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We evaluated the metabolic impact of farnesoid X receptor
(FXR) activation by administering a synthetic FXR agonist
(GW4064) to mice in which obesity was induced by a high fat
diet. Administration of GW4064 accentuated body weight gain
and glucose intolerance induced by the high fat diet and led to a
pronounced worsening of the changes in liver and adipose tis-
sue. Mechanistically, treatment with GW4064 decreased bile
acid (BA) biosynthesis, BA pool size, and energy expenditure,
whereas reconstitution of the BApool in theseGW4064-treated
animals by BA administration dose-dependently reverted the
metabolic abnormalities. Our data therefore suggest that
activation of FXRwith synthetic agonists is not useful for long
term management of the metabolic syndrome, as it reduces
the BA pool size and subsequently decreases energy expen-
diture, translating as weight gain and insulin resistance. In
contrast, expansion of the BA pool size, which can be achieved
by BA administration, could be an interesting strategy to man-
age the metabolic syndrome.

Bile acids (BAs)3 are essential constituents of bile that facili-
tate dietary lipid absorption and cholesterol catabolism.
Besides their well established roles in dietary lipid absorption
and cholesterol homeostasis, BAs also function as biological
signaling molecules, endowing them with an endocrine func-
tion (1). For instance, BAs activate MAPK signaling pathways
(2, 3) and are natural ligands that activate the nuclear hormone

receptor farnesoid X receptor (Fxr, NR1H4) (4–6), a transcrip-
tion factor that controls both the biosynthesis and enterohe-
patic recycling of BAs (7). FXR regulates the expression of the
short heterodimer partner (Shp, NR0B2) that inhibits the activ-
ity of several other nuclear receptors and contributes to the
negative feedback regulation of BA biosynthesis. SHP inhibits
the activity of liver X receptor � and � (liver X receptor �,
NR1H3; liver X receptor �, NR1H2) and liver receptor homo-
log-1 (LRH-1, NR5A2), both necessary for transcriptional
induction of the rate-limiting enzyme in BA biosynthesis, cho-
lesterol 7�-hydroxylase (CYP7A1) (8–13). The FXR-mediated
induction of FGF19 (FGF15 in mouse) in intestinal epithelial
cells also contributes to the feedback repression of BA biosyn-
thesis. FGF15/19 passes via the portal vein to the hepatocytes
and acts on FGFR4 (14–16). Likewise, the hepatic FXR-medi-
ated SHP induction after BA administration inhibits fatty acid
and triglyceride (TG) biosynthesis and VLDL production (17).
A final pathway through which BAs signal recently emerged

and involves the binding and activation of G-protein-coupled
receptors such as TGR5 (also named GPR131 or M-BAR) (18,
19). Through the activation of this G-protein-coupled receptor,
BAs induce intracellular cAMP levels in brown adipose tissue
(BAT) and skeletal muscle. This leads to activation of type 2
iodothyronine deiodinase (D2), the enzyme that converts inac-
tive thyroxine into active 3,5,3�-triiodothyronine (20), which
determines thyroid hormone receptor saturation, as well as the
activation of the master regulator of mitochondrial biogenesis,
the peroxisome proliferator-activated receptor � (PPAR�)
coactivator-1� (PGC-1�). Via this pathway, energy expendi-
ture in BAT and skeletal muscle is stimulated, translating into
weight loss and insulin sensitization (21). Furthermore, TGR5
was recently shown also to enhance insulin secretion through
its stimulating effects on GLP-1 release in entero-endocrine
L-cells (22). Taken together, these observations build a strong
case that BAs have effects beyond the strict control of BA
homeostasis and function as general metabolic integrators.
In view of the complex signaling cascades induced by BAs, it

is not all that surprising that the effects of BAs are not totally
mimicked by those of synthetic FXR agonists. In fact, we previ-
ously reported that high fat fed mice treated with the synthetic
FXR agonist GW4064 have a tendency to increase body weight
(21). In this study, we provide compelling evidence that FXR
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activation with a synthetic agonist, GW4064, induces obesity
and diabetes in high fat fed C57BL/6J mice, an effect that is
diametrically opposite to the beneficial impact of the natural
BA, cholic acid (CA), in this mouse model. We trace the meta-
bolic differences between natural and synthetic FXR agonists to
their opposing actions on BA pool size.

