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Abstract Cholesteryl ester transfer protein (CETP) activ-
ity results in a proatherogenic lipoprotein profile. In chole-
static conditions, farnesoid X receptor (FXR) signaling by
bile acids (BA) is activated and plasma HDL cholesterol
(HDL-C) levels are low. This study tested the hypothesis that
FXR-mediated induction of CETP contributes to this phe-
notype. Patients with cholestasis and high plasma BA had
lower HDL-C levels and higher plasma CETP activity and
mass compared with matched controls with low plasma BA
(each P < 0.01). BA feeding in APOE3*Leiden transgenic
mice expressing the human CETP transgene controlled by
its endogenous promoter increased cholesterol within apoB-
containing lipoproteins and decreased HDL-C (each P <
0.01), while hepatic CETP mRNA expression and plasma
CETP activity and mass increased (each P < 0.01). In vitro
studies confirmed that FXR agonists substantially aug-
mented CETP mRNA expression in hepatocytes and mac-
rophages dependent on functional FXR expression (each
P<0.001). These transcriptional effects are likely mediated
by an ER8 FXR response element (FXRE) in the first in-
tronill In conclusion, using a translational approach, this
study identifies CETP as novel FXR target gene. By increasing
CETP expression, FXR activation leads to a proatherogenic
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lipoprotein profile. These results have clinical relevance,
especially when considering FXR agonists as emerging treat-
ment strategy for metabolic disease and atherosclerosis.—
Gautier, T., W. de Haan, J. Grober, D. Ye, M. J. Bahr, T.
Claudel, N. Nijstad, T. J. C. Van Berkel, L. M. Havekes, M. P.
Manns, S. M. Willems, P. C. W. Hogendoorn, L. Lagrost, F.
Kuipers, M. Van Eck, P. C. N. Rensen, and U. J. F. Tietge.
Farnesoid X receptor activation increases cholesteryl ester
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The cholesteryl ester transfer protein (CETP) promotes
the heteroexchange of cholesteryl esters and triglycerides
(TG) between plasma high density lipoproteins (HDL)
and apoB-containing lipoproteins, resulting in a proathero-
genic plasma lipid profile with increased VLDL and LDL
cholesterol levels and decreased HDL cholesterol (HDL-C)
(1, 2). Given the key importance of dyslipidemia for the
development of atherosclerosis (3), most (1, 2, 4-6) but

Abbreviations: BA, bile acid; BMI, body mass index; CDCA, chen-
odeoxycholic acid; CETA, cholesteryl ester transfer activity; CETP, cho-
lesteryl ester transfer protein; CHX, cycloheximide; CVD, cardiovascular
disease; FXR, farnesoid X receptor; FXRE, FXR response element;
HDL-C, HDL cholesterol; IBABP, ileal bile acid binding protein; LXR,
liver X receptor; NBD-CE, nitrobenzoxadiazole-labeled cholesteryl ester;
RXR retinoid X receptor; TCA, taurocholic acid; TG, triglyceride.
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notall (7, 8) human studies consequently reported a positive
association between plasma CETP activity and atheroscle-
rotic cardiovascular disease (CVD) morbidity and mortal-
ity. Especially in the setting of the metabolic syndrome,
including type 2 diabetes mellitus and hypertriglyceri-
demia, the predictive value of increased CETP mass and
activity for CVD events is particularly strong (9). For this
target group, activators of the farnesoid X receptor (FXR),
for which bile acids (BA) are the natural ligands, have been
recently proposed as a novel therapeutic strategy (10).

However, patients with cholestasis have high plasma BA
levels and decreased plasma HDL-C (11, 12). In addition,
BA administration (e.g., chenodeoxycholic acid, CDCA)
to patients with gallstones or cerebrotendinous xanthoma-
tosis (CTX) decreases HDL-C (13, 14). These metabolic
effects have thus far been attributed to the suppression of
apoA-I expression by BA-mediated FXR activation (11),
while a potential contribution of CETP to the shift in plasma
lipoprotein profiles in patients with elevated plasma BA
has not been explored.

Therefore, the present study tested the hypothesis that
CETP represents a novel FXR target gene. Our results
demonstrate in humans and transgenic mice in vivo as well
as in hepatocytes and macrophages in vitro that BAs up-
regulate CETP gene expression and activity dependent on
the functional expression of FXR, likely via an ER8 FXR
response element (FXRE) in the first intron.

