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The nuclear bile acid receptor farnesoid X receptor (FXR) is an important transcriptional regulator of bile 
acid, lipid, and glucose metabolism. FXR is highly expressed in the liver and intestine and controls the syn-
thesis and enterohepatic circulation of bile acids. However, little is known about FXR-associated proteins that 
contribute to metabolic regulation. Here, we performed a mass spectrometry–based search for FXR-interact-
ing proteins in human hepatoma cells and identified AMPK as a coregulator of FXR. FXR interacted with the 
nutrient-sensitive kinase AMPK in the cytoplasm of target cells and was phosphorylated in its hinge domain. 
In cultured human and murine hepatocytes and enterocytes, pharmacological activation of AMPK inhibited 
FXR transcriptional activity and prevented FXR coactivator recruitment to promoters of FXR-regulated genes. 
Furthermore, treatment with AMPK activators, including the antidiabetic biguanide metformin, inhibited 
FXR agonist induction of FXR target genes in mouse liver and intestine. In a mouse model of intrahepatic cho-
lestasis, metformin treatment induced FXR phosphorylation, perturbed bile acid homeostasis, and worsened 
liver injury. Together, our data indicate that AMPK directly phosphorylates and regulates FXR transcriptional 
activity to precipitate liver injury under conditions favoring cholestasis.

Introduction
In addition to their role as lipid emulsifiers, bile acids (BAs) are 
now also recognized as important regulators of cholesterol, bile 
acid, and triglyceride and glucose metabolism, as well as of a 
number of signaling pathways. These diverse effects are mediated 
through the interaction of BAs with membrane or intracellular 
proteins (1), including the bile acid receptor/farnesoid X recep-
tor (BAR/FXR). FXR is activated by primary and secondary BAs 
and regulates BA, lipid, and glucose homeostasis. In addition to its 
expression in the liver, in which it regulates BA, fatty acid, lipopro-
tein and glucose metabolism, FXR is also present in several other 
tissues, such as the intestine, in which it controls BA reabsorption, 
thus acting as a key regulator of the BA enterohepatic cycle (2).

Through general mechanisms shared with other nuclear receptors 
(NRs), FXR transcriptional activity is regulated via ligand-regulated, 
dynamic interactions with NR coregulators, which can exert either 
coactivating or corepressing activities. In vitro studies demonstrated 
a role for PPARγ-coactivator α (PGC-1α) and the arginine-methyl 
transferases PRMT1 and CARM1 as well as DRIP205/Med1 in 
coactivating FXR (3–6). Furthermore, FXR activity is sensitive to 
extracellular signals via posttranslational modifications, which alter 
its ability to transactivate target genes (7).

As a BA sensor, FXR regulates hepatic BA biosynthesis, trans-
port, and secretion and ileal reabsorption. BA homeostasis is thus 
believed to rely mostly on the ileal FXR-FGF19/15-FGFR4-SHP 

axis (8). Being also a regulator of hepatic canalicular and basolat-
eral BA transporters, FXR plays an important role in reducing liver 
injury upon hepatic BA overload. In most preclinical models of 
intra- or extrahepatic cholestasis, FXR activation induces a favor-
able adaptive response to BA accumulation (9–11).

Organs are submitted to nutrient fluxes and oscillate between 
a fasted state and an energy-replenished postprandial state. The 
adaptation of their metabolic activity to controlling energy and 
metabolic homeostasis involves the regulation of expression and/or  
activity of transcriptional coactivators, such as the NAD+-depen-
dent deacetylase sirtuin SIRT1 and/or PGC-1α. A signaling net-
work linking SIRT1, PGC-1α, and AMPK that allows skeletal mus-
cle cells to adapt to a decreased energy supply has been identified 
(12, 13). Similarly, the SIRT1 and the AMPK pathways act in con-
cert in mouse liver, in which a simultaneous decrease or increase 
in AMPK and SIRT1 activities occurs in the refed or fasted state 
respectively (14). Thus, a link between cellular energy levels and 
NR coregulator activity has been established, which was more 
recently extended to SRC-2, whose ability to regulate the basal 
expression level of the FXR target gene Bsep is positively controlled 
by AMPK (15). Thus, although not formally tested, the possibility 
arises that the metabolic status of cells impinges on FXR transcrip-
tional activity through an interaction with energy-sensitive tran-
scriptional coregulators, which is supported by the demonstration 
that glucose induces the expression of FXR (16).

Here we explore this possibility and show that AMPK interacts 
physically with, phosphorylates, and represses ligand-induced 
FXR transcriptional activity by decreasing its interaction with 
transcriptional coactivators. Several pharmacological AMPK acti-
vators, including metformin, repress FXR transcriptional activity 
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in vitro and in vivo. In a model of liver injury induced by a BA 
overload, metformin induced FXR phosphorylation and increased 
plasma BA levels in a FXR-dependent manner. Furthermore, met-
formin also worsened liver injury in a model of chemically induced 
intrahepatic cholestasis. Our results thus identify AMPK as a 
direct regulator of BA-activated FXR.

Results
Mass spectrometry identifies components of the PRIC285 and AMPK com-
plexes as FXR interacting proteins. Proteins from human hepatoma 
HepG2 cells bound to a FXR ligand-binding domain (LBD) affin-

ity matrix in the presence, or not, of the synthetic FXR agonist 
GW4064 were resolved by SDS-PAGE. Tryptic peptides were iden-
tified by mass spectrometry (Figure 1A). Mapped peptides cor-
responded to Mediator complex components (Med1/DRIP205, 
Med13, Med14, Med24, and Med17) and PRIC complex subunits 
(17), such as the known coactivators or coactivator-binding pro-
teins (PRIC285, CBP, SRC-3, PGC-1α). Other coregulators such as 
p300, SWI/SNF complex subunits (BAF250 and BAF60), MTA-1,  
and RIP140 were also identified. Finally, a more heterogenous 
group of polypeptides with various biological functions was iden-
tified, including the AMPK γ2 regulatory subunit (AMPKγ2) as 
well as PARP-1 and DNA topoisomerases.

mRNAs coding for these identified FXR-binding proteins were 
detected in HepG2, cells and their expression was not, in most cases, 
modified upon GW4064 treatment (Supplemental Figure 1; sup-
plemental material available online with this article; doi:10.1172/
JCI68815DS1). Protein-protein interactions, as well as their ligand 
dependency, were assessed by GST pull-down assays (Supplemen-
tal Figure 2) and are summarized in Figure 1B. Med23 and Med24, 
components of the Mediator complex, did not interact with FXR, 
suggesting that our initial procedure isolated proteins binding both 
directly and indirectly to FXR. Previously described FXR coregula-
tors such as p160 proteins, as well as Med1, PGC-1α, and RIP140, 
interacted with the full length (fl) FXR in a ligand-dependent man-
ner. All other putative FXR coregulators, including AMPKγ2, inter-
acted with the FXR LBD in a ligand-insensitive manner (Figure 1,  
B and C, and Supplemental Figure 2). Since functional links 
between SMRT, PGC-1α, SIRT1, and AMPK suggest that they con-
stitute an integration platform for metabolic signals (18, 19), we 
evaluated whether FXR can interact physically with proteins of this 
platform (Supplemental Figure 2, B and C). Both flFXR and FXR 
LBD interacted with PGC-1α (Supplemental Figure 2B). SIRT1 did 
not interact directly with FXR (Supplemental Figure 2B), suggest-