EXPERIMENTAL PROCEDURES

Materials—CA was obtained from Sigma. GW4064 was a
generous gift of Mitsubishi Pharmaceuticals.
Animal Studies—Animal experiments were approved by the

institutional review board at Keio University. Male C57BL/6J
mice, 6–7 weeks of age, were obtained fromCharles River Lab-
oratories (l’Arbresle, France) and CLEA Japan, Inc. (Tokyo,
Japan). All mice were maintained in a temperature-controlled
(23 °C) facility with a 12-h light/dark cycle and were given free
access to food andwater. The control diet and high fat diet were
obtained fromResearch Diets, Inc. The control diet (D12450D)
contained 26.2% protein, 67.3% carbohydrate, and 4.3% fat, and
the high fat diet (D12492) contained 26.2% protein, 26.3% car-
bohydrate, and 34.9% fat. For treatment with CA,micewere fed
diets with 0.5% (w/w) CA. GW4064 (180 mg/kg w/w) was
mixed with diets. Based on a daily food intake of 5 g, this
resulted in a daily dose of 15 mg/kg GW4064. The mice were
fasted 6 h before harvesting blood for subsequent blood meas-
urements and tissues for RNA isolation and histology. Oxygen
consumption was measured using the Oxymax apparatus
(Columbus Instruments, Columbus, OH) (23).
Morphological Studies—Pieces ofmouse tissues were fixed in

Bouin’s solution, dehydrated in ethanol, embedded in paraffin,
and cut at a thickness of 5 �m. Sections were deparaffinized,
rehydrated, and stained with hematoxylin and eosin.
mRNA Expression Analysis by Quantitative RT-PCR—Ex-

pression levels were analyzed in cDNA synthesized from total
mRNA using real time PCR as described previously (21). The
sequences of the primer sets used are displayed in Table 1.
Biochemistry and Determination of Glucose, Lipids, and BAs—

An oral glucose tolerance test (OGTT) was performed in ani-
mals that were fasted 6 h. Glucose was administered by gavage
at a dose of 2 g/kg. An intraperitoneal insulin tolerance test
(IPITT) was done in 6-h fasted animals. Insulin was injected at
a dose of 0.75 units/kg. Glucose quantification was done with
the Maxi kit glucometer 4 (Bayer Diagnostic, Puteaux, France)

or glucose RTU (bioMérieux Inc., Marcy l’Etoile, France).
Plasma insulin and leptin concentrations were measured using
ELISA (Crystal Chem Inc., Downers Grove, IL). Serum total
cholesterol, TG, and free fatty acids were measured as de-
scribed previously (17). TG, free fatty acids, and total choles-
terol in the 3T3-L1 cells and liver were extracted by the classical
Folch method (24) and measured as described previously (17).
BAs in enterohepatic organs of fed mice were determined as
described previously (25, 26).
Cell Culture—3T3-L1 cell were cultured in DMEM supple-

mented with 10% FBS, 100 units/ml penicillin, and 100 �g/ml
streptomycin in 5% CO2-humidified atmosphere. Differentia-
tion of preadipocytes 2 days after confluence was induced by
exposing them to a differentiation medium containing 5 �g/ml
insulin, 1 �M dexamethasone, and 0.5 mM 3-isobutyl-1-meth-
ylxanthine in 10% FBS-supplemented DMEM for 48 h (27).
Then the culture medium was replaced with DMEM supple-
mented with 10% FBS, 5 �g/ml insulin, and with or without 10
�MGW4064 or 20�M chenodeoxycholic acid (CDCA). Culture
mediumwas changed every day. Four days after the initiation of
adipocyte differentiation, cells were stimulated with insulin (5
�g/ml), and the decrease of glucose in the medium was mea-
sured after 12 h.
Western Blot Analysis and Antibodies—3T3-L1 cells and fro-

zen tissues were homogenized in lysis buffer (20 mM Tris-HCl,
pH 7.5, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 2.5 mM

sodium pyrophosphate, 1 mM sodium orthovanadate, 1% Tri-
ton X-100, 10 �g/ml leupeptin, 10 �g/ml aprotinin, 10 �g/
ml phenylmethylsulfonyl fluoride). After centrifugation at
15,000 � g for 15 min, the supernatants were collected, and
protein concentration was determined. Antibodies to total Akt
and phosphorylated-Akt (Ser-473) were purchased from Cell
Signaling Technology (Beverly, MA). Antibodies to IRS-1 and
phosphorylated-IRS-1 (Ser-307) were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA).
Statistical Analysis—Values were reported as means � S.E.

