in the liver.
The FXR/RXRα heterodimer is the key transcriptional factor that controls bile salt 
homeostasis. Activation of FXR/RXRα by bile salts is well documented. The role of 
ligand-activated RXRα in regulation of FXR/RXRα target genes has not been syste-
matically studied. RXRα is a dimerization partner for many nuclear receptors. Ligand 
(9cRA)-activated RXRα is called a permissive partner when it super-induces expres-
sion of target genes in combination with another ligand-activated nuclear receptor. It 
also may be inert or even repress expression of such genes and is then called a non-
permissive partner. As a nonpermissive partner for the vitamin D receptor (VDR), 
it has been shown that 9cRA destabilizes the DNA-bound RXRα/VDR heterodimer 
(29) Previously, RXRα has been shown to act as a permissive partner for FXR in the 
regulation of IBABP and PLTP (30, 31). Our study shows that 9cRA represses FXR/
RXRα/bile salt–induced expression of BSEP. Conversely, it super-induces bile salt–
induced transcription of human SHP in vitro and mouse Shp in vivo. 9cRA inhibits 
CDCA-induced transcription of BSEP also when its FXRE is mutated to the FXRE 
found in the SHP promoter. Our FXR/RXRα pull-down assay with the biotin-labeled 
FXRE DNA element together with electrophoretic mobility shift assays performed by 
us and others (16) show that 9cRA inhibits binding of the FXR/RXRα heterodimer 
to its IR-1 target sequence in the BSEP promoter. This suggest that at the IR-1 site, 
RXRα acts as a nonpermissive partner for FXR and that in case of co-stimulation by 
liganded FXR and RXRα additional binding sites or cofactors are involved.
It is important to note that in the presence of 9cRA, CDCA does induce FXR/
RXRα-dependent expression of human BSEP. Under these conditions, the promoter 
activity was induced 4.1-fold. Similar findings have been reported by others as well 
(7).

Figure 2.6. Plasma bile salt levels in control 
and VAD mice, with or without CA feeding
Bile salt concentrations were determined in 
control mice (black bars) and VAD mice (white 
bars), with (+) or without (-) CA in their diet. 
Data are presented as mean ± SD of indivi-
dual mice per group. (aSignificantly different 
from control group; bsignificantly different 
from control+CA group; csignificantly different 
from VAD group; dsignificantly different from 
VAD+CA group)
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Figure 2.7. Ntcp protein levels are strongly reduced in CA-fed VAD mice
Total plasma membranes were isolated from three or four pooled livers from control or VAD mice re-
ceiving a diet supplemented with (+) or without (-) CA. Equal amounts of two independent membrane 
isolations were analyzed by western blotting for NTCP and Na+K+-ATPase protein expression. Western 
blot signals were scanned and quantified by Quantity One software. NTCP levels are expressed relative 
to the Na+K+-ATPase. NTCP levels of control mice were set to 1. Values are presented as mean ± SD.

