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Serum levels of HDL are inversely correlated with the risk of coronary heart disease. The anti-atherogenic effect of HDL
is partially mediated by its major protein constituent apoA-I. In this study, we identify bile acids that are activators of the
nuclear receptor farnesoid X receptor (FXR) as negative regulators of human apoA-I expression. Intrahepatocellular
accumulation of bile acids, as seen in patients with progressive familial intrahepatic cholestasis and biliary atresia, was
associated with diminished apoA-I serum levels. In human apoA-I transgenic mice, treatment with the FXR agonist
taurocholic acid strongly decreased serum concentrations and liver mRNA levels of human apoA-I, which was associated
with reduced serum HDL levels. Incubation of human primary hepatocytes and hepatoblastoma HepG2 cells with bile
acids resulted in a dose-dependent downregulation of apoA-I expression. Promoter mutation analysis and gel-shift
experiments in HepG2 cells demonstrated that bile acid–activated FXR decreases human apoA-I promoter activity by a
negative FXR response element mapped to the C site. FXR bound this site and repressed transcription in a manner
independent of retinoid X receptor. The nonsteroidal synthetic FXR agonist GW4064 likewise decreased apoA-I mRNA
levels and promoter activity in HepG2 cells.
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Introduction
Epidemiological studies have shown that low HDL cho-
lesterol levels in serum are associated with an increased
risk of coronary heart disease (1). Recently, results from
the Veterans Affairs High-Density Lipoprotein Choles-
terol Intervention Trial (VAHIT) indicated that phar-
macological elevation of HDL concentrations may con-
tribute to a reduction of coronary events (2). A major
protein component of HDL (3), apoA-I promotes cho-
lesterol and phospholipid efflux from tissues via the
ABCA1 pathway (4), the first step of reverse cholesterol
transport (5). During this process, cholesterol is trans-
ported from peripheral tissues to the liver, where it is
converted into bile acids and secreted together with free
cholesterol into the bile (5, 6). The demonstration that
mice overexpressing human apoA-I are protected from
atherosclerosis provided direct evidence for the protec-
tive action of this apolipoprotein (7). Given the pivotal
role of apoA-I in the reverse cholesterol transport path-
way, a better understanding of mechanisms that regu-
late apoA-I synthesis and thus control HDL levels is of
potential therapeutic importance.

The farnesoid X receptor (FXR) (NR1H4) is a mem-
ber of the nuclear receptor superfamily and is expressed
in the intestine, kidney, and liver (8, 9) and binds to
FXR response elements (FXREs) after heterodimeriza-
tion with the retinoid X receptor (RXR). The optimal
DNA-binding sequence for the FXR/RXR heterodimer
is an inverted repeat composed of two AGGTCA half-
sites spaced by one nucleotide (IR-1) (10). Recently, it
was shown that bile acids are ligands for FXR (11–13)
and that FXR negatively regulates bile acid production
by decreasing transcription of Cyp7A, which encodes a
rate-limiting enzyme of the bile acid synthesis pathway
(14, 15). In addition, FXR activates transcription of the
intestinal bile acid–binding protein (I-BABP) (16),
which is a cytosolic intestinal protein that binds bile
acids with high affinity and is implicated in their
enterohepatic circulation (17), and also transcription
of the bile salt export pump (BSEP) (18), which pro-
motes bile acid efflux from the liver.

Recent findings have shown that FXR regulates
lipoprotein metabolism. Genetic evidence came from
FXR-deficient mice (19) that display elevated serum
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cholesterol and triglyceride levels. Moreover, FXR
mediates bile acid induction of phospholipid transfer
protein expression (20), which plays a role in HDL
remodeling (21). Interestingly, results from previous
studies using bile acid sequestrants demonstrated
that disruption of bile acid enterohepatic recircula-
tion significantly increases HDL concentrations both
in humans (22, 23) and animals (24). Moreover,
cholestyramine treatment increases serum concentra-
tions of lipoprotein A-I (LpA-I) (22), which is an
antiatherogenic apoA-I–containing HDL particle. In
addition, it has been reported that treatment of gall-
stone patients, as well as patients with cerebrotendi-
nous xanthomatosis, with chenodeoxycholic acid, a
relatively hydrophobic primary bile acid and FXR ago-
nist, lowers serum HDL levels (25, 26). Taken togeth-
er, these observations point to a potential role for
FXR in HDL and, possibly, apoA-I metabolism.

The goal of this study was to determine whether bile
acid FXR agonists influence HDL metabolism through
regulation of apoA-I gene expression. Serum apoA-I
concentrations were reduced in patients with hepato-
cellular progressive familial intrahepatic cholestasis
(PFIC) or bile duct–related cholestatic liver disease bil-
iary atresia (BA), experiencing systemic and intrahep-
atic bile acid accumulation. Since the human apoA-I
transgenic mouse model has proven a good model to
study the in vivo regulation of human apoA-I gene
expression (27), the influence of bile acid treatment on
human apoA-I expression and serum HDL metabolism
was subsequently studied in these mice. Our results
show that bile acids downregulate apoA-I expression at
both mRNA and protein levels and reduce serum HDL.
Furthermore, using human hepatoblastoma HepG2
cells, it is demonstrated that bile acids, as well as the
synthetic FXR agonist GW4064, repress apoA-I mRNA
levels and promoter transcription via activation of
FXR. The C site was identified as the negative FXRE in
the human apoA-I promoter to which FXR binds inde-
pendently of RXR. These findings indicate that bile
acids control serum apoA-I and HDL levels.

Methods
Patients. The apoA-I levels and liver function parameters
were investigated in children with PFIC with low γ-glu-
tamyltransferase (GGT) activity (mean 17 ± 8 U/l, 
n = 15), BA (n = 15), or in healthy volunteers (n = 110).
Diagnosis was made on the basis of typical clinical
symptoms, biochemical abnormalities, histological
examination, and/or surgical exploration.