Statistical differences were determined using analysis of vari-
ance (StatView software, Abacus Concepts, Inc., Berkeley, CA).
Statistical significance is displayed as follows: *, p� 0.05; **, p�
0.01 versushigh fat diet and as #, p� 0.05, or ##, p� 0.01, versus
high fat diet supplemented with GW4064.

RESULTS

GW4064 Induces Weight Gain in C57BL/6J Mice—We first
evaluated the metabolic effects of FXR activation with the syn-
thetic agonist GW4064 in male C57BL/6J mice. These mice
received either normal chow, a high fat diet, or a high fat diet
supplemented with GW4064 or CA for 3 months. Food intake
was not affected by any of these treatments (Fig. 1A). When
compared with animals fed a normal chow, high fat fed animals
gainedmoreweight. The animals fedwith the same high fat diet
supplementedwithCA gainedweight at a rate comparable with
mice fed the standard chow (Fig. 1A). GW4064 induced a rather
spectacular increase in weight gain (Fig. 1A). At the end of the
study, the weight of the liver, epididymal white adipose tissue
(epWAT), and BAT of the high fat fed animals were all signifi-
cantly increased (Fig. 1B). GW4064 administration induced a
more pronounced increase in fat-induced changes in liver and

TABLE 1
Primer sequences of genes used for quantification of mRNAs by real-
time PCR

Gene Forward primer (5�3 3�) Reverse primer (5�3 3�)

18 S GATGGGAAGTACAGCCAGGT TTTCTTCAGCCTCTCCAGGT
FXR CAAAATGACTCAGGAGGAGTACG GCCTCTCTGTCCTTGATGTATTG
LXR� GGGAGGAGTGTGTGCTGTCAG GAGCGCCTGTTACACTGTTGC
SHP CAAGGAGTATGCGTACCTGAAG GGCTCCAAGACTTCACACAGT
PGC1� AAGGGCCAAACAGAGAGAGA GCGTTGTGTCAGGTCTGATT
Cyp7a1 TACAGAGTGCTGGCCAAGAG TTCAAGGATGCACTGGAGAG
IBABP ACCATTGGCAAAGAATGTGA GACCTCCGAAGTCTGGTGAT
FGF15 GGCAAGATATACGGGCTGAT GATGGTGCTTCATGGATCTG
D2 TTCTGAGCCGCTCCAAGT GGAGCATCTTCACCCAGTTT
UCP1 GGCCCTTGTAAACAACAAAATAC GGCAACAAGAGCTGACAGTAAAT
mCPT-1 GCACTGCAGCTCGCACATTACAA CTCAGACAGTACCTCCTTCAGGAAA
PPAR� AGGCCGAGAAGGAGAAGCTGTTG TGGCCACCTCTTTGCTCTGCTC
aP2 TGCCACAAGGAAAGTGGCAG CTTCACCTTCCTGTCGTCTG
Leptin CAAGCAGTGCCTATCCAGAA GTGAAGCCCAGGAATGAAGT
Adiponectin AAGAAGGACAAGGCCGTTCTCTT GCTATGGGTAGTTGCAGTCAGTT
FAS CTGCAGAGAAGCGAGCATAC TCTGCCAGTGAGTTGAGGAC
ACC1 ACCCACTCCACTGTTTGTGA CCTTGGAATTCAGGAGAGGA
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adipose tissue mass. CA completely prevented these changes
(Fig. 1B).
GW4064 Decreases BA Pool Size and Induces Insulin