Figure 1
Identification of FXR-associated cofactors. (A) Representative silver-
stained acrylamide gel showing polypeptides from HepG2 extracts 
specifically bound to unliganded FXR LBD (–GW4064) or liganded 
LBD (+GW4064). Arrowheads indicate excised bands processed for 
mass spectrometry analysis. Selected proteins yielded a peptide cov-
erage above 20% and were detected at least twice out of 3 analyses. 
(B) Detected interactions with FXR. Interactions validated by GST pull-
downs are indicated here. Solid line: ligand-dependent interactions; dot-
ted line: constitutive interactions. (C) FXR interacts with both AMPKα1 
and AMPKγ1. GST pull-down experiments were carried out using GST-
fused flFXR (GST-FXR) or FXR LBD (GST-FXR LBD) and 35S-labeled 
AMPKα1 and AMPKγ1. (D and E) AMPK coimmunoprecipitates with 
FXR. HepG2 cells were treated with 2 μM GW4064 and/or 1 mM  
AICAR for 2 hours. (D) Western blot analysis of whole-cell extracts was 
performed to assess the presence of the indicated proteins. (E) Whole-
cell extracts were immunoprecipitated with either a nonspecific IgG or 
an anti-FXR antibody. Immunoprecipitated material was analyzed by 
Western blot using the indicated antibodies. Western blot analysis was 
carried out to assess AMPK and FXR expression levels in whole cell 
extracts (upper panel). (F) AMPK coimmunoprecipitates with FXR in 
mouse liver extracts. Mice received the indicated treatment (see Figure 6  
for details), and FXR was immunoprecipitated as in E.

Figure 2
FXR interacts with AMPK in living cells. (A) A GFP-FXR fusion protein colocalizes with AMPK in immortalized mouse hepatocytes. The doxycyclin-
dependent induction of GFP-FXR expression was induced or not in AML12 cells, and the localization of FXR and AMPKα was determined by 
(immuno)fluorescence. (B) FXR interacts with AMPK in the cytoplasm of living cells. Top panel: Western blot analysis of HepG2 cell extracts. 
Bottom panels: A PLA was performed in fixed HepG2 cells after indicated treatment with 2 μM GW4064 and/or 1 mM AICAR for 2 hours.
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ing that either PGC-1α or SMRT bridges this deacetylase to FXR, as 
both interacted with SIRT1 (Supplemental Figure 2C).

While AMPKγ2 displayed weak binding to flFXR, the catalytic 
α1 subunit of AMPK interacted strongly in this assay in a ligand-
independent manner with flFXR, but more weakly with the FXR 
LBD (Figure 1C). The interaction of FXR with the native trimeric 
AMPK complex was then assessed in a coimmunoprecipitation 
assay prior to which HepG2 cells were treated with a combination 
of GW4064 and AICAR, an activator of AMPK. GW4064 stabilized 
FXR protein expression, and AICAR induced AMPKα subunit 
phosphorylation at T172 as expected (Figure 1D). The coimmu-
noprecipitation assay demonstrated a constitutive association of 
FXR with native AMPK (Figure 1E), corroborating the results of 
GST pull-down assays. Finally, liver FXR coimmunoprecipitated 
with AMPK subunits in mice that received either a chow diet ora 
diet supplemented with the BA TCA, the AMPK activator metfor-
min, or both compounds (Figure 1F).

Both FXR and AMPK have been described as shuttling from the 
cytoplasmic to the nucleus compartment and vice versa (20, 21). 

Endogenous FXR localized mostly to the nucleus of HepG2 cells, 
with faint staining of the cytoplasm, whereas AMPK showed a 
ubiquitous cellular repartition (Supplemental Figure 3). This cyto-
plasmic colocalization was also observed in murine immortalized 
AML12 cells expressing a GFP-mFXRα1 protein in a doxycyclin-
dependent manner (Figure 2A). A proximity ligation assay (PLA) 
was thus performed in HepG2 cells, in which endogenous FXR 
expression increased upon agonist treatment (Figure 2B). The PLA 
signal from endogenous FXR and AMPK was only detected in the 
cytoplasm upon AICAR-mediated AMPK activation (Figure 2B), 
showing that a more stable AMPK-FXR interaction occurs in the 
cytoplasmic compartment of HepG2 cells. Together, these results 
demonstrate that FXR colocalizes and interacts with AMPK both 
in vitro and in vivo.

AMPK inhibits FXR transcriptional activity in vitro and in vivo. The 
physical interaction of FXR with AMPK raised the possibility that 
FXR could be a substrate for this kinase. HepG2 cells were thus 
treated as above by AICAR and/or GW4064 and the phosphory-
lation status of FXR was examined after immunoprecipitation 

Figure 3
AMPK activation represses FXR transcriptional activity in human or mouse hepatocytes in vitro and in vivo. (A) FXR phosphorylation on Serine res-
idues. HepG2 cells were treated with vehicle (DMSO), 2 μM GW4064 (GW), or GW4064 and 1 mM AICAR (GW+AICAR). Whole-cell extracts were 
immunoprecipitated with an anti-FXR antibody or nonspecific IgG. Precipitates were analyzed by Western blot analysis as indicated. (B) AMPK 
activation represses FXR-mediated gene expression. HepG2 cells were treated as in A, and total RNA was analyzed after 18 hours by RT-qPCR.  
Results are expressed relative to the mRNA level in untreated cells (set to 1). (C) Gene mRNA levels were measured in AML12 cells treated 
under conditions similar to those in B, and results are expressed as in B. (D) Mouse primary hepatocytes (PH) were isolated from 12-week-old 
male mice and stimulated for 6 hours. RNA levels were analyzed as in C, and results are expressed as in B. *P < 0.05; **P < 0.01; ***P < 0.005.
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to show a marked increase in phosphoserine content upon con-
comitant activation of AMPK and of FXR (Figure 3A). Expression 
of endogenous FXR target genes in response to AMPK activation 
was then assessed in hepatoma HepG2 cells (Figure 3B), immor-
talized mouse hepatocytes AML12 (Figure 3C), or primary mouse 
hepatocytes (Figure 3D). Since variable induction kinetics were 
observed for each endogenous target gene (Supplemental Figure 4,  
A and B), induction times were adjusted for each target gene to 
achieve maximal induction by GW4064. Activation of AMPK 
with AICAR resulted in a potent repression of GW4064-induced 
increase in BSEP, kininogen (KNG), MRP2, and SHP mRNAs in 
HepG2 cells (Figure 3B) as well as other known direct FXR target 
genes (Supplemental Figure 4C). A similar result was obtained in 
AML12 (Figure 3C) and primary mouse hepatocytes, in which this 
repression was shown to be FXR dependent (Figure 3D). As SHP 
and KNG genomic loci possess distinct chromatin architectures 
in HepG2 cells, as shown by H3K4me3 ChIP-Seq profiles (Supple-
mental Figure 5), it is unlikely that the AMPK effect stems from an 
action through specific structural components of their promoters.