Determination of total serum bile acids and apoA-I in
patients. GGT was measured by standard methods.
Total bile acid concentrations in serum were deter-
mined enzymatically as described (28). The serum con-
centrations of apoA-I were measured by competitive
solid-phase ELISA using mAb’s (29) or in a turbido-
metric assay (Serapak; Bayer AG, Leverkusen, Ger-
many). Statistical significance was calculated by
ANOVA and a post-hoc test was performed using Dun-

nett’s T3 test for multigroup comparison (SPSS Sci-
ence, Chicago, Illinois, USA).

Animals and treatment. Female human apoA-I trans-
genic mice (30) in a C57BL/6 genetic background
(IFFA-CREDO, L’Arbresle, France) were divided into
two groups of animals (n = 4 each) randomized on
serum apoA-I levels. One group received a standard
rodent chow diet (control), whereas the other group
received the same diet containing 0.5% (wt/wt) tauro-
cholic acid (TCA) (Sigma-Aldrich, L’Isle d’Abeau
Chesnes, France) for 5 days. Blood was obtained after a
4-hour fasting period by retro-orbital puncture under
barbital-induced anesthesia, and serum was kept at
–20°C until analysis. At the end of the treatment ani-
mals were sacrificed, organ weights were recorded, and
livers were collected and frozen until further analysis.

Analysis of serum lipids and apoA-I levels in mice. Serum
cholesterol concentrations were determined by an enzy-
matic assay using commercially available reagents
(Cholesterol C System; Boehringer Mannheim GmbH,
Mannheim, Germany). Serum human apoA-I levels
were determined by immunonephelometry using the
Berhing Nephelometer Apparatus system and apoA-I
standards (Behringwerke AG, Marburg, Germany).
Lipoprotein cholesterol profiles were determined by
fast protein liquid chromatography (FPLC). Two-hun-
dred microliters of serum were injected into a Superose
6HR 10/30column (Pharmacia LKB Biotechnology,
Uppsala, Sweden), and lipoproteins were separated at a
flow rate of 0.2 ml/min. The elution profile was moni-
tored at 280 nm and recorded using an analogue
recorder chart-tracing system (Pharmacia LKB Biotech-
nology). The effluents were collected in 0.26-ml frac-
tions. Cholesterol was measured in each collected frac-
tion using commercially available enzymatic kits
(Cholesterol C System; Boehringer Mannheim GmbH).

Cell culture and transfection assays. Human primary
hepatocytes were isolated as described previously (31)
and were incubated 48 hours in dexamethasone-free
William’s E medium without serum containing chen-
odeoxycholic acid (CDCA; 10 µM). HepG2 cells and
HepG2 cells expressing the Na+-TCA cotransporting
polypeptide (NTCP) (32) were grown in DMEM sup-
plemented with 10% FCS, streptomycin/penicillin,
sodium pyruvate, glutamine, and nonessential amino
acids (Life Technologies, Cergy-Pontoise, France) at
37°C in a humidified 5% CO2 atmosphere. The medi-
um was changed every 48 hours. HepG2 cells were
treated with either CDCA or TCA at the indicated con-
centrations for 36 hours (dose response experiment) or
with either GW4064 (5 µM) or CDCA (75 µM) for the
indicated times (time course experiment). GW4064 was
synthesized in the chemistry department of Genfit SA
(Loos, France), according to Maloney et al. (33). HepG2
cells were transfected using Lipofectamine (Life Tech-
nologies). One microgram of the indicated firefly
luciferase reporter plasmids were cotransfected with or
without 300 ng of pcDNA3 hFXR, 300 ng of pSG5
mRXRα, or pSG5 (Stratagene, La Jolla, California,
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USA) and pcDNA3 (Invitrogen, Leek, The Netherlands)
empty vectors as control. All samples were comple-
mented with pBSK+ plasmid (Stratagene) to an identi-
cal total amount of DNA (2 µg). After 3 hours, cells
were incubated with medium containing 10% FCS with
or without CDCA (75 µM) or GW4064 (100 nM), and
luciferase activity was assayed 36 hours later using a LB
9507 LUMAT luminometer. Transfection efficiency
was monitored by cotransfecting 300 ng of a CMV-driv-
en β−galactosidase expression plasmid. Transfection
experiments were done at least three times in triplicate.

RNA analysis, RT-PCR, and Q-PCR. Total RNA was iso-
lated from livers or cells by the acid guanidinium thio-
cyanate/phenol/chloroform method (34), and North-
ern blot analysis was performed as described (35).
Human and mouse apoA-I and 28S cDNAs were used as
probes, and filters were hybridized to 106 cpm/ml of
each probe. For RT-PCR analysis of FXR expression,
total RNA from HepG2 or HepG2 NTCP cells was
reverse transcribed using random hexamer primers and
Superscript reverse transcriptase (Life Technologies,
Paisley, United Kingdom) and subsequently amplified
by PCR using as primers the NR1H4S (5′-GAAGTG-
GAACCATACTCGCAATACA-3′) and the NR1H4AS 
(5′-AACATAGCTTCAACCGCAGACC-3′) oligonucleotides
(fragment size: 861 bp). For positive control, pcDNA3
hFXR was used. The resulting products were separated
on a 1% agarose gel and stained with ethidium bromide.
For quantitative PCR, reverse-transcribed SHP and 28S
cDNAs were quantified by real-time PCR on a MX 4000
apparatus (Stratagene), using specific oligonucleotide
primers SHP: 5′-CTCTTCCTGCTTGGGTTGGC-3′ and 5′-
GCACATCGGGGTTGAAGAGG-3′, and 28S: 5′-AAACTCTG-
GTGGAGGTCCGT-3′ and 5′-CTTACCAAAAGTGGC CCAC-
TA-3′ (36). PCR amplification was performed in a
volume of 25 µl containing 100 nM of each primer, 4
mM MgCl2, the Brilliant Quantitative PCR Core
Reagent Kit mix as recommended by the manufacturer
(Stratagene), and SYBR Green 0.33X (Sigma-Aldrich).
The conditions were 95°C for 10 minutes, followed by
40 cycles of 30 seconds at 95°C, 30 seconds at 55°C, and
30 seconds at 72°C. SHP mRNA levels were subse-
quently normalized to 28S mRNA.