MATERIALS AND METHODS

Human subjects

Twenty patients with histologically proven liver cirrhosis were
studied, divided into two groups according to their plasma BA
levels, either below (noncholestatic group) or above (cholestatic
group) 30 wmol/1 (each n = 10; for details, see Table 1). The two
groups of patients were exactly matched for gender, age, and
body mass index (BMI) as well as for the clinical stage of liver
disease assessed by the Child-Pugh score and the hepatic protein
synthesis function to exclude the degree of liver function decline

TABLE 1. Clinical characterization of the patients with liver disease

Noncholestatic (Low BA) Cholestatic (High BA)

Characteristic n=10 n=10
Male/female 3/7 3/7
Age (years) 49+ 1 50 +1
BMI (kg/m2) 22.8 +2.7 22.4+2.6
Child stage (A/B/C)* 0/8/2 0/8/2
Bilirubin (pmol/1) 50 + 36 96 + 110*
BA (pmol /1) 26+ 1 88 = 14"
Albumin (g/1) 32+3 32+2
Prothrombin time (%) 72 +4 76 + 4
ALT (U/1) 36 + 20 47 + 22
¥-GT (U/1) 61 +42 162 + 68"

Values are means + SD. Significantly different from the low BA
group: *P < 0.01, P < 0.001. ALT, alanine aminotransferase; vy-GT, y
glutamyltransferase.

“Grading system for the clinical severity of liver disease, with
increasing severity from A to C.
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as a potential confounding factor. As parameters for hepatic pro-
tein synthesis, capacity plasma albumin (none of the patients re-
ceived albumin infusions) and prothrombin time were used. The
underlying etiologies were in the noncholestatic group: viral hep-
atitis (n = 6), alcohol (n = 3), and cryptogenic (n = 1), and in the
cholestatic group, biliary (primary biliary cirrhosis / primary scle-
rosing cholangitis, n = 10). All cirrhotic patients were studied
while hospitalized for evaluation before liver transplantation. All
subjects included were in a stable clinical condition before enter-
ing the study and had been following a weight-maintaining diet
containing 80 g of protein daily for at least one week. Subjects
with proteinuria, suspected infections, clinically overt diabetes
mellitus, thyroid dysfunction, or any other endocrine disorder
were excluded from the study. No hormone, antidiabetic, or thy-
roid regulatory medication was administered. Patency of portal
vein and hepatic artery was documented by Doppler ultrasound
before entering the study. Blood was obtained in the morning
from fasted subjects. Plasma samples were stored at —80°C prior to
determination of BA, CETP mass levels, CETP activity, and HDL-C
levels (see below). All patients gave written, informed consent be-
fore entering the study. The study protocol has been approved by
the Ethics Committee of the Hannover Medical School.

Animals and diets

The human CETP transgenic mice expressing the transgene
under the control of natural flanking regions (15) and APOE*3-
Leiden.CETP (E3L.CETP) mice derived from crossing these mice
with APOE*3-Leiden (E3L) mice (16) were all on a C57BL/6]
background. E3L.CETP mice represent a well-established mouse
model for human-like lipoprotein metabolism and have been
shown to respond in a human-like manner to the HDL-modulating
effect of several drugs (17). Three-month-old male mice were
used. The mice were kept in animal rooms with alternating 12 h
periods of light (from 7:00 AM to 7:00 PM) and dark (from
7:00 PM to 7:00 AM), and they had ad libitum access to food and
water throughout the experiments. Food intake and body weight
were monitored daily. Animals first followed a run-in period of
one week during which they received standard chow (A03 con-
taining 5.1% of total fat and 0.01% of cholesterol, Scientific
Animal Food and Engineering, Villemoisson-sur-Orge, France).
Subsequently, animals were divided into two groups, with the
control group receiving standard A03 chow, the other group
chow supplemented with 0.5% w/w taurocholic acid (TCA,
Sigma). After six days of diet, mice were anesthetized with isoflu-
rane after a 4 h fast. Blood samples were drawn by cardiac punc-
ture and collected into heparin-containing tubes. Plasma was
separated by centrifugation and stored at —80°C before analysis.
Livers were excised and weighed. A part of the liver was immedi-
ately homogenized in 500 pl Trizol (Invitrogen, Paisley, UK), and
the homogenate was stored at —80°C before RNA isolation. All
procedures were approved by the local ethics committees for ani-
mal experimentation of the Leiden University Medical Center
and the University Medical Center Groningen.