Thus, activation of the energy-sensing kinase AMPK signifi-
cantly affects FXR-mediated transcription in human (P < 0.05) 
and mouse (for Bsep, P < 0.001; for Shp and Mrp2, P < 0.05) hepat-
ic cells. This effect was equally observed in human enterocyte-like 
Caco-2/TC7 cells (Figure 4A) and further assessed in vivo. WT 
C57BL/6 mice, which display normal plasma glucose levels, were 
gavaged with GW4064 (30 mpk/d) and injected intraperitoneally 
with AICAR (200 mpk/d) for 5 days (Figure 4B). Importantly, 
these treatments did not alter blood glucose and lipid levels (Sup-
plemental Figure 6). As the limited bioavailability of GW4064 
did not allow for monitoring FXR target gene activation in the 
liver, we assessed the expression of FXR target genes in ileum, in 
which AICAR activated AMPK and led to the phosphorylation of 
its substrate ACC in ileum (Figure 4B). Under these conditions, 
the FXR target genes Osta, Shp, Fgf15, and I-babp/Fabp6 were sig-
nificantly induced upon GW4064 treatment (for Osta, Shp, and 

I-babp/Fabp6, P < 0.01; for Fgf15, P < 0.05). While AICAR admin-
istration had by itself no effect on the basal expression level of 
these genes, it significantly blunted the GW4064-induced expres-
sion of Osta, Shp, and I-babp/Fabp6 (P < 0.01). Fgf15 expression 
exhibited a similar, albeit nonsignificant, trend. Taken together, 
our data suggest that AMPK activation blunts FXR transcrip-
tional activity both in vitro and in vivo.

FXR is a substrate for AMPK-catalyzed phosphorylation. The physical 
interaction of FXR with native AMPK prompted us to determine 
whether FXR could be a substrate for this kinase. An in vitro 
phosphorylation assay using purified α2/β2/γ1 AMPK subunits 
(wtAMPK 2:2:1) together with full-length His6-tagged mFXRα3 
revealed that FXR is phosphorylated by wtAMPK and, more 
efficiently, by a constitutively active AMPK complex (ref. 22;  
CA AMPK [2:2:1]) (asterisks, Figure 5A). Similar results were 
obtained with the trimeric AMPK 1:1:2 complex (data not 
shown). We then identified the phosphorylated residue(s) by tan-
dem mass spectrometry using purified mFXRα3 as a substrate, 
for which a bioinformatic prediction (Scansite) identified a sin-
gle potential phosphoserine residue at position 250. LC-MS/MS  
analysis was conducted in parallel on chymotrypsic digests of 
purified, native mFXRα3 (FXRα3 control) and mFXRα3 after in 
vitro phosphorylation with AMPK and allowed a sequence cov-
erage of 97%. MS/MS data interpretation of the corresponding 
CID and ETD MS/MS spectra unambiguously identified Ser250 
in 2 chymotrypsin digests of the mFXRα3 phosphorylated sam-
ple (Figure 5B), which was confirmed by additional analysis of 
pepsin and AspN digests. No molecular ion corresponding to a 
phosphorylated form of any peptide could be observed in the 
FXRα3, nonphosphorylated control sample. FXR S250 is con-
served in the human and mouse FXR isoforms (Figure 5C). An 
antibody raised against a phospho-S250–containing peptide 
(RDLRQVT[PS]TTKFC) recognized specifically the AMPK-
phosphorylated form of FXR (Figure 5D). To test whether AMPK 
activation could affect FXR intrinsic transcriptional activity, a 

Figure 4
AMPK activation represses FXR transcriptional activity in human and mouse intestinal cells in vitro and in vivo. (A) FXR target gene expression 
in differentiated enterocyte-like Caco-2/TC7. Differentiated Caco-2/TC7 cells were treated with 2 μM GW4064 and/or 1 mM metformin for 2 hours. 
Gene expression levels were assessed by RT-qPCR assays. (B) Left panel: FXR target gene expression in C57BL/6 mice. GW4064 (30 mpk/d by 
gavage in 1% CMC, 1% Tween 80) and/or AICAR (200 mpk/d by intraperitoneal injection) were administered to mice (n = 6–8) for 5 days. Basal 
gene expression was arbitrarily set to 1 for a randomly selected mouse fed a chow diet (control), and all results are expressed relative to this 
basal level. Right panel: AMPK activation in AICAR-treated mice. Whole-cell extracts from mouse ilea were analyzed by Western blotting using 
the indicated antibodies. *P < 0.05; **P < 0.01.
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1-hybrid assay was used in which the fl mFXRα3 was expressed 
as a Gal4 DNA-binding domain fusion protein in HepG2 cells 
(Gal4-mFXRα3, Figure 5E). AICAR strongly inhibited agonist-
induced mFXRα3 transcriptional activity, and a similar result 
was also observed for the murine Gal4-mFXRα4 expressed in 
AML12 cells (Supplemental Figure 7) and human α2 isoform 
in HepG2 cells (Figure 6F). Preventing FXR phosphorylation 
by introducing an S-to-A mutation at position 250 in mFXRα3 
abrogated the inhibitory effect of AICAR, although we noted 
that this mutation also partially decreased the ligand respon-
siveness of FXR (Figure 5E). Of note, systematic mutagenesis 
of all other potential AMPK phosphorylation sites (S62, S65, 
S117, T156, S238), as determined by a low stringency bioinfor-
matic scanning of the human FXRα2 sequence, did not confer 
resistance to AICAR treatment (Supplemental Figure 8). Taken 
together, we demonstrate here that AMPK phosphorylated FXR 
on a single amino acid, hence blunting the transcriptional activ-
ity in response to agonist stimulation.

