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The farnesoid X receptor (FXR; NR1H4) is a nuclear hormone
receptor that functions as the bile acid receptor. In addition
to the critical role FXR plays in bile acid metabolism and
transport, it regulates a variety of genes important in lipopro-
tein metabolism. We demonstrate that FXR also plays a role in
carbohydrate metabolism via regulation of phosphoenolpyru-
vate carboxykinase (PEPCK) gene expression. Treatment of
either H4IIE or MH1C1 rat hepatoma cell lines as well as
primary rat or human hepatocytes with FXR agonists led to
stimulation of PEPCK mRNA expression to levels comparable
to those obtained with glucocorticoid receptor agonists. We
examined the physiological significance of FXR agonist-
induced enhancement of PEPCK expression in primary rat
hepatocytes. In addition to inducing PEPCK expression in
primary hepatocytes, FXR agonists stimulated glucose output

to levels comparable to those observed with a glucocorticoid
receptor agonist. Consistent with these observations, treat-
ment of C57BL6 mice with GW4064 significantly increased
hepatic PEPCK expression. Activation of FXR initiated a cas-
cade involving induction of peroxisome proliferator-acti-
vated receptor � and TRB3 expression that is consistent with
stimulation of PEPCK gene expression via interference with
a pathway that may involve Akt-dependent phosphorylation
of Forkhead/winged helix transcription factor (FOXO1). The
FXR-peroxisome proliferator-activated receptor �-TRB3 path-
way was conserved in rat hepatoma cell lines, mice, as well as
primary human hepatocytes. Thus, in addition to its role in
the regulation of lipid metabolism, FXR regulates carbohy-
drate metabolism. (Endocrinology 146: 984–991, 2005)

THE FARNESOID X receptor (FXR; NR1H4) is a member
of the nuclear hormone receptor superfamily (1) that

was recently identified as the physiological receptor for bile
acids (2, 3). FXR is expressed in liver, kidneys, and intestine
and plays a critical role in negative feedback regulation of
bile acid synthesis by indirectly regulating cholesterol-7�-
hydroxylase (Cyp7A1) (4–6). Additional roles for FXR in bile
acid homeostasis have been suggested upon observation that
genes such as the ileal bile acid-binding protein, bile salt
export pump, and bile acid transporters are directly regu-
lated by this nuclear receptor (7–9). FXR-null mice display
additional deficiencies in lipid metabolism beyond the ex-
pected effects of bile acid metabolism, which suggested a
much broader role for FXR encompassing regulation of li-
poprotein metabolism (9, 10). Cholesterol and triglyceride
levels were altered in these mice, and a number of genes
regulating lipoprotein metabolism, including phospholipid
transfer protein, apolipoprotein E (apoE), apoAI, apoCIII,
apoCII, and the low density lipoprotein receptor, have been

demonstrated to be regulated by FXR (11–17). In addition,
when administered to rats, a synthetic FXR agonist such as
GW4064 resulted in a dose-dependent decrease in plasma
triglyceride levels (18).

A link between FXR and diabetes was recently suggested
based upon decreased expression of this receptor in animal
models of diabetes (19). These investigators also demonstrate
that FXR expression is regulated by glucose via the pentose
phosphate pathway and suggested that alterations of FXR
expression in diabetics may contribute to dysregulation of
lipid and bile acid metabolism. Other nuclear hormone re-
ceptors have long been recognized as key regulators of met-
abolic processes central to the pathogenesis of diabetes. One
pivotal point of regulation is the expression of phosphoenol-
pyruvate carboxykinase (PEPCK), a key enzyme within the
hepatic gluconeogenesis pathway catalyzing a critical step in
gluconeogenesis, the irreversible conversion of oxaloacetate
to phosphoenolpyruvate. PEPCK activity is primarily regu-
lated by modulation of its expression at the transcriptional
level by a variety of hormones, including glucagon, insulin,
glucocorticoids, and thyroid hormone. The observation that
variations in gluconeogenic activity in response to these hor-
monal influences correlate well with PEPCK expression sup-
ports the idea that PEPCK is a crucial point of regulation of
this pathway (20–22). Because excessive hepatic glucose pro-
duction contributes to fasting hyperglycemia in type 2 dia-
betics (23), PEPCK has been recognized as a potential point
of pharmacological intervention.