Measurement of CETP activity

Plasma CETP activity under the dependence of endogenous
plasma lipoproteins (plasma cholesteryl ester transfer activity,
CETA) in mouse and human plasma was measured with a fluo-
rescent assay that was performed in microplates by using donor
liposomes enriched with nitrobenzoxadiazole-labeled cholesteryl
esters (NBD-CE) (Roar Biomedical, New York, NY) as described
previously (18). In brief, incubation media contained 4 jl of do-
nor liposomes and 10 pl of total plasma, as a source of CETP and
endogenous lipoprotein substrates, in a final volume of 200 pl
TBS. Incubations were performed in triplicate for 1 h at 37°C in
a FL600 Microplate Fluorescence Reader (Bio-Tek, Winooski,



VT). The CETP-mediated transfer of NBD-CEs from self-quenched
donors to acceptor endogenous plasma lipoproteins was moni-
tored by the increase in fluorescence intensity (excitation, 465 nm;
emission, 535 nm). Results were expressed as the initial transfer
rate of NBD-CEs after deduction of blank values (wild-type mouse
plasma devoid of CETP activity). In addition, CETP activity mea-
surements with diluted plasma in the presence of an excess of
exogenous lipoprotein substrates (diluted CETP activity) were
performed. Under these conditions, CETP activity is an almost
direct reflection of CETP protein levels. These measurements were
carried out as described above, except that incubation media
contained 0.5 pl of plasma (CETP source), 5 pl of donor lipo-
somes, and 5 pl of acceptor VLDL provided by the manufacturer
in a final volume of 200 pl PBS.

Determination of plasma CETP mass levels

CETP mass levels in patient plasmas were measured by a spe-
cific enzyme-linked immunosorbent assay with TP1 monoclonal
anti-CETP primary antibodies as previously described (19).

CETP mass levels in mouse plasmas were determined by a
specific immunoassay with TP2 anti-CETP monoclonal anti-
bodies (Heart Institute, Ottawa, Canada). In brief, plasma sam-
pleswere diluted (1:9,v/v) in TBS (100 mM; pH 6.8) containing
SDS (25 g/1), and then incubated for 15 min at 80°C. Samples
were subsequently electrophoresed using 8-12% discontinu-
ous polyacrylamide gels in a Mini Protean device (Bio-Rad
Laboratories) and then transferred to nitrocellulose mem-
branes (Trans Blot, Bio-Rad Laboratories). The resulting blots
were blocked for 1 h in 5% low-fat dry milk in PBS (100 mM;
pH 7.4) containing 0.1% Tween, and then washed with PBS/
Tween. Human CETP was revealed by successive incubations
with TP2 anti-CETP antibodies and horseradish peroxidase-
coupled secondary antibodies (DakoCytomation, Glostrup,
Denmark). Blots were finally developed using the SuperSignal
Chemiluminescent kit (Pierce, Rockford, IL). The CETP mass
level in each plasma sample was estimated by comparison with
a calibration curve that was obtained with serial dilutions of
purified CETP (kind gift of Dr. J. P. Pais de Barros, INSERM
U866, Dijon, France) submitted to electrophoresis together
with the samples.

Plasma analyses

Commercially available kits were used for the determina-
tion of total cholesterol, TG (Roche Molecular Biochemicals,
Mannheim, Germany), and phospholipids (Wako, Neuss, Germany)
in plasma. To assess the distribution of cholesterol and TG over
the different lipoprotein subclasses, pooled plasma samples of all
animals from one group were used for lipoprotein separation by
fast-protein liquid chromatography with a Superose 6 HR 10/30
column (Amersham Biosciences) as described previously (20).
Fractions 1-8, 9-16, and 17-30 contained VLDL, IDL/LDL, and
HDL, respectively. Cholesterol content of HDL from individual
plasma samples was determined after selective precipitation
of apoB-containing lipoproteins as previously described (21).
Briefly, 10 pl of a 4% phosphotungstic acid solution in 0.16M
NaOH was mixed with 100 pl of plasma before adding 2.5 pl of a
2M MgCl, solution and incubating for 30 min at 4°C. Precipi-
tated apoB-containing lipoproteins were then pelleted by a
30 min spin at 1,500 g and the HDL-containing supernatant was
assayed for cholesterol. HDL-C concentrations in patients were
determined by lipid electrophoresis (REP-HDL-plus cholesterol
electrophoresis, Helena Diagnostika, Hartheim, Germany). To-
tal plasma BA concentrations were measured using an enzymatic
fluorimetric assay essentially as described (22).