Resistance—FXR regulates BAhomeostasis. Therefore, we ana-
lyzed BA composition in the enterohepatic organs of the mice
subjected to the different treatments. In mice fed the high fat
diet mixed with GW4064, BA pool size was reduced, and tau-
rocholic acid and CA content were markedly decreased. The
relative contribution of tauromuricholic acid increased upon
GW4064 treatment (Fig. 1C). Conversely, BA pool size was
increased in mice fed a high fat diet mixed with CA due to
elevated taurocholic acid and CA content. Tauromuricholic
acid was decreased, consistent with our previous report (Fig.
1C) (21).
Fasting glucose and insulin levels were both increased by feed-

ing a high fat diet and reflected the presence of insulin resistance.
Although these parameters were improved by CA, GW4064
increased fasting glucose and insulin levels (Fig. 1D). During an
OGTT, administration of CA to high fat fed animals normalized
their glucose tolerance, whereas glucose tolerance was signifi-
cantly poorer after GW4064 treatment (Fig. 1E). Moreover, the
slopeof thedecrease inserumglucoseduringanIPITTwassteeper

in mice supplemented with CA than in control high fat fed mice.
GW4064 treatment flattened this slope (Fig. 1E).
In addition, serum-free fatty acid, TG, and leptin levels were

all increased by the addition of GW40464 to the high fat diet,
and they were normalized by CA supplementation (Table 2).
These data indicate that in a model for diet-induced obesity,
GW4064 aggravates and CA improves glucose tolerance and
insulin sensitivity.
GW4064 Increases Lipid Accumulation in Liver and Adipose

Tissue—To identify the tissue(s) contributing to the changed
metabolic profile after the various treatments of the C57BL/6J
mice, we performed a detailed histological survey of the key
metabolic tissues (Fig. 2A). This enabled us to compare the
effects of GW4064with those of CA, which we previously char-
acterized in this model (17, 21). Liver sections of high fat fed
animals showed more unstained inclusions, indicating steato-
sis, which was even more pronounced in livers of GW4064-
treated mice. Such inclusions were absent when the high fat
diet was supplemented with CA (Fig. 2A) (17). Indeed, analysis
of hepatic lipid levels revealed that GW4064 increased the high
fat diet-induced TG accumulation, whereas this was com-
pletely prevented by the supplementation of CA (Table 2). Both

FIGURE 1. FXR ligands affect metabolic control in mice fed a high fat diet. A, body weight (BW) change and cumulative food intake of C57BL/6J mice during
3 months on different diets/treatments. Food intake was measured daily for 1 week at day 14. C denotes control diet; F denotes high fat diet; FW denotes high
fat diet � GW4064, and FA denotes high fat diet � CA. B, comparison of liver, epWAT, and BAT tissue weight after 3 months of treatment with different diets.
C, comparison of the BA pool size and composition in enterohepatic organs of mice treated with different diets for 2 months. Abbreviations used are as follows: T,
Tauro; U, Urso; and M, Muri. D, serum glucose and insulin levels after 6 h of fasting and 70 days on the indicated treatments. E, glucose levels during an OGTT and IPITT
in mice on the different diets for 72 and 80 days, respectively. Data are expressed as the mean � S.E. (n � 5). *, p � 0.05; **, p � 0.01 versus high fat diet (F).
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treatments increased hepatic cholesterol levels, consistent with
the inhibition of BA biosynthesis. The high fat diet caused sig-
nificant adipocyte hypertrophy in bothWAT, characterized by
a larger adipocyte volume, and BAT, typified by the presence of
larger lipid vacuoles within the cells (Fig. 2A). Significantly
higher amounts of lipids accumulated in the animals that
received GW4064 (Fig. 2A). This adipocyte hypertrophy was
decreased when the high fat diet was supplemented with CA
(Fig. 2A).
Indirect calorimetry was then performed to establish

whether the facilitating effect of GW4064 on the development
of obesity and lipid accumulation in the tissueswasmediated by

decreased energy expenditure. A higher CO2 production and
O2 consumption was evident in animals fed a high fat diet sup-
plemented with CA compared with animals on a high fat diet
(Fig. 2B) (21). GW4064, however, remarkably decreased both
O2 consumption andCO2 production, indicating that GW4064
reduced energy expenditure.
GW4064 Decreases the Expression of Genes Involved in BA

Biosynthesis and Energy Expenditure—To better understand
the molecular mechanisms underlying the reduced energy
expenditure induced by GW4064, we analyzed gene expression
in different tissues using quantitative RT-PCR.We focused our
attention on the liver, the main metabolic hub and tissue con-

TABLE 2
Serum and liver lipid levels and serum leptin level in the four treatment groups
Data are expressed as mean � S.E. (n � 5).