AICAR and metformin inhibit FXR transcriptional activity in an AMPK-
dependent manner. As the purified human FXRα2 and α3 isoforms 
(GST-hFXRα2 and His6-hFXRα3) are phosphorylated by AMPK 
(Figure 6A), we aimed at determining whether the AMPK pathway 
crosstalks with FXR on isolated FXR response elements (FXRE). 
First, siRNA silencing experiments were performed to investigate 
whether coregulators potentially sensitive to AMPK modulate 
FXR transcriptional activity in HepG2 cells (Figure 6B). Efficient 
knockdown of SMRT or SIRT1 (Supplemental Figure 9, A and B) 
did not affect KNG, BSEP, or FGF19 gene expression in response 
to the agonist GW4064 (Figure 6B), an observation which, com-
bined with the lack of activity of TSA in this system (data not 
shown), rules out a participation of the corepressor/HDAC com-
plex to FXR-mediated transcription in this model. Similarly, SIRT1 
knockdown did not affect KNG, BSEP, or FGF19 gene induction, 
whereas PGC-1α contributed marginally to FXR-controlled KNG 
induction. By contrast, SHP expression was strongly affected by 
SIRT1 and PGC-1α knockdowns. Importantly, the simultaneous 

Figure 5
AMPK phosphorylates FXR on a single serine residue. (A) Mouse FXR is phosphorylated by AMPK in vitro. Purified GST-ACC (positive control), 
His6-tagged mFXRα3 were incubated together with purified wtAMPK or constitutively active (CA) AMPK and 32P-ATP and resolved by SDS-PAGE. 
(B) The ETD MS/MS spectrum of chymotrypsin peptide 246–254 (RQVTSTTKF, 383.163+) from phosphorylated mFXRα3 showing phosphoryla-
tion at Ser250. (C) Sequence conservation of the hinge region of mouse and human FXR isoforms. (D) An anti–phospho-S250 peptide recognizes 
specifically AMPK-phosphorylated FXR. Purified His6-tagged mFXRα3 was phosphorylated as in A and analyzed by Western blotting using 
anti-FXR (FXR) or the anti-S250P FXR antibody. (E) The S250A mutation protects FXR from AICAR-induced inactivation. HepG2 cells were 
transfected with a Gal4-responsive luciferase reporter gene and an expression vector coding for a Gal4 DBD-wtFXR (mFXRα3) fusion protein 
or its mutated counterpart. ***P < 0.005.
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Figure 6
FXR activity is specifically inhibited by the LKB1/AMPK pathway. (A) hFXR is phosphorylated by AMPK in vitro. Partially purified GST-hFXRα2 
or His6-tagged hFXRα3 and wtAMPK were incubated with 32P-ATP. (B) KNG, BSEP, FGF19, and SHP mRNA levels in FXR-, PGC1α-, SMRT-, 
SIRT1, or AMPK-depleted HepG2 cells. mRNA levels in siRNA-transfected cells treated with 2 μM GW4064 are expressed relative to control 
levels in siRNA-treated cells (set at 100%). (C) AMPK activation in HepG2 cells. Whole-cell extracts from AICAR and/or GW4064-treated cells 
were analyzed by Western blot using the indicated antibodies. (D) Repression of FXR activity requires a functional AMPK pathway. KNG mRNA 
levels were monitored in siRNA-transfected HepG2 cells. Results are expressed relative to the basal level (DMSO) set at 1. (E) AMPK activators 
inhibits FXRE-bound RXR/FXR heterodimers. HepG2 cells were transfected with either the reference pGL3-tk Luc reporter vector, or the same 
vector driven by the human SHP (pSHP-tk Luc) or KNG (pKNG-tk Luc) FXREs and expression plasmids encoding human flhRXRα and flFXRα2. 
Values represent the fold activation over the activity of pGL3-tk Luc alone set to 1. (F) AMPK activators block Gal4-FXR activity. HepG2 cells 
were transfected with the Gal4-tk Luc reporter gene and Gal4-DBD, or Gal4-DBD fused to human flFXRα2 (Gal4-FXR), flRXRα (Gal4-RXRα), 
or flLXRα (Gal4-LXRα) and flLXRβ (Gal4-LXRβ) Gal4 expression vectors. Cells were treated for 24 hours after transfection, and results are 
expressed as in E. *P < 0.05; **P < 0.01; ***P < 0.005.
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Figure 7
AMPK blocks FXR transcriptional activity through inhibition of coactivator loading. (A and B) AMPK activation prevents coactivator recruitment to 
FXR in a mammalian 2-hybrid assay. HepG2 cells were transfected with the Gal4-tk Luc reporter gene and a Gal4-DBD fused to human flFXRα2 
(Gal4-FXR) without (–) or with (+) an expression vector coding for flSRC-2 (A) or SRC2 RID (B) and treated for 24 hours after transfection as 
indicated, after which luciferase activities were assayed. Results are expressed as above. (C) AMPK activation prevents coactivator recruitment 
to DNA-bound FXR/RXR heterodimers. HepG2 were transfected with the pKNG-tk Luc and expression vectors coding for human flRXRα and 
hFXRα2, VP16 activating domain (VP16-AD), or VP16 coupled to SRC2-RID (VP16-SRC2). Cells were treated and results expressed as in A. 
(D) HepG2 cells were incubated with or without GW4064/AICAR for 90 minutes, crosslinked chromatin was immunoprecipitated with the indi-
cated antibodies, and the precipitated genomic DNA purified. The KNG promoter fragment, including its FXRE, was amplified by PCR. Results 
were normalized to myoglobin as a negative control and are plotted as the fold enrichment over background (n = 2–3). (E) Mouse FXRα3 S250 
mediates the inhibitory effect of AMPK activation on coactivator recruitment. The 2-hybrid assay was carried out as in B using Gal4-mFXRα3 or 
Gal4-mFXRα3 S250A and VP16-SRC2 RID expression vectors. (F) The mouse FXRα2 isoform is sensitive to AMPK-mediated inhibition. Trans-
activation assays were carried out as in C. *P < 0.05; **P < 0.01; ***P < 0.005.
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knockdown of the AMPK α1 and α2 catalytic subunits (Supple-
mental Figure 9) revealed that AMPK represses agonist-induced 
KNG, BSEP, and FGF19 expression, whereas AMPK knockdown 
modulated SHP mRNA levels much less, although to a degree that 
was statistically significant (Figure 6B). Thus, endogenous AMPK 
is, in HepG2 cells, a regulator of KNG, BSEP, and FGF19 gene 
expression, whereas SHP displays a mixed dependency on SIRT1, 
PGC-1α, and AMPK expression levels. To ensure that the effect 
of AICAR or the indirect AMPK activator metformin is depen-
dent on the upstream kinase LKB1 and/or AMPK, HepG2 cells 
were transfected with appropriate siRNAs and treated with these 
compounds (which efficiently activated AMPK, Figure 6C) and 
GW4064. siRNA-mediated depletion of LKB1 prevented metfor-
min- or AICAR-induced repression of KNG expression (Figure 6D), 
demonstrating its essential role in AMPK activation in the HepG2 
cell model. AMPKα1 and AMPKα2 knockdown again increased 
GW4064-induced KNG expression and also prevented AICAR and 
metformin from repressing KNG expression. Therefore, AMPK is a 
negative regulator of multiple FXR target genes in vitro.