However, the induction was found to be much more pronounced in the absence of 
9cRA, where the promoter activity was induced 11-fold. A crucial factor to detect this 
difference is the use of lipid-stripped serum in the in vitro experiments. Normal se-
rum appears to contain sufficient retinols to repress the CDCA-dependent induction.
From our in vitro data, we hypothesized that the physiological levels of vitamin A 
may actually limit bile salt–induced expression of Bsep in mice with a normal vita-
min A status. In line with this, Wolters et al. (32) reported only minor effects on Bsep 
expression after taurocholic acid feeding of wild-type mice. Therefore, we generated 
vitamin A–deficient mice that were subsequently fed a CA-supplemented diet. In-
deed, vitamin A deficiency strongly increased CA-induced Bsep mRNA and protein 
expression in mice. In line with the in vitro data, Shp transcription was highest in 
the control mice fed CA. Transcriptional down-regulation of Ntcp during cholestatic 
conditions in rodents is routinely observed (28, 33-35). Remarkably, Ntcp mRNA 
levels were not reduced by CA feeding of VAD mice. These data suggest that the 
livers of VAD+CA mice have an increased capacity to transport bile salts from the 
serum to the bile. It was therefore surprising to find that the serum bile salt concen-
trations were higher in these mice. The only explanation we can offer at this moment 
is that VAD mice contain significantly reduced Ntcp protein levels. Apparently, the 
combination of VAD and cholestasis induces a posttranscriptional reduction of the 
Ntcp protein level. Reduced NTCP protein levels with sustained mRNA levels have 
also been described in patients with progressive familial intrahepatic cholestasis (36). 
This may be a consequence of reduced retinoid levels or signaling causing a posttran-
scriptional reduction of NTCP. Selective protein synthesis and/or turnover have not 
yet been studied under vitamin A-deficient conditions, so we cannot speculate on the 
mechanisms that may cause this phenomenon.
Liver disease, in particular chronic cholestatic liver disease, is associated with vitamin 
A deficiency (13-15). However, vitamin A supplementation in liver disease is contro-
versial (37). The complex regulation of hepatic bile salt transporters as described in 
this study may be the first step to elucidate this phenomenon. In chronic cholestatic 
liver disease, the increased intrahepatocellular bile salt concentration, in combina-
tion with a decreased vitamin A concentration, presents the optimal condition for 
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BSEP induction. At the same time, NTCP expression is reduced by a post-transcrip-
tional mechanism. This may be viewed as a cytoprotective adaptation of the hepato-
cyte, leading to decreased bile salt uptake and increased bile salt secretion capacity. 
In these patients, supplementation with vitamin A may even aggravate liver damage 
because it would reduce BSEP and increase NTCP levels. However, in case of ex-
trahepatic bile duct obstruction, persistent or elevated BSEP activity may contribute 
to increased intraluminal pressure in the intrahepatic cholangioles. This may result 
in bile infarcts and cause considerable damage to the liver parenchyma (38). Urso-
deoxycholic acid therapy may be harmful for these patients, because it further incre-
ases biliary pressure. Reducing BSEP expression through vitamin A supplementation 
may decrease liver damage in this case. Support for this hypothesis was provided by 
De Freitas et al. (39), who showed that vitamin A supplementation in combination 
with biliary obstruction results in a significant reduction of liver fibrosis in rats.
In conclusion, we show that vitamin A plays an important but complex role in bile 
salt homeostasis. A detailed analysis of the transcriptional and posttranslational me-
chanisms involved may help to better predict the therapeutic effect of vitamin A sup-
plementation in patients with chronic liver disease.
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Supplementary Figure 2.S1. Opposite effect of 9cRA on CDCA-induced expression of endogenous 
human BSEP and SHP
HepG2.rNtcp cells (not transfected) were exposed to combinations of vehicle, different concentrations 
of CDCA and 1 μmol/L 9cRA. BSEP (A and B) and SHP (C and D) mRNA levels were determined by 
quantitative RT-PCR and normalized to 18S. Transcription of both BSEP and SHP is maximally induced 
in the presence of 100µM CDCA. 9cRA inhibits the CDCA-induced transcription of BSEP at all CDCA 
concentrations tested (A). In contrast, 9cRA super-induced transcription of SHP at all CDCA-concen-
trations tested (B). A representative experiment is shown in A and C, measured in triplo. Untreated con-
dition was set to 1. Data (B and D) presented as means ± sd, n = 3. CDCA-treated condition was set to 
100%. (asignificantly different from transfected -/-; bsignificantly different from transfected -/9cRA; csig-
nificantly different from transfected CDCA/-; dsignificantly different from transfected CDCA/9cRA).
We have shown earlier the increase of absolute BSEP levels in FXR/RXRα-transfected and CDCA-sti-
mulated HepG2.rNtcp cells versus CDCA-stimulated untransfected cells (Plass et al. 2002). A simi-
lar ligand-dependent expression profile for BSEP and SHP is observed in untransfected and FXR/
RXRα-transfected HepG2.rNtcp cells (Figure 2.1).
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Supplementary Figure 2.S2. FXR/RXRα binding to the BSEP-FXRE oligonucleotide is lost upon 
9cRA treatment
HepG2.rNtcp cells were incubated with vehicle (lanes 1 and 2), with 100 µmol/L CDCA (lanes 3 and 4), 
or with 100 µmol/L CDCA and 1 μmol/L 9cRA (lanes 5 and 6). Nuclear extracts were obtained and an 
electromobility shift assay was performed using a radioactively-labeled double stranded nucleotide con-
taining the FXRE from the BSEP promoter. A clear protein-DNA complex is observed when the labeled 
oligonucleotide was incubated with nuclear extracts from untreated and CDCA-treated HepG2.rNtcp 
cells, whereas this protein-DNA complex was completely absent when also 9cRA was added.
Material and Methods: Isolation of nuclear extracts from HepG2.rNtcp cells and the protocol for the 
electrophoretic mobility shift assay (EMSA) were performed according to (23). The DNA-probe was end 
labeled with [α-32P]dATP (Amersham, Buckinghamshire, UK) using Klenow polymerase (Promega, 
Madison, USA) and contained the IR-1 sequence (underlined) from the BSEP promoter: 5’-GATCCCT-
TAGGGACATTGATCCTTAGG-3’.