High fat diet High fat diet � GW4064 High fat diet � CA Control diet

Serum
TG (mg/dl) 62.89 � 5.75 83.04 � 5.88a 40.16 � 4.07a 45.77 � 6.38
Total cholesterol (mg/dl) 177.01 � 14.57 200.91 � 13.92 125.88 � 9.85a 113.87 � 7.93b
Free fatty acids (�Eq/liter) 628.09 � 22.19 714.44 � 82.58 585.78 � 31.47 597.30 � 22.27
Leptin (pg/ml) 6.79 � 1.63 13.04 � 2.34b 2.79 � 0.20a 3.22 � 0.46a

Liver
TG (mg/g liver) 88.97 � 7.22 159.66 � 16.36b 55.50 � 5.90a 54.77 � 5.87a
TC (mg/g liver) 7.01 � 0.55 12.78 � 1.62b 15.21 � 1.73b 5.32 � 0.76
Free fatty acids (�Eq/g liver) 41.94 � 6.89 56.10 � 6.67 45.99 � 6.75 31.07 � 1.47

a p � 0.05 versus high fat diet.
b p � 0.01 versus high fat diet.

FIGURE 2. Changes in liver, epWAT, and BAT histology and energy expenditure induced by FXR ligands. A, hematoxylin and eosin (HE)-stained liver,
epWAT, and BAT sections of mice treated with control or high fat diet and exposed to the same treatments as specified in Fig. 1B. Abbreviations are as in Fig.
1. Scale bar, 50 �m. B, O2 consumption (VO2) and CO2 production (VCO2) by indirect calorimetry in mice on the different diets for 3 months. The acclimation time
in the chambers was 2 h. The VO2 was normalized to body weight to the 0.75 power. The right panel represents the averaged VO2 and VCO2. C, mRNA expression
levels of indicated genes in liver, ileum, BAT, and epWAT of mice after 2 months of treatment with different diets. Data are expressed as the mean � S.E. (n �
5). *, p � 0.05, or **, p � 0.01 versus high fat diet (F).
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trolling BA biosynthesis, on the ileum, as the site of BA absorp-
tion, on the BAT, the tissue coordinating energy expenditure,
and on the epWAT, which is a major site for fat storage (Fig.
2C). Hepatic gene expression reflected the changes in BA pool
size and its consequences on BA production and cholesterol
homeostasis. The mRNA level of Shp was increased, and con-
sequently Cyp7A1 expression was decreased after treatment
with eitherGW4064 orCA, consistent with previous reports (9,
11). In contrast, mRNA levels of Fxr and Lxr�, which regulate
Shp and Cyp7A1 expression, remained unchanged (Fig. 2C). In
the ileum,mRNA levels of Ibabp, Shp, and Fgf15were increased
in mice treated with either GW4064 or CA. These three genes
have established FXR-response elements in their promoters.
In contrast to the parallel changes in liver and ileum,

GW4064 and CA had opposing effects in BAT. The mRNA
levels of D2 and Pgc-1� were decreased by GW4064, whereas
expression of these genes was increased by CA treatment (Fig.
2C). D2 and PGC-1� are two principal players, which facilitate
the induction of genes involved in BAT thermogenesis (28, 29).
Consequently, the expression of the mRNAs for uncoupling
protein (Ucp) 1 andmuscle-type carnitine palmitoyltransferase
I (mCPT-I) were significantly decreased after GW4064 treat-
ment, whereas mRNA levels of these genes were increased by
CA (Fig. 2C). In addition, expression of the adipogenesis mark-
ers, Ppar� and aP2, in epWAT was not changed in response to
GW4064 or CA treatment. The expression of leptin and adi-
ponectin reflected the degree of adipocyte hypertrophy in

response to the different diets (Fig. 2C). In line with our previ-
ous observations (21), these results suggest that BAT is the pri-
mary target organ that underpins the inhibitory effects of
GW4064-induced decreased BA pool size on energy
expenditure.
GW4064 Does Not Affect Adipocyte Differentiation and Insu-