Cell culture and treatments

Human monocytic THP-1 cells (ATCC, Rockville, Maryland)
were maintained in RPMI 1640 medium containing 10% of fetal
calf serum and penicillin/streptomycin (100 pg/ml, Lonza,
Verviers, Belgium). THP-1 cells were seeded in 6-well plates (1 x
10° cells/well), and differentiation into macrophages was achieved
by 48 h incubation with 100 nM PMA. Human hepatoma
HepG2 cells (ATCC, Rockville, MD) as well as HepG2 cells sta-
bly transfected with Na'-taurocholate cotransporting polypep-
tide (HepG2-NTCP cells, a kind gift of Dr. Gerd Kullak-Ublick,
University Hospital Zurich, Switzerland) (23) were maintained in
DMEM with 10% of fetal calf serum and penicillin/streptomycin
(100 pg/ml) and treated when they reached 80% of conflu-
ence. For the isolation of primary hepatocytes, mouse livers were
perfused with a collagenase solution essentially as described be-
fore (21). Viability of the cells was greater than 85% (Trypan
Blue exclusion). Hepatocytes were plated on 24-well plates
(120,000 cells/well) precoated with collagen (Serva Feinbioche-
mika, Heidelberg, Germany) in William’s E medium (Invitrogen,
Breda, The Netherlands) supplemented with penicillin/strepto-
mycin. During the attachment period (4 h) 50 nmol/1 dexametha-
sone (Novo Nordisk Pharma BV, Amsterdam, The Netherlands)
and 10% fetal calf serum (Invitrogen) were added to the medium.
All cell models were maintained at 37°C in 5% CO, / 95% air in
a water-saturated atmosphere.

For treatments, cells were switched to serum-free medium
following extensive washing with PBS. The bile acids TCA and
CDCA were dissolved in ethanol, while the FXR agonist GW4064
(Sigma), the RXR agonist 9-cisretinoic acid (Sigma), and the
inhibitor of protein synthesis CHX were dissolved in DMSO
prior to addition to the cells at the indicated concentrations for
24 h. Vehicle control cells received ethanol or DMSO as appro-
priate. For the FXR knockdown experiments, SMART pool FXR
siRNA and control siRNA (Dharmacon, Lafayette; CO) were
transfected into HepG2 cells according to the manufacturer’s
instructions. After an 8 h transfection, treatments were per-
formed as detailed above. Following the indicated incubation
times, cells were washed with PBS before adding Trizol for RNA
extraction.

RNA isolation and quantitative real-time PCR

Total RNA was isolated with Trizol (Invitrogen) and quantified
using a NanoDrop system (Thermo Fisher Scientific, Walthman,
MA). One microgram of RNA was reverse-transcribed into cDNA
using M-MLYV reverse transcriptase, random primers, and RNase-
OUT inhibitor (Invitrogen). Real-time quantitative PCR was
performed using an ABI PRISM 7700 sequence detection sys-
tem (Applied Biosystems, Darmstadt, Germany) with the default
settings (20). Primers were obtained from Invitrogen (Breda,
The Netherlands). Fluorogenic probes were synthesized by Euro-
gentec (Seraing, Belgium). All expression data were subsequently
standardized for 18S rRNA analyzed in separate runs and further
normalized for the respective expression values of the control
groups.

Reporter assays

For whole-promoter assays, the 3.5 kb genomic promoter of
the human CETP gene (kindly provided by Dr. A. Tall, Columbia
University, NY) (24) was cloned into the Bglll/Nhel restriction
sites of a pGL3 plasmid (Promega) to obtain a hCETP-Luc plas-
mid. HepG2 cells were maintained in DMEM supplemented with
10% FBS. One day before transfection, cells were seeded at a
density of 1 x 10° cells/ch, and transfection was performed 24 h
later with Lipofectamine (Invitrogen). For each well of 24-well
plates, 50 ng pSG5-hFXR plasmid, 200 ng hCETP-Luc plasmid,
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and 25 ng pRL Renilla Luciferase Vector as control (Promega)
were cotransfected. Twenty-four hours after transfection, cells
were supplied with DMEM with 10% charcoal-stripped serum
containing GW4064 (2.5 pM). After 24 h incubation, luciferase
activities were measured with the Dual-Luciferase Reporter Assay
System (Promega) on a Victor3 Multilabel Counter (Perkin Elmer)
and normalized with Renilla luciferase activities according to the
manufacturer’s instructions.

Putative FXREs in the promoter and in the first intron of the
CETP gene were detected by using the NHR-Scan computa-
tional analysis program (25). For reporter assays with these
sequences, human embryonic kidney 293T (HEK293T) cells
were transiently transfected with expression vector pSG5-FXR
(50 ng) and pCMV-B-galactosidase (50 ng) and reporter vectors
TkpGL3 containing a single copy of each respective putative
response element present in the promoter or in the first intron
of the CETP gene (100 ng for each construct) using Lipo-
fectamine 2000 reagent (Invitrogen) according to the manufac-
turer’sinstructions. Medium was changed 24 h after transfection,
and cells were treated with or without 2.5 pM GW4064 for 24 h.
Luciferase activity was measured using the ONE-Glo Luciferase
Assay System (Promega) according to the manufacturer’s instruc-
tions. Values obtained on a luminometer (Wallac 1420 Multilabel
Counter; PerkinElmer) were normalized with 3-galactosidase ac-
tivity determined by measuring hydrolyzation of chlorophenolred-
B-D-galactopyranoside (CPRG; Roche Diagnostics, Germany) at
560 nm using a spectrophotometer (Wallac 1420 Multilabel
Counter; PerkinElmer).