Plasmid cloning and site-directed mutagenesis. The human
apoA-I promoter was cloned as described previously (37).
C3 TKpGL3 constructions were obtained by cloning
three copies of the C (5′-CAGAGCTGAT CCTTGAACTCT-
TAAGTT-3′) site in the TKpGL3 luciferase vector. Muta-
tions were introduced in the C site of the human 
apoA-I promoter using the Quick Change Site Directed
Mutagenesis Kit (Stratagene) and the oligonucleotides
Cmt (5′-CAGAGCTGATCCTTATATATTAAGTT-3′) and CGG

(5′-CAGAGCTGATCCT TGAAGTGTTAAGTT-3′), where
nucleotides in bold indicate the mutated bases. To cre-
ate a FXR mutant that is defective in heterodimerization
with RXR, the Leu at position 433 in FXR was mutated
into Arg using the oligonucleotide Leu433Arg (5′-
CCACTTCTTGATGTGCGACAAAAG TTGTGTAAG-3′). The
mutated nucleotide is indicated in bold.

Electrophoretic mobility shift assays (EMSA). Human
wild-type and mutated FXR and mRXRα proteins
were synthesized in vitro using the TNT Quick Cou-
pled Transcription/Translation System (Promega,
Madison, Wisconsin, USA). Double-stranded oligonu-
cleotides were end labeled with γ-32P ATP using T4-
polynucleotide kinase. FXR and/or RXR proteins (2
µl) were incubated for 15 minutes at room tempera-
ture in a total volume of 20 µl with 2.5 µg poly(dI-dC)
and 1 µg herring sperm DNA in binding buffer (10
mM HEPES, pH 7.6, 2.5 mM MgCl2, 10% glycerol, 2.5
mg/ml BSA, 50 mM NaCl, and 0.5 mM DTT) before
the radiolabeled probe (0.5 ng) was added. Binding
reactions were further incubated for 15 minutes and
resolved by 6% nondenaturing polyacrylamide gel
electrophoresis in 0.25X Tris-Borate-EDTA (TBE)
buffer at room temperature. For competition experi-
ments, the following unlabeled oligonucleotides were
included in the binding reaction at the indicated
excess concentrations over the probe just before
adding the labeled oligonucleotide: apoA-I C wild-
type (Cwt: 5′-CAGAGCTGATCCTTGAACTCTTAAGTT-3′)
and mutated oligonucleotides (Cmt: 5′-CAGAGCT-
GATCCTTATATATTAAGTT-3′ or CGG: 5′-CAGAGCTGAT-
CCTTGAAGTGTTAAGTT-3′); a FXR IR-1 consensus
response element-containing oligonucleotide (IR-1:
5′-GATCTCAAGAGGTCATTGACCTT TTTG-3); and the
natural I-BABP FXR response element–containing
oligonucleotide (I-BABP: 5′-CCCCAGGGTGAATAAC-
CTCGGGG-3′). For mapping of the FXRE in the C site,
labeled apoA-I C wild-type, Cmt, or CGG oligonucleo-
tides were included in the binding reaction mixture.

Results
Low serum apoA-I concentrations in patients with low GGT-
type PFIC. To determine the influence of different
pathophysiological defects leading to cholestasis on
serum apoA-I levels in humans, serum apoA-I was deter-
mined in patients with PFIC leading to hepatocellular
cholestasis through BSEP deficiency (38) and BA with
primarily ductular cholestasis. Serum apoA-I levels in
PFIC and BA patients were low when compared with
normal controls (PFIC: 0.26 ± 0.21 g/l; normal controls:
mean 0.8–1.1 g/l, depending on age). To exclude alter-
ations secondary to diminished liver synthetic function,
serum apoA-I levels were normalized to cholinesterase
(CHE) levels. In PFIC and BA patients the apoA-I/CHE
ratio was significantly lower when compared with con-
trols. Bile acid accumulation in serum as a quantitative
measure of cholestasis was similar in both groups of
patients and strongly increased compared with controls
(Figure 1). These observations suggest that apoA-I
expression is repressed under pathophysiological con-
ditions of intrahepatic bile acid accumulation.

Bile acid treatment reduces serum protein and liver mRNA
levels of apoA-I in human apoA-I transgenic mice. To study
whether human apoA-I gene expression is indeed reg-
ulated in vivo by bile acids, human apoA-I transgenic
mice were treated for 5 days with 0.5% TCA (wt/wt) or
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control chow diet. No changes in body weight or food
intake were observed between control and treated
groups (data not shown). TCA treatment led to a
strong decrease of serum cholesterol levels (Figure 2a).
The determination of lipoprotein cholesterol distribu-
tion demonstrated that the reduction of serum choles-
terol was mainly due to a decrease in the HDL-sized
fraction, whereas a slight increase of cholesterol in the
VLDL- and LDL-sized fractions was observed (Figure
2b). Furthermore, serum concentrations of human
apoA-I, the major apolipoprotein of HDL, were
reduced in TCA-treated animals (Figure 2c). To evalu-
ate whether the reduction of serum apoA-I levels was
correlated with decreased apoA-I mRNA levels in liver
in which the transgene is selectively expressed (7),
Northern blot analysis was performed on liver RNA iso-
lated from control and TCA-treated animals. Both
human and mouse apoA-I mRNA levels were marked-
ly decreased in livers of the TCA-treated mice (Figure
2d). Taken together these data indicate that both serum
levels and hepatic mRNA levels of human apoA-I are
downregulated by TCA feeding.