lin Signaling—Several papers suggest that FXR activation
enhances insulin signaling and adipogenesis in WAT and
3T3-L1 cells (30–32), whereas some evidence of decreased
insulin signaling was found in WAT (30) and liver (32) from
fxr�/� mice. It remains, however, contested whether synthetic
FXR agonists, such as GW4064, increase insulin signaling in
WAT, given that the expression of Fxr is low in WAT (�2%
of liver) (30). We therefore activated FXR by the addition of
GW4064 or CDCA (a natural ligand of FXR) to the medium of
differentiated 3T3-L1 cells. Glucose uptake into 3T3-L1 cells
during 12 h, 5 days after the induction of adipocyte differentia-
tion, is unchanged by either GW4064 or CDCA treatment (Fig.
3A). Both compounds did not increase TG accumulation in
3T3-L1 adipocytes (Fig. 3A) nor did they alter the mRNA
expression of adipocyte marker genes, aP2, Ppar�, fatty-acid
synthase (Fas), and acetyl-CoA carboxylase 1 (Acc1) (Fig. 3B).
Furthermore, we investigated the phosphorylation of Akt/PKB
on serine 473 and IRS-1 on serine 307 in 3T3-L1 cells as mark-
ers of insulin sensitivity and resistance, respectively (33, 34).
Phosphorylation levels of Akt/PKB and IRS-1 were similar
between the 3T3-L1 cells differentiated for 5 days in the pres-

FIGURE 3. FXR agonists do not affect adipocyte differentiation and insulin sensitivity in vitro and in vivo. A, insulin-stimulated glucose uptake after
adipocyte differentiation of 3T3-L1 cells with or without GW4064 or CDCA. Cells were stimulated with insulin (5 �g/ml) for 12 h, and the decrease of glucose in
the medium was measured (left panel). TG content in these differentiated 3T3-L1 cells is shown in the right panel. C denotes control medium; W indicates
medium with 10 �M GW4064; CD indicates medium with 20 �M CDCA. B, mRNA expression levels of Ppar�, aP2, Fas, and ACC1 in 3T3-L1 cells, as specified in A.
C, determination of Akt/PKB or IRS-1 phosphorylation levels by Western blotting in differentiated 3T3-L1 cells. Cells were cultured with or without GW4064 or
CDCA and stimulated with 5 �g/ml insulin for 5 min. Western blotting was performed with anti-Ser-473-phosphorylated Akt, total Akt, anti-Ser-307-phosphor-
ylated IRS-1, or total IRS-1 antibodies. D, determination of Akt/PKB phosphorylation levels by Western blotting with anti-Ser-473-phosphorylated Akt or total
Akt antibody in epWAT. Protein extracts were prepared from epWAT of C57BL/6J mice, which were fed a high fat diet with or without GW4064 for 76 days.
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ence of GW4064 or CDCA (Fig. 3C). We also investigated Akt/
PKB phosphorylation in vivo. Consistent with our data in
3T3-L1 cells, the levels of serine 473 Akt/PKB phosphorylation
were not induced in epWAT after 76 days of GW4064 admin-
istration (Fig. 3D). Taken together, our data suggest that FXR
agonists had no effect on insulin signaling and adipogenesis in
3T3-L1 cells and WAT (Fig. 2C).
CA Can Overcome the Negative Impact of GW4064 onMeta-

bolic Homeostasis—The apparent discrepancy between the
metabolic effects of the synthetic (GW4064) and natural (CA)
FXR agonists on metabolic function could be due to their dif-
ferential effects on BA pool size (Fig. 1C). Therefore, we tested
whether we could overcome the negative metabolic impact of
GW4064 administration to the high fat diet by supplementing
this diet with or without different doses of CA (0.125, 0.25, or
0.5% w/w) for 76 days. An additional control group of high fat
fed mice that only received CA was included as well. Again,
GW4064 administration accentuated the body weight gain
induced by high fat feeding, whereas CA completely eliminated
weight gain (Fig. 4A). When different amounts of CA were
given to mice fed a high fat diet supplemented with GW4064, a
dose-dependent normalization of body weight gain was
observed. Strikingly, the highest dose of CA was able to revert
body weight gain to similar levels as seen upon chow feeding.
These differences in bodyweight gainwere paralleled by similar
changes in epWAT mass (Fig. 4B). Not surprisingly, also glu-
cose tolerance followed the same trend, with a striking reduc-
tion of the abnormalities induced by GW4064 in a CA dose-de-
pendent manner (Fig. 4C). The fact that CA could revert the
metabolic abnormalities induced by GW4064 was clearly
linked to the fact that it increased BA pool size and changed its
composition (Fig. 4D).