Statistical analyses

All data are reported as means + SD. Statistical analyses were
performed using SPSS 12.0 for Windows (SPSS, Inc., Chicago,
IL). Differences between groups were analyzed by the Mann-
Whitney U-test. Differences with a P value below 0.05 were con-
sidered statistically significant.

RESULTS

Plasma CETP activity and mass are increased in patients
with high plasma BA levels

To assess the impact of plasma BA on CETP expression,
cholestatic patients with liver cirrhosis (high BA group)
were investigated. To exclude a potential confounding ef-
fect of reduced liver synthesis function in these patients,
controls (low BA group) were matched not only for age,
sex, and BMI but also for liver function and clinical stage
of the liver disease (Table 1). On average, plasma BA levels
were 3.7-fold higher in the high BA compared with the low
BA group (Table 1). As expected, patients with high BA
had 43% lower HDL-C levels than controls (20 + 10 versus
35 £ 8 mg/dl, P=0.001, Fig. 1A), while LDL cholesterol
levels were increased (177 + 53 versus 109 + 41 mg/dl, P<
0.01, Fig. 1B). Next, CETA was determined in plasma of
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these subjects. Patients with high BA displayed 69% higher
plasma CETA compared with the low BA group (initial
transfer rates, 60.7 + 10.6 versus 35.9 + 8.3 pmol/h, P <
0.001, Fig. 1C), and plasma CETA correlated with plasma
BA levels (r = 0.72, P < 0.001, Fig. 1E). To determine
whether the elevated CETA in the high BA group was
caused by an increase in the amount of circulating CETP,
plasma CETP mass was measured by competitive ELISA.
As shown in Fig. 1D, plasma CETP mass was 36% higher in
the high BA group compared with the low BA group (2.66
+ 0.37 versus 1.96 + 0.56 mg/1, P< 0.01, Fig. 1D) and was
also correlated with plasma BA levels (r=0.52, P=0.019,
Fig. 1F). These data suggest that BA might increase CETP
expression.

BA feeding increases CETP expression and activity in
E3L.CETP mice in vivo

To determine whether BAs indeed stimulate CETP ex-
pression, thereby increasing plasma CETP mass and activ-
ity in vivo, E3L. mice expressing the human CETP transgene
under the control of its natural (i.e., human) promoter
were fed chow supplemented with 0.5% (w/w) TCA or
control chow for six days. The treatment induced no
change in body weight (Table 2) or food intake (data not
shown), but plasma BAs were significantly increased (P <
0.01, Table 2). Plasma total cholesterol levels were signifi-
cantly higher in the TCA-treated group (+46%, P < 0.01,
Table 2), while plasma TG and phospholipids were lower
compared with controls (—=53%, P< 0.001 and —16%, P<
0.01, respectively). In addition, HDL-C levels were also de-
creased in the TCA-receiving group compared with con-
trols (—27%, P< 0.01).

FPLC analysis showed for both groups the overall lipid
profile of E3L.CETP mice with accumulation of choles-
terol within apoB-containing lipoproteins (Fig. 2A). How-
ever, TCA treatment resulted in an increase in VLDL and
LDL cholesterol compared with controls (+32%), while
HDL-C was decreased (—24%, Fig. 2A). TCA administra-
tion also reduced the TG content of apoB-containing lipo-
proteins (—52%, Fig. 2A). Although the effect of TCA
treatment on TG levels might reflect changes in TG lipase
activities (26), the changes in plasma cholesterol distribu-
tion observed in response to TCA treatment are consistent
with the metabolic effects of increased CETP activity.

TABLE 2. Body weight and plasma parameters in E3L.CETP mice
fed either control chow or chow supplemented with 0.5% (w/w)

TCA for six days

Control TCA
Parameter n=9 n=8
Body weight (g) 289+ 1.9 28.4+2.3
BA (pmol/1) 42+ 3 245 + 116*
Total cholesterol (mmol/1) 2.45 +0.20 3.58 + 0.85*
Triglycerides (mmol/1) 2.24 +0.28 1.06 + 0.36'
Phospholipids (mmol/1) 2.19+0.22 1.84 + 0.24*
HDL-C (mmol/1) 0.59 +0.13 0.43 = 0.14%*

Values are means + SD. Signiﬁcanﬂwy different from the respective
chow-treated control groups: *P< 0.01, 'P< 0.001.