In this study we show that FXR agonists increase the
expression of PEPCK in vitro as well as in vivo. Consistent
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with this observation, FXR agonists increase glucose output
from primary hepatocytes. These results suggest a role for
FXR in the regulation of carbohydrate metabolism and pro-
vide an additional link between FXR and diabetes.

Materials and Methods
Cell culture and reagents

H4IIE and MH1C1 (Morris) rat hepatoma cells were obtained from
American Type Culture Collection (Manassas, VA) and were maintained
in DMEM (Invitrogen Life Technologies, Inc., Gaithersburg, MD) con-
taining 10% (vol/vol) fetal bovine serum (Invitrogen Life Technologies,
Inc.) and 10 mm L-glutamine in a 5% CO2 humidified atmosphere at 37
C. 4,17(20)-(Cis)-pregnadien-3,16-dione (cis-guggulsterone) was ob-
tained from Steraloids, Inc. (Newport, RI). Prednisolone, dexametha-
sone, and chenodeoxycholic acid (CDCA) were obtained from Sigma-
Aldrich Corp. (St. Louis, MO.). FXR agonists, GW4064 and fexaramine,
were synthesized using standard organic chemistry synthetic methods.

mRNA measurement

mRNAs were measured using either branched chain DNA (bDNA;
Quantigene) (Genospectra, Fremont, CA) or real time quantitative
PCR technology (TaqMan). The branched chain-DNA (bDNA; Quanti-
gene) assay for PEPCK and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA was performed according to the manufacturer’s pro-
tocol. For Quantigene PEPCK mRNA measurement in the H4IIE and
MH1C1 cell lines, cells were seeded in 96-well plates at 25,000 cells/well
in DMEM/10% fetal bovine serum and allowed to attach overnight. The
following day cells were washed once in serum-free DMEM and serum-
starved for 24 h before treatment with FXR agonists, prednisolone, or
guggulsterone. After a 15-min incubation at 37 C, 50 �l lysate from each
well were added to capture plates (provide by Genospectra) containing
either rat GAPDH or rat PEPCK-specific oligonucleotides in 50 �l lysis
buffer totaling 100 �l. The capture plate was sealed and incubated
overnight at 53 C in a Labline plate incubator (Fisher Scientific, Pitts-
burgh, PA). After overnight incubation, the bDNA and label probes were
annealed as directed by the manufacturer. Finally, upon addition of
luminescent alkaline phosphatase substrate, dioxitane, luminescence
was quantitated using a TopCount (Packard, Downers Grove, IL). Rel-
ative PEPCK mRNA quantities were normalized using corresponding
GAPDH mRNA values. For TaqMan quantitative PCR measurement of
mRNA, samples were processed to isolate total RNA using the ABI
PRISM nucleic acid workstation and reagents following the manufac-
turer’s recommendations for DNA-free isolation of total RNA (Applied
Biosystems, Foster City, CA). First-strand cDNA was prepared using the
high capacity cDNA archive kit (Applied Biosystems) and was diluted
1:100 in water for TaqMan analysis. Quantitative PCR was performed in
a 384-well format using a 10-�l total volume, performing each TaqMan
reaction in quadruplicate. Specific probe sets for phospholipid transfer
protein (PLTP), mammalian homolog of Drosophila tribbles (TRB3),
PEPCK, peroxisome proliferator-activated receptor � (PPAR�), and
GAPDH were obtained from Applied Biosystems as assays on demand,
and reactions were carried out following the manufacturer’s guidelines.
In experiments examining mRNA expression in primary rat hepato-
cytes, the hepatocytes were purchased in suspension from In Vitro
Technologies (Baltimore, MD) and plated into tissue culture-treated,
96-well plates at a density of 20,000 cells/well in DMEM. After 6 h in
96-well plates, cells were treated with FXR ligands or prednisolone for
16 h. At the conclusion of treatment, mRNA was assessed by Quantigene
methods as described above. In experiments examining mRNA expres-
sion from primary human hepatocytes, cryopreserved hepatocytes were
obtained from Cambrex (Walkersville, MD) and grown on collagen-
coated plates in hepatocyte maintenance medium. After cells were al-
lowed to attach for 4 h, they were treated with FXR and glucocorticoid
receptor (GR) ligands, as indicated, for 8 h. RNA was isolated, and
PEPCK, PPAR�, TRB3, and 18S were assessed as described above using
TaqMan PCR.