DISCUSSION

This study demonstrates that prolonged FXR activation (for
3months)with the synthetic agonist, GW4064, induced obesity
and diabetes in high fat fed C57BL/6J mice. Long term FXR
activation by GW4064 reduced basal metabolism, increased
body weight gain, and enhanced TG accumulation in WAT,
BAT, and liver. This resulted in glucose intolerance and insulin
resistance. We furthermore show that GW4064 induces such a
detrimentalmetabolic profile via a reduction in hepatic BA syn-
thesis and a subsequent decrease of the BA pool size. Adminis-
tration of CA, a natural FXR agonists, improves metabolism.
Most importantly, CA prevents the negative metabolic effects
of GW4064 during coadministration, as it replenishes the BA
pool size. This proves that the mechanism behind the effects of
GW4064 is mediated via FXR activation and the subsequent
lowering of the BA pool size (Fig. 5).
Our results are in apparent contrast to several earlier studies,

which have shown that treatment with synthetic FXR agonists
either improved insulin sensitivity in db/db (32), KK-Ay (32),
and ob/obmice (30) or had no effect on glucose homeostasis in
basal conditions or during OGTT in C57BL/6J mice (30, 32). In
this study, we used high fat fed C57BL/6J mice as a model for
diet-induced obesity and diabetes, which is opposed to previous
studies that all relied on mice with genetic predisposition to
metabolic disease, such as the ob/ob, db/db, and KK-Ay mice.
Other differences between our study and the previous studies
are the long duration of our study and the administration of a
relatively low dose via admixing to the diet. Despite these dif-
ferences, we show increased expression of well characterized
FXR target genes in liver and intestine, proving consistent FXR
activation in our study.

FIGURE 4. CA coadministration overcomes the negative effects of GW4064 by restoring the BA pool. A, body weight of C57BL/6J mice after 76 days
on different diets/treatments. Abbreviations are as in Fig. 1. Different doses of CA (0.125, 0.25, or 0.5% w/w) were supplemented to a high fat diet �
GW4064. B, comparison of epWAT tissue weight after 76 days on the different diets. C, AUC of glucose levels during an OGTT after 60 days on the different
diets. D, comparison of BA pool size and composition in enterohepatic organs in C57BL/6J mice treated with different diets for 10 days. Data are expressed as
the mean � S.E. (n � 5). *, p � 0.05, or **, p � 0.01, versus F and #, p � 0.05, or ##, p � 0.01, versus high fat diet � GW4064.
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Several previous publications suggested that FXR activation
improves insulin signaling via Akt/PKB phosphorylation and
adipogenesis in WAT by PPAR�-dependent and -independent
mechanisms (30, 31). Likewise, a decrease in insulin signaling
was observed in WAT (30) and liver (32) from fxr�/� mice,
whereas insulin signaling was increased in hepatocytes from
mice that express FXR after adenoviral infection (32). To clarify
whether FXR, which is weakly expressed inWAT and BAT, has
functions in adipose tissue that could contribute to the
GW4064-induced increase in body weight, we evaluated the
effect of FXR agonists inWAT and 3T3-L1 cells. The activation
of FXR with either synthetic or natural FXR ligands in the
3T3-L1 adipocyte cell line had no effect on glucose uptake, TG
accumulation, IRS1, and Akt/PKB phosphorylation, and
expression of adipocyte differentiation marker genes, indicat-
ing that FXR activation did not increase 3T3-L1 adipocyte dif-
ferentiation and/or insulin signaling. GW4064 had also no
effect on Akt/PKB phosphorylation and adipogenesis markers
in WAT in vivo. Our results hence are in line with a previous
report, showing no difference in Ppar� and aP2mRNA expres-
sion between FXR�/� and wild typemice (30), and suggest that
the obesity and diabetes seen after long term GW4064 treat-
ment in vivo is independent of alterations in insulin signaling in
adipose tissue.
Other potential candidates to explain themetabolic effects of

FXR activation are FGF15/19 and phosphoenolpyruvate car-
boxykinase. FXR activation increases Ppeck expression via a
mechanism that involves PPAR� and as such could have a neg-
ative impact on glucose homeostasis (35). As discussed before,
short term treatment with GW4064, however, improves or
does not change glucose homeostasis again indicating that after
long term GW4064 administration most effects are mediated
by the increased body weight gain we describe. FGF15/19 was
reported to improve metabolism and decrease adiposity by the
direct inhibition of hepatic Acc2 and stearoryl-coenzyme A
desaturase-1 expression and an increase in fatty acid oxidation