HepG2 cells were transfected with expression vectors coding for 
hFXRα2 and hRXRα and reporter genes driven by FXREs from the 
SHP or KNG gene promoters. AICAR and metformin at concentra-
tions activating AMPK (Figure 6C), blunted the ability of GW4064 
to induce FXR transcriptional activity in this chimeric system  
(Figure 6E). Thus, the use of FXR-responsive heterologous report-

er systems indicated that AMPK affects the transcriptional activity 
of FXRE-bound, agonist-activated FXR. AMPK activation affected 
human FXR intrinsic transcriptional activity in a 1-hybrid assay in 
which the human flFXRα2 was expressed as a Gal4 DNA-binding 
domain fusion protein (Gal4-hFXRα2, Figure 6F). Of note, human 
RXRα, LXRα, and LXRβ transcriptional activities were insensitive 
to AMPK stimulation. In similar conditions, the activity of dif-
ferent FXR transcriptional modulators (NCoA1/SRC1, NCoA2/
SRC2, NCoR2/SMRT, PGC-1α) was not affected (Supplemental 
Figure 10A). Thus AMPK represses FXR-RXR heterodimer activity 
solely through an action on FXR.

AMPK activation regulates coactivator recruitment to FXR-regulated 
promoters. The molecular basis of the AMPK-mediated repression 
of FXR transcriptional activity was examined in a 2-hybrid system 
in which the interaction of Gal4-flhFXRα2 with SRC2, SRC1, or 
SRC3 was tested in HepG2 cells (Figure 7A and Supplemental 
Figure 10B, respectively). SRC2, as well as SRC1 and SRC3, albeit 
to a lesser extent, significantly increased the activity of agonist-
stimulated FXR (P < 0.01), and this property was blunted in 
the presence of AICAR (P < 0.01). A 2-hybrid assay assessing the 
interaction of FXR with the LXXLL motif–containing receptor 
interacting domain (RID) of SRC1 and SRC2 also demonstrated 
that AMPK activation inhibits this ligand-induced interaction  
(Figure 7B). In line with this observation, the ligand-dependent 
interaction of flSRC2 with FXRE-bound FXR/RXR heterodimers 

Figure 8
Metformin inhibits FXR target gene induction by TCA and BA excretion in vivo. (A) FXR target gene expression in liver. C57BL/6 mice were treated 
with 0.5% TCA and/or metformin (ca. 50–80 mpk/d). FXR target gene expression was monitored by RT-qPCR, and results are expressed relative 
to control samples (chow diet) arbitrarily set to 1. (B) Biometric and plasma biochemical parameters. (C) BA content in plasma, gallbladder, and 
feces. BA content was assayed as described in Methods. Results are expressed as in C. (D) Phosphorylation state of FXR in mouse livers. Bar 
graph represents the densitometric quantification of Western blot analysis (see Supplemental Figure 16), which is expressed as values of the 
phospho signal normalized to that of total FXR, relative to the chow diet signal. which was arbitrarily set to 1. *P < 0.05; **P < 0.01; ***P < 0.005.
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its mouse FXR, a Gal4-mFXRα3 fusion protein was expressed 
together with the SRC2-RID hooked to VP16 (Figure 7E). AICAR 
efficiently blunted mFXRα3 transcriptional activity in response 
to agonist treatment, an effect that was abolished in the S250A 
mutant. In conditions inducing FXR S250 phosphorylation (Sup-
plemental Figure 13), a similar sensitivity to AMPK activation of 
DNA-bound fl mFXRα2 was observed, which was prevented by the 
S250A mutation (Figure 7F).

In vivo activation of AMPK by metformin blunts BA induction of a subset 
of FXR target genes involved in BA transport and metabolism. To estab-
lish the biological role of the AMPK/FXR crosstalk, WT C57BL/6 
mice were tested for their adaptive response to a BA challenge. 
Mice were fed either a chow diet or a chow diet supplemented 
with 0.5% TCA and/or metformin in drinking water to reach  
50–80 mpk/d, thus within the range of the clinically used dose in 
humans (1–2 g/d, ca 30 mpk/d). The expression level of FXR-reg-
ulated genes involved in BA synthesis (Shp, Fgf15, Cyp7a1, Cyp8b1), 
BA efflux (Bsep, Mrp2, Osta/b), or uptake (Ntcp) and metabolism 
(Baat, Bacs) was assayed by qPCR in liver (Figure 8A). TCA treatment 
significantly increased Shp (P < 0.05), Bsep, Mrp2, Baat (P < 0.01),  

was abolished upon AICAR treatment (Figure 7C). ChIP–quanti-
tative PCR (ChIP-qPCR) assays were carried out in HepG2 cells 
using a ChIP-grade anti-FXR antibody (Supplemental Figure 
11A). In this system, GW4064 (and CDCA; data not shown) treat-
ment promoted the binding of FXR and RXR to the KNG FXRE 
(Figure 7D and Supplemental Figure 11B). Activation of AMPK 
in HepG2 cells by AICAR (Figure 7D), metformin, or resveratrol, 
another AMPK activator (Supplemental Figure 12B), or in vivo by 
metformin (Supplemental Figure 12) did not affect FXR loading 
to genomic binding sites.

Interestingly, RNA polymerase II loading to the KNG promot-
er was not affected by activation of AMPK by AICAR in HepG2 
cells (Figure 7D). In this system, no binding of AMPK subunits 
was detected, in agreement with the observed cytoplasmic inter-
action of FXR and AMPK (Figure 2). However, AMPK activation 
prevented the ligand-dependent recruitment of either SRC2 or 
NCoA6/ASC2, which correlated with a decrease of the active pro-
moter histone mark H3K4me3. Thus, AMPK activation prevents 
agonist-induced FXR interaction with transcriptional coactiva-
tors in HepG2 cells. To establish whether AMPK activation inhib-