Bile acids decrease human apoA-I mRNA in human primary
hepatocytes and HepG2 cells. Human primary hepatocytes
and human hepatoblastoma HepG2 cells were used to
investigate the molecular and cellular mechanisms by
which bile acids regulate human apoA-I gene expression.
For this purpose, human primary hepatocytes were
incubated for 48 hours with 10 µM CDCA, and apoA-I
mRNA levels were determined by Northern blot analy-
sis (Figure 3a). An approximately 50% decrease in the
level of human apoA-I mRNA was observed in treated
cells when compared with vehicle-treated cells (Figure
3). As a control, mRNA levels of SHP, a well-character-
ized FXR target gene (14, 15), were measured. Treatment
with CDCA resulted in a 2.7-fold induction of SHP
mRNA (Figure 3b). Then, HepG2 cells were treated for
36 hours with increasing CDCA concentrations, and

apoA-I mRNA levels were determined by Northern blot
analysis (Figure 4a). A strong decrease in the level of
human apoA-I mRNA was observed in CDCA-treated
HepG2 cells when compared with control cells treated
with vehicle (Figure 4, a and b). Moreover, this reduction
occurred in a dose-dependent manner. Since hy-
drophilic bile acids, such as TCA, require the presence of
a specific transporter to be imported into cells (39),
HepG2 cells stably transfected with the NTCP were
treated for 36 hours with TCA at various concentra-
tions, and apoA-I mRNA levels were determined by
Northern blot analysis (Figure 4c). A reduction of 
apoA-I mRNA levels occurred in TCA-treated cells when
compared with vehicle-treated cells (Figure 4, c and d).
This reduction was already maximal at 20 µM of TCA, a
concentration likely to saturate the transporter (32).
Moreover, under the same conditions, an increase of
SHP mRNA was observed (1.9- ± 0.4-fold of untreated
control at 20 µM of TCA). Taken together, these data
indicate that both hydrophobic and hydrophilic bile
acids negatively regulate human apoA-I gene expression
in primary hepatocytes and HepG2 cells.

FXR is expressed in HepG2 and HepG2 NTCP cells. Since
transcriptional regulation by bile acids may be mediat-
ed by the FXR (11–13), it was investigated whether FXR
is expressed in the HepG2 cells used for these studies.
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Figure 1
Low serum apoA-I in patients with progressive familial intrahepatic
cholestasis. Serum apoA-I was determined in patients with low GGT-
type PFIC (n = 15) in patients with BA (n = 15) or in normal control
individuals (CON; n = 110). Serum apoA-I concentrations were nor-
malized to CHE activities; data are expressed as means ± SEM. Serum
total bile acid concentrations were also determined in the different
groups as a marker of cholestasis. Bile acid concentration is expressed
in micromoles per liter. Statistical analysis was performed by ANOVA
(P < 0.001) followed by Dunnett’s T3 test. *P < 0.001 versus control.

Figure 2
TCA decreases serum HDL cholesterol, apoA-I concentrations, and
liver apoA-I mRNA levels in human apoA-I transgenic mice. Human
apoA-I transgenic mice (n = 4/group) were fed a diet containing 0.5%
TCA (wt/wt) mixed in standard rodent chow for 5 days. Control mice
received standard rodent chow (CON). ApoA-I and cholesterol con-
centrations were measured in serum after a 4-hour fasting period, as
described in Methods. Values of serum total cholesterol (a) and
human apoA-I (c) are expressed as means ± SD. Sera of control and
treated mice were pooled and cholesterol profiles analyzed by FPLC
(b). Human and mouse apoA-I mRNA levels in the liver (d) were ana-
lyzed by Northern blot. 28S mRNA was measured as control.



RT-PCR was performed on RNA extracted from both
HepG2 and HepG2 NTCP (Figure 5) cells using specif-
ic oligonucleotide primers. A 821-bp amplicon repre-
senting the FXR transcript was obtained from both the
HepG2 and HepG2 NTCP cells (Figure 5, lanes 3 and
4). These results demonstrate that FXR is expressed in
HepG2 cells and thus could mediate the effects of bile
acids on apoA-I expression in these cells.

Mapping of an FXR response element in the human apoA-I
promoter. To test the hypothesis that FXR regulates
apoA-I gene expression, HepG2 cells were transfected
with different 5′ deletion constructs of the apoA-I pro-
moter (Figure 6a) in the presence or absence of FXR
and/or CDCA. As shown in Figure 6b, FXR slightly
decreased activity of the apoA-I promoter containing
the A, B, and C sites, an effect that was enhanced by the
presence of CDCA. This repression was still observed
on the BC and C deletion constructs, but was abolished
for the Pmin-containing apoA-I promoter construct.
Therefore, the C site appears to contain a site negative-
ly regulated by FXR. To test whether this site could
mediate the repression by FXR, mutations in the C site
were introduced in the context of the ABC promoter
construct (Figure 7a). Mutations in the C site abolished
the repression of apoA-I promoter activity by CDCA-
activated FXR (Figure 7b). Next, the C site was cloned
in 3 copies in front of the heterologous thymidine
kinase promoter–driven luciferase reporter gene (Fig-
ure 7c), and cotransfection experiments were per-
formed. Activity of the TKpGL3 vector driven by three
copies of the C site decreased in the presence of CDCA-
activated FXR, whereas no change in activity of the
TKpGL3 control vector was observed (Figure 7d).
Taken together, these results indicate that the C site is
a negative cis-acting element by which FXR represses
human apoA-I promoter activity.