(36, 37). Furthermore, FGF19 was shown to increase glucose
uptake in 3T3-L1 adipocytes and decrease WAT mass in vivo
(38). Thus, FGF15 induction in the primary FXR signaling tis-
sue, the ileum (16, 39), could mediate in an endocrine manner
part of the effects of BAs on energy homeostasis. However,
despite the fact that both GW4064 and CA induce the expres-
sion of FGF15 in ileum, their divergent effect on energy expen-
diture argues against an important contribution of FGF15 to
the metabolic effects of GW4064.
The differences between the metabolic, morphological, and

molecular changes induced by the synthetic FXR agonist,
GW4064, and the natural FXR agonist, CA (21), suggested that
FXR-independent mechanisms, perhaps related to alterations
in the BA pool size or circulating BA levels, could underpin the
observed metabolic alterations. The molecular feedback loops
that control BA biosynthesis depend on FXR and involve the
induction of Shp expression in the liver and of Fgf15/19 expres-
sion in the ileum (9, 11, 14, 15), effects that are similar after
administration of both GW4064 or CA. As expected, BA pool
size was increased by CA administration, but interestingly
GW4064 decreased BA pool size. The reversal of the metabolic
abnormalities induced by GW4064 in high fat diet fed mice by
coadministration of CA provided unequivocal proof of concept
that the absence of detrimental metabolic effects were due to
maintenance of BA pool size. This is also in line with our pre-
vious mouse studies in which we established that administra-
tion of CA, which increases the BA pool size, raises energy
expenditure in BAT via induction of the cAMP-dependent thy-
roid hormone activating enzymeD2 (21). Several recent studies
support that increased BA levels and/or BA pool size have ben-
eficialmetabolic effects. Inmice that lack FXR specifically in the
intestine, a high BA pool is associated with weight loss (16). In
humans, BA levels are also tightly correlated to increased insu-
lin sensitivity. Patients after bariatric surgery to correct for obe-
sity have higher circulating levels of BAs, which are positively
correlated with metabolic improvements (40, 41). This latter
observationwas recently confirmed in obese patients, who have
a decreased postprandial BA response in comparison with nor-
mal weight subjects (42). In contrast to this body of evidence
that suggests that increasing BA levels benefit metabolic home-
ostasis, GW4064 decreased the expression levels of genes
involved in energy expenditure in BAT, underscoring that these
effects are not directly caused by FXR activation but rather are
the consequence of reducedTGR5 activation subsequent to the
reduction in the BA pool.
Finally, it is interesting to point out that changes in the BA

pool size may also explain some of the effects of SHP on energy
homeostasis. In fact, SHP was reported to inhibit thermogene-
sis in BAT by decreasing Pgc-1� mRNA expression, as con-
cluded from the resistance to diet-induced obesity and the
increase of energy expenditure in fxr�/� mice (43). As Fxr, Shp
mRNA is almost undetectable in mouse BAT (21, 30). A possi-
ble reason for this apparent discrepancy is that adaptive ther-
mogenesis might be induced by the increase in BA pool size,
because the expression of Cyp7A1 and BA production is facili-
tated in the absence of SHP (13).
In conclusion, activation of FXR with the synthetic agonist

GW4064 decreases the BA pool size. Through the reduction in

FIGURE 5. Changes in energy metabolism after FXR activation using
GW4064. Administration of a synthetic FXR agonist to high fat fed mice leads
to a reduction in bile acid synthesis and as a consequence to a reduced bile
acid pool size. This translates into reduced energy expenditure in brown adi-
pose tissue, TG accumulation in WAT, BAT, and liver, and insulin resistance.
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the BA pool size, synthetic FXR agonists will decrease the acti-
vation of TGR5 and hence facilitate the development of obesity
and diabetes. This is opposite to the effects of BAs, natural FXR
and TGR5 ligands, as they concurrently replenish and enlarge
the BApool and activate TGR5. These data caution against long
term use of FXR agonists in the metabolic syndrome. In the
absence of contraction of the BA pool, synthetic FXR agonists
may have beneficial effects, which could be obtained after low
dose, short term, or local treatment. Conversely, strategies to
increase the BA pool sizemay constitute a significant therapeu-
tic advance to combat themetabolic syndrome and suggest that
such strategies are worth testing in a clinical setting.
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