Figure 9
FXR is required to observe the inhibitory effect of metformin on FXR target genes and disrupted BA metabolism. (A) FXR target gene expression 
in liver of WT or FXR KO mice after TCA and/or metformin treatment. Liver FXR-KO (LFxr–/–) or WT littermates (LFxr+/+) were treated for 5 days 
with a chow diet supplemented (TCA) or not (chow) with 0.5% TCA. Metformin was administered per oral administration at ca. 50–80 mpk/d. (B) 
Ileal gene expression in WT or LFxr–/– mice after TCA and/or metformin treatment. Results are expressed as in B. (C) BA excretion in LFxr–/– mice 
and WT littermates. Biometrics and biochemical assays were carried out as described in the Figure 8 legend. *P < 0.05, **P < 0.01; ***P < 0.005.
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Figure 10
Metformin aggravates intrahepatic cholestasis. C57BL/6 mice were treated or not with metformin for 7 days, then gavaged with ANIT. (A) Liver 
histology in ANIT-induced cholestasis. H&E-stained liver sections from each treatment group are shown. Right panel; quantification of lesion area 
in each treatment group. Results are expressed as lesion area normalized to slice area (n = 6–8). Original magnification, ×20. (B) Biometric and 
plasma biochemical parameters in control (chow), metformin-, ANIT-, or ANIT and metformin–treated mice. D0: day 0; D9: day 9 (end of treatment). 
(C) FXR expression and phosphorylation levels. Total RNA or whole-cell extracts were used to assess Fxr mRNA expression by RT-qPCR or the 
phospho-FXR levels by IP/Western-blotting respectively. Results are expressed relative to control conditions (chow) set to 1. (D and E) FXR target 
gene expression in liver. mRNA levels were quantified by RT-qPCR, and results are expressed relative to a control sample (chow diet) arbitrarily 
set to 1. *P < 0.05, **P < 0.01; ***P < 0.005.
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sis in humans, and since TCA/metformin-treated mice exhibited 
increased plasma BA concentration and decreased BA excretion 
(Figure 8), the impact of metformin treatment in a cholestatic con-
dition was assessed. The α-naphthyl isothiocyanate (ANIT) model 
mimics intrahepatic cholestasis, in which FXR activation has been 
shown to be protective against liver damage (9, 10). The effect of 
metformin in the ANIT model was assessed by treating C57BL6/J 
mice with metformin for 7 days prior to ANIT administration. 
Forty-eight hours after ANIT treatment, the extent of liver dam-
age was investigated by histopathological analysis of H&E-stained 
liver sections (Figure 10A). While control and metformin-treated 
mice showed normal liver histology, ANIT-treated mice showed 
necrotic lesions that were more pronounced upon metformin 
treatment. Macroscopic damage to the liver by ANIT was also illus-
trated by increased liver mass. Biochemical markers of liver injury 
(ALT, AST, bilirubin) were elevated upon ANIT treatment and fur-
ther increased upon metformin treatment (Figure 10B). Similarly, 
ANIT-induced plasma BA concentrations further increased upon 
metformin treatment, consistent with the cumulative effect of TCA 
and metformin on this parameter (Figure 10B).

Adaptive changes in transporter gene expression in cholestasis have 
been shown to be FXR dependent (28), suggesting that FXR is acti-
vated in this model. In this setting, neither FXR mRNA (Figure 10C)  
nor protein (Supplemental Figure 19) expression varied significant-
ly. However, FXR S250 phosphorylation was significantly increased 
upon ANIT/metformin treatment (P < 0.001) and showed a similar 
trend, although it was nonsignificant upon metformin treatment. 
Interestingly, ANIT treatment itself caused a moderate increase in 
FXR phosphorylation (Figure 10C and Supplemental Figure 19), in 
line with the reported mitochondrial dysfunction and AMPK acti-
vation in cholestasis (29, 30). The expression of direct or indirect 
FXR target genes involved in BA synthesis (Shp, Cyp7a1, Cyp8b1) or 
transport (Bsep, Mdr1, Osta/b, Ntcp) was therefore assessed in our 
model (Figure 10, D and E). ANIT treatment significantly induced 
the expression of the direct FXR target genes Shp (P < 0.01), Mdr1 
(P < 0.01), and Ostb (P < 0.05), while leaving unchanged that of Bsep 
and Osta. The expression of the indirect FXR target genes Ntcp, 
Cyp7a1, and Cyp8b1 (P < 0.05) was repressed, in agreement with 
increased FXR activity. While metformin only affected the basal 
expression of Ostb, it blunted ANIT’s effect for each measured 
gene. While ANIT did not induce Bsep expression in our model, it 
decreased Bsep mRNA in the presence of metformin. This response 
is similar to that observed in ANIT-treated Fxr-KO mice (10), sug-
gesting again that metformin impairs FXR activity. Taken together, 
our data indicate that metformin treatment sensitizes mice to liver 
damage caused by intrahepatic cholestasis by negatively interfering 
with FXR-dependent gene expression.

Discussion
This study has identified a pathway via which the energy-sensitive 
protein kinase AMPK regulates the nuclear BA sensor FXR. Using 
a biochemical approach, we have shown that AMPK subunits bind 
directly to FXR and that the AMPK complex acts as a FXR repres-
sor through direct phosphorylation. The phosphorylation of the 
FXR serine residue 250 by AMPK and the inhibition of the ligand-
dependent activation of FXR by AMPK suggested a functional 
dependency of the AF2 domain on the hinge region. As a result, 
coactivator loading on chromatin-bound FXR was prevented. 
Although available crystallographic structures of FXR rule out a 
direct steric interference of the phosphorylated hinge region with 

and Bacs (P < 0.01) mRNA steady-state levels in the liver and sig-
nificantly repressed the expression of the indirect FXR target genes 
Ntcp, Cyp7a1, and Cyp8b1 (P < 0.05). Metformin alone did not alter 
the basal expression of these FXR target genes (nor upon long 
term treatment in high fat-fed mice and obese diabetic patients; 
Supplemental Figure 14). Most strikingly, metformin blunted the 
TCA-induced expression of hepatic Shp, Bsep, Mrp2, Bacs, and Baat 
(Figure 8A). Thus, in vivo metformin treatment selectively affects 
FXR-mediated upregulation of liver genes involved in BA conjuga-
tion, uptake, and export.

AMPK activation affects FXR-regulated BA enterohepatic cycling. BA 
overload, while not inducing symptoms of global toxicity that 
could translate into weight loss or increased liver mass (Figure 8B 
and Supplemental Figure 15), decreased plasma glucose, total cho-
lesterol, and triglycerides (Figure 8B) as expected from FXR acti-
vation (23). Increases in plasma ALT and AST were also observed, 
illustrating the cholestatic effect of the TCA load. Plasma bile salt 
levels remained unchanged compared with those of control mice, 
indicative of the successful adaptive response to BA loading, illus-
trated by an increased bile flow and increased fecal BA excretion 
(Figure 8C), in line with the increased expression of hepatic cana-
licular BA transporters Bsep and Mrp2 and previous reports (24, 25). 
Metformin alone did not modify any of the measured parameters, 
which is illustrated by its absence of effect on gene expression in 
liver (Figure 8A). In contrast, concomitant treatment with TCA 
and metformin led to a strong increase of plasma BA levels and 
decreased fecal BA excretion, suggesting a negative interference with 
BA enterohepatic recycling similar to that observed in FXR-null 
mice (24). Finally, Western blot analysis of liver extracts confirmed 
the increased phosphorylation of FXR at S250 upon concomitant 
treatment by metformin and TCA (Figure 8D and Supplemen-
tal Figure 16). To assess the contribution of FXR to the observed 
metformin effect, liver-specific FXR KO mice (LFxr–/–; ref. 26)  
or WT littermates (LFxr+/+) were studied (Supplemental Figure 17). 
Mice were fed either a chow diet supplemented or not with 0.5% TCA 
with or without metformin (50–80 mpk/day) for 5 days, and gene 
expression in liver and ileum was monitored. As expected, FXR tar-
get genes were not regulated in the liver of LFxr–/–mice in response 
to TCA treatment (Figure 9A), but were induced in the ileum 
(Figure 9B). Metformin fully inhibited the TCA-induced, FXR-
dependent induction of hepatic (Figure 9A) and ileal (Figure 9B)  
FXR target genes, in agreement with previous in vitro, ex vivo, and 
in vivo data. Metformin did not influence basal gene expression 
in the liver of LFxr–/– mice (Figure 9A), indicating that metformin 
requires FXR to regulate the expression of these target genes. The 
TCA load mimics an increase in BA pool size, with which WT mice 
cope by increasing the fecal BA excretion rate (Figure 9C; see also 
Figure 8C). The hepatic canalicular secretion defect generated by 
the liver-specific Fxr deletion strongly affected fecal BA excretion. 
Whereas metformin inhibited the fecal BA excretion in mice fed 
with TCA, this was not observed in LFxr–/– mice, demonstrating the 
essential role of liver FXR in response to metformin.