Mapping of the FXR-binding site in the C site. To determine
whether human FXR can bind to the C site, gel shift
assays were performed. FXR in the presence of mRXR
bound as a heterodimer to the consensus IR-1 site (Fig-
ure 8a, lane 14). Interestingly, FXR alone already bound
to the C site, whereas only a very slight binding of the
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Figure 3
Bile acids decrease apoA-I mRNA levels in primary human hepato-
cytes. (a and b) Primary human hepatocytes were incubated for 48
hours with CDCA (10 µM) or vehicle. (a) Human apoA-I mRNA was
analyzed by Northern blot. 28S mRNA was measured as control. (b)
Densitometric quantification of apoA-I/28S mRNA levels. Values are
expressed as a percentage of mRNA levels in control cells and are
means ± SD (n = 3). SHP mRNA levels were measured by quantita-
tive RT-PCR and normalized to 28S RNA levels as control. Values are
expressed as fold induction of mRNA levels in control cells and are
means ± SD (n = 3).

Figure 4
Bile acids downregulate apoA-I mRNA
levels in human hepatoblastoma
HepG2 cells. (a and b) HepG2 cells
were incubated for 36 hours with
CDCA at the indicated concentrations
or with vehicle. (c and d) HepG2 cells,
stably transfected with the NTCP
expression vector, were incubated for
36 hours with TCA at the indicated
concentrations or with vehicle. (a and
c) Human apoA-I mRNA levels were
measured by Northern blot analysis.
28S mRNA was measured as internal
control. (b and d) Densitometric quan-
tification of apoA-I/28S mRNA levels.
Values are expressed as percentage of
mRNA levels in control cells and are
means ± SD (n = 3).



FXR/RXR heterodimer was observed in the presence of
RXR (Figure 8a, lanes 3 and 4). The mutations func-
tionally tested in a transfection assay (Figure 7) were
also used as probes in gel shift analysis. FXR in the
absence of mRXR bound to the C site (Figure 8a, lane
3). However, FXR did not bind the oligonucleotides
carrying the mutated C site, Cmt (Figure 8a, lanes 6 and
7), or CGG (Figure 8a, lane 9 and 10). The addition of
increasing amounts of the unlabeled apoA-I Cwt

oligonucleotide could compete for binding of FXR to
the radiolabeled Cwt site (Figure 8b, lanes 3–5), where-
as the apoA-I Cmt and CGG oligonucleotides did not
compete for binding (Figure 8b, lanes 6–8 and 9–11,
respectively). Thus, FXR alone was able to bind to the
apoA-I Cwt site in a manner independent of RXR.

Finally, the relative affinity of the C site compared
with consensus IR-1 and the natural FXRE from the
I-BABP promoter was examined by competition gel
shift analysis (Figure 8c). Binding of FXR to the C site
was competed to a similar extent by cold C site as by
the natural I-BABP FXRE (Figure 8c, lanes 9–11 and
6–8, respectively), and IR-1 oligonucleotide (Figure 8c,
lanes 3–5). Therefore the apoA-I C site binds FXR with
an affinity similar to the natural functionally active 
I-BABP FXRE (16).

A RXR dimerization-incompetent FXR binds the apoA-I C
site and negatively regulates apoA-I promoter activity. To
unequivocally demonstrate
that FXR binds to the C site
in a manner independent of
RXR, a mutation was intro-
duced by site-directed muta-
genesis in helix 10 of FXR at
position 433, replacing Leu
by Arg. Such mutation previ-
ously has been shown to
abolish RXR heterodimer-
ization of nuclear receptor
such as PPARα (40). The
DNA-binding properties of
this mutant Leu433Arg FXR
was analyzed by gel shift
assay and compared with
wild-type FXR (Figure 9a).
As expected, wild-type FXR
bound primarily as a het-

erodimer with RXR to the IR-1 consensus–containing
oligonucleotide. By contrast, Leu433Arg FXR did not
significantly heterodimerize with RXR, but bound
principally as a monomer or homodimer to the probe
(Figure 9a). Interestingly, Leu433Arg FXR also bound
to the C site, in a manner similar to wild-type FXR (Fig-
ure 9a, lanes 8 and 9 and 6 and 7, respectively). These
results demonstrate that FXR binds to the C site of the
apoA-I promoter independently of RXR.

Next, the transcriptional activity of Leu433Arg FXR
was determined and compared with wild-type FXR by
transient transfection experiments in HepG2 cells.
Interestingly, Leu433Arg activated transcription of a
reporter vector driven by the consensus IR-1 FXRE to a
much lesser extent than wild-type FXR (Figure 9b). By
contrast, Leu433Arg FXR repressed apoA-I promoter
activity to an extent similar to wild-type FXR (Figure
9c). Taken together, these results demonstrate that
FXR is able to decrease apoA-I gene transcription
through its C site without involvement of RXR.

The nonsteroidal FXR agonist GW4064 represses apoA-I
mRNA and promoter activity in HepG2 cells. Since bile
acids may exert FXR-independent effects by activating
other signal transduction pathways (41, 42), the influ-
ence of a synthetic nonsteroidal FXR agonist on 
apoA-I expression was tested. Treatment of HepG2 cells
with GW4064 led to a decrease of human apoA-I
mRNA levels in a time-dependent manner (Figure 10a),
albeit slightly delayed in time compared with CDCA.
Moreover, GW4064 decreased activity of the apoA-I
promoter in transient transfection assays (Figure 10b).
These results demonstrate that FXR activation results
in the repression of apoA-I expression.