Indeed, plasma CETA was significantly increased in TCA-
receiving mice compared with controls (initial transfer
rates, 137 + 34 versus 43 + 20 pmol/h, P<0.01, Fig. 2B). In
addition, diluted CETP activity measured with diluted
plasma samples in the presence of an excess of exogenous
lipoprotein substrates was also significantly higher in the
TCA-fed group than in controls (83 + 20 pmol/h versus
32 + 15 pmol/h, P < 0.01, Fig. 2C), suggesting that the
amount of active CETP in plasma is increased. Subsequent
measurements of plasma CETP mass by immunoassay con-
firmed significantly higher CETP levels in TCA-treated
mice compared with controls (6.2 + 2.5 versus 2.3 + 0.8 mg/1,
P<0.01, Fig. 2D).

Because most of plasma CETP originates from liver (15,
24), hepatic RNA was extracted from TCA-treated and con-
trol mice to determine whether the increase in plasma CETP
levels was caused by increased CETP mRNA expression. As
shown in Fig. 2E, CETPmRNA levels were markedly increased
in TCA-treated mice compared with controls (+140%, P <
0.01). The observed increases in Shp and Abcb11 (Bsep) gene
expression (+213% and +40%, respectively), together with
the marked repression of the Cyp7al gene (—94%) in the
TCA group (Fig. 2E) confirmed successful FXR activation by
the BA treatment. TNFa expression was identical in both
groups (data not shown), suggesting that changes in the
inflammatory state did not affect the results. In addition,
hepatic mRNA expression of apoA-I remained unchanged
(1.00 £ 0.12 in controls versus 1.12 + 0.23 in TCA-treated
mice, nonsignificant) consistent with a previous notion that
in contrast to human apoA-I mouse apoA-I is not an FXR
target gene (11, 27). Taken together, these data suggest that
the increase in plasma CETP activity and mass by TCA treat-
ment in vivo in transgenic mice is transcriptionally mediated,
likely via activation of the nuclear receptor FXR.

FXR agonists increase CETP gene expression in
hepatocytes and macrophages in vitro

To further explore the mechanisms of the regulation of
CETP expression by BA, first the FXR-dependent regulation
of CETP was investigated in HepG2 cells stably transfected
with the BA transporter Na'/taurocholate cotransporting
polypeptide (NTCP/SLC10Al) (HepG2-NTCP cells) in or-
der to allow efficient transport of TCA into the cells. Consis-
tent with the results obtained in E3L.CETP mice, CETP
gene expression was upregulated in a dose-dependent man-
ner in the presence of increasing amounts of TCA, with a
maximal 2.5-fold increase at TCA concentrations of 100 pM
(P<0.05, Fig. 3A). In addition, treatment of HepG2-NTCP
cells with 2.5 pM of the synthetic nonsteroidal FXR ago-
nist GW4064 resulted in a significant increase in CETP
gene expression compared with vehicle-treated controls
(+67%, Fig. 3B). Finally, also in primary hepatocytes
from CETP-transgenic mice, FXR activation with 2.5 pM of
GW4064 resulted in a significant 40% increase in CETP
mRNA levels (+40%) and a similar increase in Abcb11 (Bsep)
(+36%, P < 0.05), representing a “model” FXR target gene
(Fig. 3C). In addition, we investigated whether the FXR-
mediated activation of the CETP gene requires de novo
protein synthesis. Treatment of HepG2 cells with GW4064
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or the natural FXR ligand CDCA caused a similar increase
in CETP mRNA expression in the absence (+60% for
GW4064 and +61% for CDCA versus vehicle-treated cells,
P<0.05 in both cases) or presence (+49% for GW4064 and
+60% for CDCA versus CHX-treated cells, P < 0.05 in both
cases) of the protein synthesis inhibitor CHX (10 pg/ml).
These results demonstrate that the increase in CETP gene
expression by FXR agonists occurs independent of de novo
protein synthesis, likely representing a direct transcrip-
tional activation of FXR (Fig. 3D). To further confirm the
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dependency of the induction of CETP expression by FXR
agonists on functional FXR expression, knockdown experi-
ments were performed. Compared with control siRNA-
transfected HepG2 cells, CETP mRNA expression in cells
transfected with siRNA directed against FXR could no lon-
ger be induced by either taurocholate or GW4064 (Fig. 3E).
For the known FXR target gene SHP, identical results were
observed, while the negative control gene cyclophilin did
not show any significant changes in expression under these
assay conditions (supplementary Fig. I).
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Since Kupffer cells, the resident liver macrophages, also
contribute substantially to hepatic CETP production (28),
the effect of FXR activation on CETP gene expression was
investigated in vitro using human THP-1 monocytes differ-
entiated into macrophages. In our hands, FXR expression
was readily detectable in differentiated THP-1 macrophages,
although we failed to detect expression of SHP (data not
shown). As shown in Fig. 4A, the FXR-specific agonist
GW4064 induced a marked dose-dependent upregulation
of CETP expression, with a maximum 20-fold increase in
CETP mRNA levels at concentrations of 5 pM. In addition,
this stimulating effect of GW4064 on CETP mRNA levels was
further potentiated in the presence of the retinoid X recep-
tor (RXR) agonist 9-cis retinoic acid (Fig. 4B). The effect of
GW4064 on the expression of CETP thus seems to follow a
classical FXR activation pattern involving the heterodi-
merization of FXR with RXR. However, 9-cis retinoic acid
could also induce CETP expression by acting on the RXR/
liver X receptor (LXR) heterodimer (29).