Metformin aggravates liver injury in a model of intrahepatic cholestasis. 
Characterized by an interruption of bile flow and subsequent accu-
mulation of BA in the liver, increased plasma BA, and decreased 
BA excretion, cholestasis is a rare but serious condition in metfor-
min-treated patients (27). As a population of metformin-treated 
diabetic patients showed a mild but significant trend to exhibiting 
increased plasma γ-GT levels (Supplemental Figure 18), a biochem-
ical marker of liver damage associated with obstructive cholesta-
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eral repressive effect on FXR-mediated transcription in hepatocytic 
and enterocytic cell lines in vitro. While the mechanistic basis of 
this selective sensitivity deserves further investigation, this suggests 
that the underlying transcriptional activation mechanisms by FXR 
are gene and tissue specific and/or may reflect distinct FXR-con-
trolled processes to alleviate chromatin-mediated transcriptional 
repression. It is worth noting that predicting in vivo transcriptional 
outcomes from in vitro experiments may be difficult. Indeed, the 
expression of the lysine methyl-transferase MLL3, a component of 
the coactivator complex ASCOM required for efficient FXR-depen-
dent activation of BSEP and MRP2, was found to be decreased in 
the liver of bile duct–ligated mice (39). As FXR binding to chroma-
tin is not affected by metformin treatment in vitro or in vivo, it is 
likely that pathophysiological conditions may strongly affect the 
composition of transcriptional complexes tethered to DNA-bound 
receptor heterodimers, as recently shown for PPARγ (40).

Metformin is a well-tolerated and efficient antidiabetic drug 
with relatively few side effects, the most common being gastroin-
testinal disturbances, and much more rarely, lactic acidosis. For 
this reason, metformin is contraindicated in patients with liver 
disease. However, a few cases of reversible, metformin-induced 
hepatic cholestasis have been reported (41–44), underlining the 
risk of idiosyncratic hepatotoxicity (27) for this increasingly pre-
scribed drug in metabolic diseases, which is also currently being 
evaluated in cancer chemotherapy. Our results also point to the 
need for evaluating AMPK-targeting compounds, which are poten-
tial efficient drugs in treating T2D (45), for liver toxicity and their 
ability to interfere with the FXR signaling pathway, whose activity 
substantially affects BA, glucose, and lipid metabolism (2). The 
recent notion that metformin may exert its beneficial metabolic 
effects in genetically AMPK-deficient mice (46), at least in part 
through inhibition of the glucagon/cAMP signaling pathway in 
hepatocytes (47), indeed calls for the identification of glucose-
normalizing drugs acting independently of AMPK.

Many physiological signals are known to activate AMPK (48), 
among which energy deprivation, hence decreased glucose avail-
ability, plays a major role. Our preliminary results suggest that 
FXR S250 phosphorylation varies as a function of extracellular 
glucose concentration (Supplemental Figure 21). This adds an 
additional layer of physiological control of FXR activity by AMPK, 
whose activity has been shown to follow diurnal variations in 
mouse liver (49). Whether reported circadian variations of FXR 
target genes are controlled, at least partially, through AMPK is 
currently under investigation.

Methods
Materials, cell lines, and plasmids. Chemicals, cell lines, DNA constructs, tran-
sient transfections, recombinant protein, and antibody information can be 
found in the Supplemental Information.

Immunofluorescence and PLA. PLA was performed as follows: 1 × 105 
HepG2 cells per well were grown in 12-well plates with coverslide. After 
24 hour incubation with the indicated compounds (2 μM GW4064 
and/or 2 mM AICAR), cells were washed with 1× PBS and fixed in 4% 
paraformaldehyde for 20 minutes at room temperature (RT). Permeabili-
zation of cells was performed in 0.1% Triton X-100 for 10 minutes at 37°C. 
The PLA assay was carried out according to manufacturer’s instructions 
(Duolink; Olink Biosciences) using anti-FXR (PP-A9033A-00) and anti-
AMPKα (40H9, #2535) antibodies. Slides were mounted in fluorescence 
mounting medium (Invitrogen) with DAPI for nuclear staining. Images 
were acquired using a Leica DMI6000B microscope.

the FXR/LXXLL coactivator interface, the hinge region is con-
sidered as a domain exerting allosteric action whose structure is 
critical for ligand-dependent NR-mediated transactivation, as con-
firmed by recent crystallographic studies (31). Accordingly, phos-
phorylation of the hinge domain of several NRs has been reported, 
with varying consequences on the transcriptional activity of these 
transcription factors and distinct mechanisms of action (32). Only 
a few reports, however, point to a link between the AMPK signal-
ing cascade and the NR signaling pathways. Correlative evidence 
shows that dysregulation of RORα signaling in mouse skeletal 
muscle perturbs AMPK activity (33). A direct posttranslational 
modification of HNF4α by AMPK inhibits its ability to homodi-
merize and reduces HNF4α polypeptide stability (34). While these 
data suggest that AMPK activation may control the transcription-
al activity of a broader set of NRs, our Gal4-based assay shows that 
AMPK acts directly on FXR, but not on RXRα, LXRα, or LXRβ. 
The AMPK activator metformin accumulates preferentially in the 
small intestine and the liver (35), and 25 NRs display a noticeable 
expression in mouse liver and/or intestine (36). They contain con-
sensus AMPK phosphorylation sites, rendering them potentially 
sensitive to metformin-activated AMPK. However, the 25 amino 
acid stretch EGRDLRQVTS250 TTKFCREKTELTADQQ contain-
ing the unique FXR AMPK phosphorylation site is not conserved 
in the NR superfamily, implying that the role of AMPK in regulat-
ing NR activity has to be examined on a case-by-case basis.