Glucose production in primary rat hepatocytes

Primary rat hepatocytes were purchased from Cambrex (East Ruth-
erford, NJ) on collagen-coated, 12-well plates. Upon receipt of cells,

medium was immediately replaced with 1 ml hepatocyte complete me-
dium SingleQuots containing ascorbic acid, BSA-fatty acid free, hydro-
cortisone, transferrin, insulin, recombinant human epidermal growth
factor, and GA-1000 (Cambrex) and incubated overnight at 37 C. Upon
treatment, cells were washed once with hepatocyte basal medium and
treated for 24 h with prednisolone, CDCA, or GW4064 in 1 ml hepatocyte
basal medium. After 24 h, cells were washed twice with glucose pro-
duction buffer (820 �m MgSO4, 9 mm NaCO3, 20 �m HEPES, 10% BSA,
2.25 mm CaCl2, 117.6 mm NaCl, 5.4 mm KCl, KH2PO4, 10 mm lactic acid,
and 10 mm sodium pyruvate), and 400 �l glucose production buffer were
added to each well and incubated at 37 C for 3 h. Glucose production
was determined using the Trinder Glucose Kit (Sigma-Aldrich Corp.),
where 90 �l sample were added to 45 �l Trinder reagent, incubated for
15 min at room temperature, and read at A505nm using a SpectraMax Plus
spectrophotometer (Molecular Devices, Sunnyvale, CA).

Immunoblot analysis

After treatment of H4IIE cells for 24 h with dexamethasone (1 �m),
prednisolone (1 �m), GW4064 (2.5 �m), CDCA (40 �m), or fexaramine
(20 �m), total cellular protein was isolated in buffer containing 62.5 mm
Tris-HCl (pH 6.8), 10% glycerol, 2% sodium dodecyl sulfate, and 0.5%
2-mercaptoethanol. Immunoblot analysis was performed using equiv-
alent amounts (90 �g) of total protein and electrophoresis on a 4–20%
gradient SDS-PAGE gel (Invitrogen Life Technologies, Inc., Carlsbad,
CA), and cells were transferred to Invitrolon polyvinylidene difluoride
membranes (Invitrogen Life Technologies, Inc.). Membranes were in-
cubated for 1 h in blocking solution (5% milk in PBS plus 0.05% Tween
20) at room temperature with shaking. Polyclonal antibodies to PPAR�
(SC-9000; Santa Cruz Biotechnology, Inc., Santa Cruz, CA), GAPDH
(ab9485, Abcam, Cambridge, MA) were used for immunoblot analysis.
Bands were visualized with SuperSignal chemiluminescent substrate
(Pierce Chemical Co., Rockford, IL) on Kodak film (Eastman Kodak Co.,
Rochester, NY).

Analysis of the effects of GW4064 in mice

C57BL6 mice (7–9 wk of age) were treated with GW4064 (50 mg/kg
twice daily, ip) or 5% acacia vehicle (four animals per group). After 7 d
of treatment, the mice were killed. The expression of PEPCK, PPAR�,
TRB3, and PLTP was assessed by TaqMan PCR; plasma and liver trig-

FIG. 1. Stimulation of rat PEPCK mRNA expression by FXR agonists
in H4IIE rat hepatoma cells. H4IIE cells were stimulated by CDCA
(A), prednisolone (B; 1 �M), GW4064 (C), or fexaramine (D) for 24 h.
At the end of the treatment period, PEPCK mRNA quantity was
measured using Quantigene (bDNA) technology. All values were nor-
malized to GAPDH expression. Asterisks indicate values significantly
different (P � 0.05) from control values.
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lycerides as well as total plasma cholesterol and plasma glucose were
assessed as previously described (24).

Statistical analysis

Statistical analysis was assessed using the t test or ANOVA, followed
by Tukey’s test. P � 0.05 was considered significant. All values are
reported as the mean � sem.

Results

Using H4IIE hepatoma cells, we assessed the ability of the
bile acid, CDCA, to affect the expression of PEPCK. As il-
lustrated in Fig. 1A, we noted a dose-dependent increase in
PEPCK expression (normalized to GAPDH) in response to
increasing amounts of CDCA. Maximal induction was ap-
proximately 2-fold; however, this level of induction was sim-
ilar to the maximal induction observed when a GR agonist,
prednisolone, was tested (Fig. 1B). Next, we used specific
nonsteroidal FXR agonists, GW4064 and fexaramine (18, 25),
to confirm that the stimulatory effect of CDCA on PEPCK
expression is mediated by FXR. As shown in Fig. 1, C and D,
both GW4064 and fexaramine stimulated PEPCK expression
in a dose-dependent manner and to a similar maximal level
as observed for CDCA. We also examined the ability of the
three FXR agonists to increase PEPCK in another hepatoma

cell line, Morris MH1C1 cells. All three FXR agonists, CDCA,
GW4064, and fexaramine, dose-dependently increased
PEPCK mRNA expression in a manner very similar to that
observed in H4IIE cells (Fig. 2).