Discussion
Recent data from the VAHIT provided evidence that
elevation of serum HDL levels contribute to a reduc-
tion in the incidence of coronary heart disease (2).
Therefore, the identification of environmental and
genetic factors controlling HDL levels remains an
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Figure 5
Bile acids decrease human apoA-I expression in HepG2 cells,
which express the bile acid nuclear receptor FXR. RT-PCR analysis
was performed using RNA from HepG2 (lane 3) and HepG2 NTCP
(lane 4) cells with oligos designed to amplify FXR. pcDNA3 hFXR
was used as positive control (lane 1) and water as negative con-
trol (lane 2). The 1-kb ladder from Gibco was used as size control
(lane 5) (Life Technologies).

Figure 6
Bile acids downregulate human apoA-I promoter activity by FXR acting on the C site. (a) Schematic
representation of the human apoA-I promoter constructs. (b) HepG2 cells were transfected with the
indicated human apoA-I promoter-driven luciferase (Luc) reporter plasmid (1 µg) in the presence of
either the empty pcDNA3 or FXR- and RXR-containing expression vectors (300 ng). Cells were subse-
quently treated with CDCA (75 µM) or vehicle for 36 hours. Values are expressed as percentage of
control set at 100% normalized to internal control β-galactosidase activity as described in Methods.



important objective with potential pharmacological
applications. In the present study, we identified bile
acids as major regulators of HDL metabolism through
their inhibitory action on apoA-I expression. Primary
intracellular accumulation of bile acids in hepatocytes
due to deficiency of the bile acid–transporting protein,
BSEP or ABCB11, at the canalicular membrane (38) or
elevated bile acid concentrations secondary to impaired

bile flow, such as in BA, may be the reason for the spe-
cific downregulation of serum apoA-I levels in these
patient groups. Partial biliary diversion may lead to
restoration of hepatocellular integrity and function
with improvement of cholestasis in PFIC patients, and,
as a consequence of the ensuing reduction in intracel-
lular bile acid load, apoA-I synthesis appears to be
restored (43). Therefore, it is tempting to speculate that
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Figure 7
The human apoA-I promoter C site confers neg-
ative FXR responsiveness to both the human
apoA-I and the heterologous thymidine kinase
promoter. (a and b) Mutations (in bold) were
introduced in the human apoA-I ABC-luc vec-
tor. HepG2 cells were transfected with the wild-
type or C site–mutated human apoA-I promot-
er constructs. Reporter plasmid (1 µg) was
transfected in the presence of either the empty
pcDNA3 or FXR- and RXR-containing expres-
sion vectors (300 ng). Cells were subsequently
treated with CDCA (75 µM) or vehicle (b) for
36 hours. (c and d) The C site was cloned in
three copies in front of the TKpGL3 vector. (c)
Reporter plasmid (1 µg) was transfected in the
presence of either the empty pcDNA3 or FXR-
and RXR-containing expression vectors (300
ng) and cells subsequently treated with CDCA
(75 µM) or vehicle. Values are expressed as per-
centage of control set at 100% and normalized
to internal control β−galactosidase activity as
described in Methods. 

Figure 8
FXR binds the human apoA-I promoter C site. (a) Gel retardation assays were performed on end-labeled Cwt (lanes 1–4), Cmt (lanes 5–7), CGG

(lanes 8–10), and IR-1 consensus FXRE (lanes 11–14) oligonucleotides in the presence of in vitro–transcribed/translated unprogrammed retic-
ulocyte lysate (lanes 1 and 11), mRXR (lanes 2, 5, 8, and 12), hFXR (lanes 3, 6, 9, and 13), or both mRXR and hFXR (lanes 4, 7, 10, and 14).
(b) Gel retardation assays were performed on end-labeled wild-type C-site oligonucleotide in the presence of in vitro–transcribed/translated
hFXR and mRXR. Competitions were performed by adding 100-fold (lanes 3, 6, and 9), 200-fold (lanes 4, 7, and 10), or 400-fold (lanes 5, 8,
and 11) molar excess of cold Cwt wild-type (lanes 3–5), Cmt (lanes 6–8), or CGG (lanes 9–11) oligonucleotides, respectively. (c) Gel retardation
assays were performed on end-labeled wild-type C-site oligonucleotide in the presence of in vitro–transcribed/translated hFXR and mRXR pro-
teins. Competitions were performed by adding tenfold (lanes 2, 5, and 8), 50-fold (lanes 3, 6, and 9), or 100-fold (lanes 4, 7, and 10) molar
excess of cold IR-1 consensus FXRE (lanes 2–4), I-BABP (lanes 5–7), or Cwt wild-type (lanes 8–10) oligonucleotides, respectively.



the specific intracellular accumulation of bile acids in
BSEP deficiency (PFIC) and BA may lead to suppressed
apoA-I transcription.

To investigate the molecular mechanism for down-
regulation of apoA-I synthesis by bile acids, we used
human apoA-I transgenic mice. We first demonstrated
that bile acid feeding of human apoA-I transgenic mice
reduces serum HDL cholesterol levels. The decrease of
HDL cholesterol was associated with a strong lowering
of serum human apoA-I concentrations and hepatic
human and mouse apoA-I mRNA levels. Bile acid treat-
ment also lowered apoA-I mRNA levels in human pri-
mary hepatocytes and in human hepatoblastoma
HepG2 cells. Moreover, this regulation occurred in a
dose-dependent manner and was observed with both
relatively hydrophilic (TCA) and hydrophobic (CDCA)
bile acids, as well as with the synthetic nonsteroidal
GW4064 compound, which are ligands for the nuclear
receptor FXR. Finally, it is shown that bile acid–acti-
vated FXR represses human apoA-I promoter activity,
and a negative FXR response element was mapped in
the C site of the promoter.