Supplementary Table 2.S1. Oligo’s for site-directed mutagenesis of the FXRE in the BSEP promoter 
and biotin-labeled BSEP-FXRE probe

Oligo Sequence

Fwd BSEP FXRESHP 5'-GCTGCCCTTAGAGTTAATGACCTTTAGGCAAATAGATAATGTTCT-3' 

Rev BSEP FXRESHP 5'-CTATTTGCCTAAAGGTCATTAACTCTAAGGGCAGCCCAAGCACAGT-3' 

Fwd BSEP probe biotin- 5’-TGTCACTGAACTGTGCTTGGGCTGCCCTTAGGGACATTGATCCTTAGGCAAAT-3’

Rev BSEP probe 5’-ATTTGCCTAAGGATCAATGTCCCTAAGGGCAGCCCAAGCACAGTTCAGTGACA-3”

The FXRE in the BSEP promoter was replaced by the FXRE of the SHP promoter using the indicated 
primers by full vector amplification. The FXRE region is depicted in italics. The nucleotides that are 
different between the BSEP- and SHP-FXRE are underlined. Two 53-bp oligo’s were annealed creating 
a double stranded, biotin-labeled 53-bp DNA fragment from the BSEP promoter containing the FXRE 
(underlined).
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Supplementary Table 2.S2. QPCR primer-probe sets used in this study

Gene Oligo sequences
h/m18S Fwd:

Rev:
Probe:

5’-cgg cta cca cat cca agg a-3’
5'-cca att aca ggg cct cga aa-3'
5'-cgc gca aat tac cca ctc ccg a-3'

hBSEP (ABCB11) Fwd:
Rev:
Probe:

5-’aca tgc ttg cga gga cct tta-3’
5'-gga ggt tcg tgc acc agg ta-3'
5'-cca tcc ggc aac gct cca agt ct-3'

hSHP (NR0B2) Fwd:
Rev:
Probe:

5’-gtc cag cta tgt gca cct cat c-3’
5’-ttc ctg agg aag gcc act gt-3’
5’- tcc aag gcc tcc cgg cag g-3’

mBsep(Abcb11) Fwd:
Rev:
Probe:

5-’ ctg cca agg atg cta atg ca-3’
5'-cga tgg cta ccc ttt gct tct-3'
5'-tgc cac agc aat ttg aca ccc tag ttg g-3'

mShp (Nr0b2) Fwd:
Rev:
Probe:

5’- acc tgc aac agg agg ctc act-3’
5’-tgg aag cca tga gga gga ttc-3’
5’-tcc tgg agc cct ggt acc cag cta gc-3’

mNtcp (Slc10a1) Fwd:
Rev:
Probe:

5-’ atg acc acc tgc tcc agc tt-3’
5-’gcc ttt gta ggg cac ctt gt-3’
5’-cct tgg gca tga tgc ctc tcc tc-3’

mRXRα (Nr2b1) Fwd:
Rev:
Probe:

5’-ggc aaa cat ggg gct gaa c-3’
5’-gct tgt ctg ctg ctt gac aga t-3’
5’-cca gct cac caa atg acc ctg tta cca ac-3’

Probes were 5‘-FAM/3‘-TAMRA labeled.