Similar results were obtained in independent experiments
when quantitative RT-PCR was used to detect PEPCK
mRNA from H4IIE cells in response to FXR agonists (data not
shown). In addition, we assessed the effects of FXR agonists
on the expression of other key enzymes in the gluconeogenic
pathway, including glucose-6-phosphatase, fructose 1,6-
bisphosphatase, and pyruvate carboxylase. No significant
effect on the expression of these mRNAs was observed, in-
dicating that the FXR agonists are specifically targeting
PEPCK mRNA expression within the gluconeogenic path-
way (data not shown).

Guggulsterone, a plant sterol with antihyperlipidemic ac-
tivity, has been reported to function as an FXR antagonist (26,
27). We tested the ability of guggulsterone to inhibit the FXR
agonist-mediated increase in PEPCK expression in H4IIE
cells. As shown in Fig. 3A, increasing doses of guggulsterone
decreased CDCA-induced PEPCK expression. We observed
very similar FXR antagonist effects of guggulsterone on
GW4064-induced (Fig. 3B) and fexaramine-induced (Fig. 3C)
PEPCK expression. No toxicity was observed within the
range of guggulsterone examined (up to 20 �m; data not
shown).

The observation that three structurally distinct FXR ago-
nists stimulate PEPCK expression in two different hepatoma
cell lines along with the ability to antagonize these effects
with a FXR antagonist suggested that FXR may play a role
in gluconeogenesis. To examine this hypothesis, we assessed
the ability of GW4064, the most potent and selective FXR
agonist along with the natural FXR ligand, CDCA, to increase
PEPCK expression in primary rat hepatocytes. Figure 4A
illustrates the ability of CDCA and GW4064 to increase
PEPCK expression in primary hepatocytes in a dose-depen-
dent manner. Glucose production was also monitored in
primary hepatocytes in response to CDCA and GW4064.
First, we compared the effects of doses of CDCA and
GW4064 expected to activate FXR and PEPCK expression to
the effect of a maximally efficacious dose of the glucocorti-
coid prednisolone. As shown in Fig. 4B, CDCA and GW4064
stimulated glucose production by hepatocytes to levels com-
parable to that induced by prednisolone.

FIG. 2. Stimulation of rat PEPCK mRNA expression by FXR agonists
in MH1C1 rat hepatoma cells. MH1C1 cells were stimulated by CDCA
(A), GW4064 (B), or fexaramine (C) for 24 h. All values were normal-
ized to GAPDH expression. Asterisks indicate values significantly
different (P � 0.05) from control values.

FIG. 3. Dose-dependent antagonism of FXR agonist-induced rat PEPCK expression by guggulsterone in H4IIE rat hepatoma cells. H4IIE cells
were treated with one of three FXR agonists, CDCA (50 �M; A), GW4064 (2 �M; B), or fexaramine (40 �M; C) along with increasing concentrations
of the FXR antagonist, guggulsterone (1.3, 3.2, 8, and 20 �M), for 24 h, followed by analysis of PEPCK expression. All values were normalized
to GAPDH expression. Asterisks indicate values significantly different (P � 0.05) from FXR agonist only (no guggulsterone) values.
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To determine whether activation of FXR leads to increased
PEPCK expression in vivo, we treated C57BL6 mice with the
FXR agonist, GW4064, which is the highest affinity agonist
with acceptable pharmacokinetic properties. After 7 d of
treatment, the expected decreases in plasma triglyceride lev-
els as well as total plasma cholesterol were observed (Table
1). In addition, we analyzed the level of expression of a well
characterized FXR target gene, PLTP, from liver tissue and
noted a 4.3-fold increase in expression in animals treated
with GW4064. Consistent with the effects of activation of FXR
in cell lines and hepatocytes, treatment of the mice with
GW4064 induced a significant 3.6-fold increase in PEPCK
expression. The increase in hepatic PEPCK expression was
not accompanied by an increase in plasma glucose, which
may be due to a compensatory increase in glucose utilization.