It has been reported previously that cholestyramine, a
bile acid sequestrant, significantly increases hepatic
apoA-I mRNA levels in animals (24) and serum apoA-I
levels in both animals (24) and humans (22). In
humans, cholestyramine treatment selectively increases
the concentration of the LpA-I subfraction of HDL (44,
45), which contains only apoA-I and no apoA-II. Since
cholestyramine interrupts the enterohepatic circulation

of bile acids, this treatment
should decrease exposure
of hepatocytes to bile acids,
thus potentially damping
FXR activity and subse-
quently relieving its repres-
sive activity on target genes
such as apoA-I. Treatment
of patients with CDCA for
gallstone dissolution has
the opposite effect and
leads to reduced serum
HDL levels (25). Similarly,
CDCA treatment of
patients with cerebrotendi-
nous xanthomatosis, a dis-
order of sterol metabolism,
also results in decreased
serum HDL levels (26).
Thus, our findings demon-
strating that bile acids,
which are FXR agonists,
reduce human apoA-I
expression and may provide
a molecular mechanism for
the observed effects in clini-
cal practice of cholestyra-
mine and of CDCA, as well
as of inborn errors in bile

acid transport (PFIC) on HDL and apoA-I levels (38, 43).
Recently, Sinal et al. (19) described the generation of

FXR-deficient mice. Using a semiquantitative Western
blot method, these authors reported a slight decrease
in apoA-I levels in the FXR-deficient mice compared
with wild-type mice. The effects of FXR deficiency on
HDL were very modest, with no differences between
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Figure 9
The RXR heterodimerization-incompetent FXR mutant Leu433Arg binds the C site and negatively
regulates apoA-I promoter activity. (a) Gel retardation assays were performed on end-labeled IR-1
consensus (lanes 1–5) and wild-type C-site (lanes 6–9) oligonucleotides in the presence of unpro-
grammed reticulocyte lysate (lane 1) or in the presence of in vitro–transcribed/translated wild-type
hFXR (lanes 2 and 6), mutant hFXR Leu433Arg (lanes 4 and 8), or both mRXR and wild-type (lanes
3 and 7) or mutant Leu433Arg (lanes 5 and 9) hFXR proteins. (b and c) HepG2 cells were trans-
fected with a IR-1–driven (b) or apoA-I promoter–driven (c) reporter vectors (1 µg) in the presence
of either the pcDNA3 wild-type or mutated FXR- and RXR-containing expression vectors (300 ng) as
indicated. Cells were subsequently treated with CDCA (75 µM) or vehicle for 36 hours. Values are
expressed as percentage of control set at 100% normalized to internal control β-galactosidase activ-
ity as described in Methods. FXRE, FXR response element.

Figure 10
A nonsteroidal FXR agonist decreases mRNA levels and promoter
activity of human apoA-I in HepG2 cells. (a) HepG2 cells were incu-
bated for 0, 12, 24, and 48 hours with CDCA (75 µM), or GW4064
(5 µM), or vehicle. Human apoA-I mRNA levels were measured by
Northern blot analysis. 28S mRNA was measured as internal control.
(b) HepG2 cells were transfected with the indicated human apoA-I
promoter–driven luciferase reporter plasmid (1 µg). Cells were sub-
sequently treated with GW4064 (100 nM) or vehicle for 36 hours.
Values are expressed as percentage of control set at 100% normalized
to internal control β-galactosidase activity as described in Methods.



wild-type and deficient mice when fed a chow diet and
only a slight increase in the HDL fraction in FXR-defi-
cient mice fed a high-cholesterol diet. Although the
increase of serum HDL and phospholipid concentra-
tions in FXR-deficient mice concurs with our findings,
the reported decrease of serum apoA-I appears contra-
dictory. One possible explanation is the existence of
adaptive pathways that would counterbalance the
expected induction of apoA-I levels in FXR-deficient
mice. It is also important to note that the study report-
ed only basal apoA-I and HDL levels, and the influence
of bile acid treatment on these parameters in these mice
was not analyzed. Since our data clearly demonstrate
that bile acids not only reduce expression of the human
transgene, but also that of the endogenous mouse
apoA-I gene, it will be of interest to compare the influ-
ence of bile acid treatment on mouse apoA-I and HDL
in wild-type and FXR-deficient mice. Finally, it is
important to consider that apoA-I is expressed in both
the liver and intestine (46, 47). In human apoA-I trans-
genic mice, the transgene is exclusively expressed in the
liver (28). It may be that murine apoA-I is regulated in
an opposite manner in the liver and in the intestine,
which may attenuate the changes in plasma apoA-I in
the FXR-deficient mice. Such a mechanism is unlikely
to be operative for human apoA-I, since cholestyramine
treatment results in an elevation of serum apoA-I con-
centration (22), whereas CDCA treatment and inherit-
ed cholestatic syndromes are associated with reduced
serum apoA-I and HDL (25, 26, 43).

In the present study, it is shown that FXR can bind to
the C site in the human apoA-I promoter. Moreover,
mutations in the C site abolished both the FXR-DNA
interaction and the repression of apoA-I promoter
activity, indicating an absolute requirement of this site
for the bile acid–induced repression. Interestingly, this
site is conserved in the mouse and human promoters,
and both human and mouse apoA-I are repressed by
bile acids. Although the C site clearly mediates the neg-
ative effect of FXR agonists on the activity of the prox-
imal apoA-I promoter, the existence of additional neg-
ative FXREs elsewhere in the regulatory region of
apoA-I gene and contributing to the negative regula-
tion of apoA-I expression by bile acids cannot be
excluded. Results from cotransfection experiments and
use of a nonsteroidal FXR agonist demonstrate that
FXR is required for this downregulation. Together,
these data strongly suggest that bile acids exert their
action on the apoA-I promoter by FXR. Bile acids have
been shown to negatively regulate their own synthesis
by transcriptionally repressing Cyp7A expression. Sev-
eral mechanisms for a negative regulation of target
gene transcription by bile acids have been proposed.
First, previous reports demonstrated that since no FXR
binding sites were found in the Cyp7A promoter, FXR
and bile acids downregulate Cyp7A in an indirect man-
ner by inducing the nuclear receptor SHP, the small
heterodimer partner (48). Induction of SHP leads to
the formation of an inactive complex of SHP with