Taken together, these data demonstrate that FXR acti-
vation increases CETP mRNA expression in vitro in two
relevant cell types.

FXR activation involves an ER8 element in the first intron
of the CETP gene

In a first attempt to get insights into the molecular
mechanisms and the sequences involved in the upregula-
tion by FXR, we analyzed the sequence of the proximal
promoter and the first intron of the CETP gene by using
the NHR-scan analysis program. As shown in Fig. 5A, the
software detected, in addition to the previously described
LXR response element, which is a DR4 sequence at posi-
tion —384 to —399 (29), two putative FXREs [i.e., one IR1
sequence in the promoter (position —2415 to —2427) and
one ERS in the first intron (position +317 to +336)] (30).
The functionality of the proximal promoter of CETP con-
taining the IR1 sequence was tested in HepG2 cells trans-
fected with the first 3.5 kb upstream of the first exon and
treated with GW4064. However, this sequence showed
only limited responsiveness to FXR stimulation (+21% in
luciferase activity compared with untreated controls,
Fig. 5B). The isolated IR1 sequence of the CETP promoter
was then tested in HEK293T (Fig. 5C) and appeared to be
unresponsive to FXR stimulation, with similar reporter
luciferase activities with native, mutated, and deleted CETP
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IR1 as well as with empty vector, whereas the ileal bile acid
binding protein (IBABP) IRI, which was used as positive
control (31), showed a good responsiveness to GW4064
treatment (3-fold increase compared with empty vector,
P < 0.05). These results suggest that the proximal region
(3.5 kb) of the CETP promoter, including the IR1 sequence
at position —2415 to —2427, is not involved in the response
to FXR. Conversely, the isolated ER8 sequence of the first
intron of the CETP gene appeared to be functional in terms
of FXR response, with a 2.6-fold increase in reporter
luciferase activity after GW4064 treatment compared with
empty vector (P<0.05, Fig. 5D). Taken together, these data
demonstrate that the upregulation of CETP in response to
FXR stimulation occurs via an ER8 element that is present
in the first intron at position +317 to + 336.

DISCUSSION

The results of this study demonstrate in vivo in patients
and transgenic mice as well as in vitro in hepatocytes and
macrophages that human CETP is positively regulated by
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FXR activation. Thus, based on these data using FXR ago-
nists in humans, e.g. to target atherosclerosis or metabolic
diseases, would be expected to result in a proatherogenic
lipoprotein profile.

Endogenous BAs (11, 12) and exogenously supplied
BAs (13, 14) have been recognized as negative regulators
of plasma HDL-C levels in humans. These observations
have thus far been largely attributed to FXR-mediated re-
pression of apoA-I, the major structural apolipoprotein
component of HDL, by BA (11, 32). Since CETP activity
also lowers plasma HDL-C, we hypothesized that CETP
might contribute to decreased HDL levels in conditions
when plasma BAs are increased. Thus far, the impact of
FXR on CETP has not been systematically explored, likely
because studies addressing FXR signaling were predomi-
nantly conducted in mice (11, 33), which, in contrast to
humans, represent a CETP-deficient species (1).