Recently, SRC2 was shown to be phosphorylated and activated 
by AMPK, thereby selectively increasing Bsep expression in a FXR-
dependent manner. Conversely, the double AMPKα1/α2 KO 
blunted Bsep expression and affected hepatic BA content (15). This 
contrasts with the lack of effect of liver LKB1 KO, which strongly 
downregulates AMPKα1 and α2 activity, yet has no effect on Bsep 
expression (37). Our findings demonstrate that AMPK activation 
exerts an opposite effect on the transcriptional activity of ligand-
activated FXR, while a trend, although statistically not significant, 
to increase the basal expression of Bsep/BSEP was observed upon 
pharmacological AMPK activation in vivo (Figure 8A and Supple-
mental Figure 14, A and B) and in vitro (Figure 3B). Our ChIP-PCR 
and ChIP-seq data show that RXR-FXR heterodimer assembly to 
the BSEP promoter is strongly favored by FXR agonism in HepG2 
cells (Supplemental Figure 20), thus providing a mechanistic basis 
for the very moderate effect of AMPK-dependent activation of this 
FXRE-driven gene in our in vitro cellular model. Therefore, the 
observed AMPK-mediated repression and its pathological con-
sequences relate thus only to conditions of increased hepatic BA 
content, i.e., (pre)cholestatic conditions.

FXR displays a clear tissue-specific expression pattern, with a 
high level of expression in liver as well as in the small intestine. 
In these organs, it plays a critical role in the regulation of the BA 
enterohepatic cycle, notably through the control of the expres-
sion of intestinal bile salt transporters and of BA biosynthetic 
enzymes. In vivo activation of AMPK could thus be predicted to 
severely impinge on BA homeostasis. Indeed, metformin admin-
istration perturbed BA fecal elimination upon BA loading, in line 
with its ability to block the adaptive increased expression of the 
hepatic canalicular exporters Bsep and Mrp2. Similarly, metformin 
increased liver injury in a model of intrahepatic cholestasis, which 
can be attributed at least in part to its ability to prevent increased 
Shp expression, whose knockout sensitizes mice to obstructive cho-
lestasis (38). Surprisingly, selective FXR target genes are inhibited 
upon AMPK activation in vivo, while AMPK activation has a gen-
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performed in which TCA was substituted for GW4064 (30 mpk/d by 
gavage in 1% CMC, 1% Tween 80) and metformin by AICAR (200 mpk/d 
by intraperitoneal injection).

Chemically induced intrahepatic cholestasis. After 7 days with free access to 
water or water supplemented with metformin (0.5 g/l) and chow diet, 
C57BL6/J male mice (n = 8 per group) were gavaged with either vehicle 
(olive oil) or ANIT at 75 mpk. Food and water intake, biometric param-
eters, plasma glucose, total cholesterol, HDL cholesterol, BAs and triglyc-
eride concentrations were measured 48 hours later. Detailed information 
about biometric and biochemical parameter, BA assays, and liver histology 
can be found information the Supplemental Methods.

Statistics. Raw data were processed using Prism v5.0 (GraphPad). Results 
are expressed as mean ± SEM (n = 3–5 for in vitro experiments, n = 8 for 
in vivo experiments), and groups were compared using either an unpaired 
t test or 1-way ANOVA followed by Tukey’s post-hoc test. P values of less 
than 0.05 were considered significant. Box-and-whiskers plots show the 
median, with 25th to 75th percentile intervals.

Study approval. Experimental protocols were approved by the Lille Pasteur 
Institute ethical committee and carried out in agreement with European 
Union (EEC no. 07430) and French ethical guidelines. The ABOS study is 
registered at ClinicalTrials.gov under the identifier NCT01129297.
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Immunofluorescence studies were carried out by fixing and permeabiliz-
ing cells as above. Cells were incubated with primary antibody overnight 
at 4°C in a humid chamber After washing in 1× PBS, cells were incubated 
with the appropriated fluorescent secondary antibody coupled to Alexa 
Fluor 488 for 30 minutes at RT. Images were acquired as described above.

RNA extraction, cDNA synthesis, and real-time RT-PCR. Total RNA was 
extracted using RNEasy (QIAGEN) according to the manufacturer’s 
instructions. RT-qPCR methodology information can be found in the 
Supplemental Information.

RNA interference experiments. 1.5 × 105 HepG2 cells were seeded in 6-well 
clusters and transfected the next day with a mix of 10 nM siRNA and 
INTERFERin (Polyplus Transfection). Cells were left for 36 hours and 
treated as indicated in the text. siRNAs (Thermo Fisher Scientific–Dhar-
macon) were ON-TARGETplus nontargeting pool and NR1H4, STK11, 
PRKAA1, and PRKAA2 ON-TARGETplus SMARTpools.

GST pull-down assays. Glutathione S-transferase (GST) fusion protein 
expression and purification and GST pull-down assays were performed as 
previously described (50) with modifications. Detailed procedures can be 
found in the Supplemental Methods.

ChIP assays. ChIP assays were performed as described previously (51). 
Detailed information can be found in the Supplemental Methods.

In vitro phosphorylation assay. Purified FXR (15 pmol) was incubated 
for 60 minutes at RT with purified AMPK (α2:β2:γ1, 500 ng) (Floralis) 
in AMPK buffer (250 mM HEPES, pH 7.4, 62.5 mM MgCl2, 125 mM 
β-glycerophosphate, 1 mM DTT, 50 μM AMP). ATP was used at 2 mM 
with 5 μCi [32P]-γ ATP (10 mCi/ml).

Mass spectrometric analyses. For mass fingerprinting, protein samples 
resolved by SDS-PAGE were detected by colloidal blue staining. Bands were 
digested with trypsin and analyzed by Maldi-TOF mass spectrometry. The 
SwissProt database was interrogated through the MS-Digest Search pro-
gram. The complete protocol has been detailed elsewhere (52).

A detailed procedure for the phosphorylation site determination can be 
found in the Supplemental Methods.

In vivo experiments. C57BL6/J mice were purchased from Charles River 
Laboratories and housed in a temperature-controlled room (22–24°C) 
with a relative humidity of 36%–80%, and 12-hour light/12-hour dark 
cycles. Mice were fed ad libitum, with free access to water. Mice (n = 8/
group) were randomized by body weight, serum glucose, cholesterol, 
and triglyceride levels and received either (a) a standard rodent chow diet  
(A03-10 UAR, control), (b) a standard rodent chow diet and metformin 
(0.5 g/l in drinking water, ca 50–80 mpk/d), (c) a standard rodent chow 
diet containing 0.5% (wt/wt) TCA, or (d) a standard rodent chow diet con-
taining 0.5% (wt/wt) TCA and metformin for 5 days. Mice were sacrificed 
by cervical dislocation after 6 hours of fasting, and tissues were removed, 
weighed and immediately frozen in liquid N2. A similar experiment was 
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