LRH-1 (liver receptor homologue 1) (49–51), the latter
being a major transcription factor controlling the tis-
sue-specific expression of Cyp7A (51). SHP binding to
LRH-1 impaired transactivation of the Cyp7A promot-
er, thus leading to a repression of Cyp7A promoter
activity (14, 15). To examine whether the LRH-1/SHP
pathway could regulate apoA-I through the FXRE C
site, we performed cotransfection assays using the
TKpGL3 vector driven by three copies of the C site
(C3TK) in the presence of LRH-1. LRH-1 did not affect
C3TK luciferase activity (data not shown). Moreover,
cotransfection assays with an SHP expression vector
did not affect apoA-I promoter activity, whereas, as a
control, cotransfection of COUP-TFII, a well-known
inhibitor of apoA-I transcription (52), decreased apoA-I
promoter activity (data not shown). These observations
strongly suggest that bile acid–activated FXR acts as a
repressor of apoA-I transcription in a manner inde-
pendent of the SHP/LRH-1 regulatory pathway. Sec-
ond, bile acids are also able to regulate gene expression
in an FXR-independent manner. For instance, it has
been shown that bile acids can repress Cyp7A gene
expression through activation of the c-Jun N-terminal
kinase pathway (42). However, activation of this path-
way occurs very rapidly (minutes) and is usually tran-
sient (a few hours). Furthermore, apoA-I mRNA, in
contrast to Cyp7A mRNA (53), is quite stable, and the
repression by bile acids is observed only after several
hours. Moreover, our transfection results demonstrate
that FXR is required for the repression of apoA-I pro-
moter activity by bile acids and that this repression is
also observed using a nonsteroidal agonist. Thus, taken
together, data demonstrate that it appears unlikely that
the c-Jun N-terminal kinase pathway is involved in the
repression of human apoA-I gene expression by bile
acids. Finally, the pregnane X receptor (PXR) has been
shown to be activated by certain bile acids (41). Yet, in
this study we show that TCA, a primary and taurine-
conjugated bile acid that does not activate PXR (13,
41), as well as a synthetic FXR agonist, both repress
apoA-I expression. Therefore, these results indicate that
PXR is not involved in the human apoA-I regulation by
bile acids. Nevertheless, we cannot exclude that other,
as yet unknown, mechanisms may contribute to the
observed repression of apoA-I expression by bile acids.
The observation that apoA-I repression by CDCA
occurs more rapidly than by GW4064 (Figure 10a) sug-
gests that such additional mechanisms may be opera-
tive. Further studies using FXR-null mice crossed with
human apoA-I transgenic mice should help to clarify
whether such additional mechanisms exist.

Nuclear receptors exert their regulatory action by
binding to DNA response elements. These elements are
usually composed of 6-bp half-sites arranged as invert-
ed, direct, or everted repeats. The nucleotide composi-
tion, the orientation, the spacing between half-sites,
and the sequence flanking these half-sites are determi-
nants for binding of a given nuclear receptor (54, 55).
Most known, previously characterized FXREs are
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inverted repeats spaced by one nucleotide (IR-1) acting
as positive sites to which FXR binds as a heterodimer
with RXR (10, 16). In this study, we demonstrate that
FXR negatively regulates apoA-I gene expression
through binding to a negative response element: the C
site. Several mechanisms could underlie the distinct
behavior of FXR on differing FXREs. FXR binding to
the C site could result in a distinct conformation lead-
ing to the recruitment of corepressors instead of coac-
tivators. Our results show that FXR binds to the C site
primarily as a monomer or as a homodimer, but not as
heterodimer with RXR. Interestingly, transcriptional
repression by thyroid hormone receptors has been
shown recently to be due to binding of homodimers,
and not heterodimers, with RXR, resulting in the selec-
tive recruitment of the corepressor SMRT (56). Alter-
natively, it cannot be excluded that FXR competes for
binding with another strong transcriptional activator
to the C site, thus resulting in a passive repression of
transcription. Studies on the glucocorticoid receptor
showed that this nuclear receptor also either activates
or represses transcription, depending on the response
elements implicated (57–59). Interestingly, Starr et al.
identified a K461A mutant glucocorticoid receptor
that activates transcription on all glucocorticoid
response elements tested (60). This observation led to
the conclusion that a response element contains infor-
mation that is interpreted by the nuclear receptor by
interaction of critical amino acids with DNA. It will be
interesting to determine the structural requirement for
FXR-repressive activity in the future.

In conclusion, the strong decrease in serum HDL
and human apoA-I levels associated with reduced
hepatic human apoA-I expression in TCA-fed human
apoA-I transgenic mice identifies bile acids that are
FXR agonists as important negative modulators of
human apoA-I expression and HDL metabolism. Fur-
thermore, our results indicate that the bile acid
nuclear receptor FXR directly downregulates human
apoA-I expression through binding of activated FXR
to a negative FXR response element in the human
apoA-I promoter. Several epidemiological studies have
demonstrated that low levels of HDL cholesterol, also
known as hypoalphalipoproteinemia, are a risk factor
for coronary heart disease (1). In addition, raising
HDL cholesterol concentrations has been shown to
effectively reduce progression of atherosclerotic
lesions and coronary events (2). In view of the report-
ed findings, FXR antagonists could be promising com-
pounds to raise serum HDL levels.
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