We first demonstrated that in cholestatic patients,
plasma CETP levels as well as activity are significantly in-
creased compared with control patients exactly matched
for sex, age, BMI, and liver protein synthesis capacity. Thus
far, only a few studies addressed alterations of CETP in
patients with increased plasma BA compared with con-
trols. One study assessed CETP activity in patients with
cholestasis and found, in contrast to our study, a decrease
in CETP activity compared with control subjects (34).
However, in that study, controls were not carefully matched
and decreased hepatic protein synthesis capacity in the pa-
tient group might conceivably represent a confounding
factor, explaining the difference between these previous
results and our study. In line with our data are anecdotal
case reports presenting circumstantial evidence for a po-
tential positive association between plasma BA and CETP.
One report indicated that plasma CETP mass is positively
correlated with plasma BA levels in three patients with
Alagille syndrome (35), a liver disease associated with ele-
vated plasma BA. Another case report on a single patient
with cerebrotendinous xanthomatosis showed that plasma
CETP activity increased after the initiation of CDCA treat-
ment (36).

As a second step, we confirmed in vivo in mice express-
ing the human CETP transgene under the control of its
endogenous promoter and in vitro in cell culture studies
that FXR agonism increases CETP gene expression. Thus
far, CETP gene expression has been described to be posi-
tively regulated mainly by cholesterol-driven mechanisms,
either via SREBP (37, 38) or LXR (29), the latter potenti-
ated by LRH-1 expression (39). On the other hand, CETP
expression is negatively regulated by inflammation (40,
41). However, we ensured that TCA feeding did not cause
a proinflammatory response in our experimental model,
as opposed to the effects of CA feeding (33); therefore, we
do not consider inflammation a confounding factor po-
tentially affecting our experimental results.

Several studies have addressed the involvement of FXR
in the development of atherosclerosis in mice. Results ob-
tained with the use of FXR-deficient mice not expressing
CETP are controversial (42—44). However, FXR agonists
were demonstrated in mouse models without (44) or with
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CETP expression on cholesterol-enriched Western-type
diets (45) to exert antiatherogenic effects, in a large part
via decreasing levels of proatherogenic apoB-containing
lipoproteins. These metabolic effects are likely mediated
by decreased intestinal cholesterol absorption in response

to FXR activation (46), which represents a significant con-
tributing factor to total cholesterol levels in mice on a
Western-type diet. In contrast, the mice in our study were
fed chow and subsequently showed an increase in VLDL/
LDL cholesterol as a reflection of increased CETP activity.
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However, in Ldlr-deficient mice with transgenic CETP ex-
pression, as well as in cynomolgous monkeys, FXR activa-
tion consistently resulted in a strong decrease in plasma
HDL-C levels (45), similar to our results in the E3L.CETP
model. Because CETP promotes the catabolism of anti-
atherogenic HDL and because our results show that FXR
upregulates CETP expression, a reconsideration of the
previous conclusion that FXR is antiatherogenic might be
required, at least before extrapolating these results to the
human situation.

Opverall, our results provide strong evidence that the
BA-mediated transcriptional upregulation of CETP expres-
sion observed in vivo is FXR dependent. Our in vitro
results show that CETP expression in hepatocytes from
CETP-transgenic mice and humans as well as in human
macrophages is upregulated not only by BA, which might
also have certain FXR-independent effects, but also with
the specific nonsteroidal FXR agonist GW4064. In addi-
tion, we demonstrate that the upregulation of CETP by
FXR agonists is direct and does not depend on de novo
protein synthesis. Furthermore, knockdown experiments
proved that the transcriptional regulation of CETP by BAs
and GW4064 is dependent on functional FXR expres-
sion. Further support of a direct role of FRX/RXR het-
erodimers in the upregulation of CETP gene expression is
provided by our observation that the GW4064-induced
upregulation of CETP gene expression was further poten-
tiated by the RXR agonist 9-cis retinoic acid. However, 9-cis
retinoic acid can also induce CETP via the RXR/LXR het-
erodimer (29).

Regarding the molecular mechanism whereby FXR up-
regulates CETP gene expression, we were able to identify
an ER8 element in the first intron that is responsive to FXR
agonists. In contrast, a predicted inverted repeat (IR-1) se-
quence at nucleotides —2415 to —2427 in the proximal pro-
moter closely resembling the consensus FXR/RXR binding
sequence (A/G)GGTCA(A/G)(T/A)G(A/G)CCT (47) was
unresponsive to FXR activation.

In summary, our study demonstrates in vivo in humans
and transgenic mice as well as in vitro that FXR agonists
upregulate human CETP expression, likely via an ER8 FXRE
in the first intron. The FXR-mediated increase in CETP
mass and activity results in the development of a proathero-
genic lipoprotein profile. Thus, these data are not only of
relevance for disease states linked to alterations in BA
metabolism and excretion but also especially when consid-
ering FXR activation as a novel therapeutic strategy against
metabolic diseases and atherosclerotic CVD Bl
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