The mechanism of induction of PEPCK mRNA expression
was first examined by assessing the potential requirement for
de novo protein synthesis after treatment with FXR ligands in
H4IIE cells. As shown in Fig. 5A, cycloheximide (CHX; 10
�g/ml) treatment completely prevented the induction of

PEPCK mRNA expression by either FXR agonist, GW4064 or
CDCA. CHX treatment alone did not affect basal PEPCK
mRNA expression (Fig. 5, A and B), and GAPDH mRNA
expression was also unaffected (data not shown). This sug-
gests that activation of FXR results in the expression of an
intermediate factor(s) that regulates PEPCK mRNA expres-
sion. This observation revealed additional similarities to GR-
induced PEPCK mRNA expression. Several studies have
shown that GR-mediated induction of PEPCK expression is
also sensitive to CHX treatment (28, 29), an observation that
we confirmed in H4IIE cells as illustrated in Fig. 5B. In
addition, we noted that induction of PEPCK mRNA by FXR
and GR agonists followed a similar time course (Fig. 5C). We
next examined whether there were additional similarities
between the GR and FXR signaling pathways that regulate
PEPCK mRNA expression. The diabetogenic effects of the

FIG. 4. FXR agonists, CDCA and GW4064, stimulate PEPCK mRNA
expression and glucose output from primary rat hepatocytes. A, Pri-
mary rat hepatocytes cultured in suspension were treated for 24 h
with various concentrations of CDCA or GW4064 or a single dose of
prednisolone (1 �M), followed by assessment of PEPCK and GAPDH
expression. B, Primary rat hepatocytes were treated with CDCA (12.5
or 50 �M), GW4064 (1.5 or 5 �M), or prednisolone (1 �M), followed by
assessment of glucose output as described in Materials and Methods.
Asterisks indicate values significantly different (P � 0.05) from con-
trol values.

TABLE 1. Effects of FXR agonist, GW4064, on C57BL6 mice

Treatment Plasma TG
(mg/dl)

Total plasma cholesterol
(mg/dl)

Plasma glucose
(mg/dl)

PLTP
(fold increase)

PEPCK
(fold increase)

Vehicle 107 � 7.5 65.3 � 6.2 174 � 9.8 1 1
GW4064 54.5 � 8.6a 36.3 � 5.4a 150 � 8.5 4.3a 3.6a

TG, Triglycerides.
a P � 0.05.

FIG. 5. Stimulation of PEPCK mRNA expression by FXR requires de
novo protein synthesis. A, H4IIE cells were treated with CHX (10
�g/ml) along with either GW4064 (2.5 �M) or CDCA (40 �M) for 15 h,
followed by assessment of PEPCK mRNA expression (bDNA method).
PEPCK mRNA values are normalized relative to GAPDH expression.
GAPDH mRNA levels were unaffected at 15 h of treatment. B, H4IIE
cells were treated with CHX, as described above, alone or with pred-
nisolone (Pred; 1 �M). PEPCK expression was assessed as described
above. C, Time course for stimulation of PEPCK mRNA expression by
either a GR agonist, prednisolone (Pred; 1 �M), or an FXR agonist,
CDCA (40 �M). PEPCK expression was assessed as described above.
Asterisks indicate values significantly different (P � 0.05) from con-
trol values.
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GR ligand, dexamethasone, have been recently shown to be
dependent on GR induction of PPAR� (30). This group also
demonstrated that GR-mediated regulation of PEPCK ex-
pression is dependent on the induction of PPAR� expression
(30), which is consistent with the observation of CHX sen-
sitivity (28, 29). Based on its characterization as an FXR-
responsive target gene in human hepatocytes (31), we ex-
amined the role that PPAR� may play as an intermediate in
the FXR pathway. As illustrated in Fig. 6A, a Western blot
indicated that GR ligands such as prednisolone and dexa-
methasone increase PPAR� expression in H4IIE cells (3.5-
and 3.3-fold, respectively), which is consistent with previous
observations (30, 32). Interestingly, FXR ligands, CDCA, fex-
aramine, and GW4064, also induce PPAR� expression (2.2-,
2.2-, and 2.0-fold, respectively; Fig. 6A), indicating that GR
and FXR may share a pathway for the induction of PEPCK
mRNA expression. GR and FXR appear to act independently
of one another, because GR agonists did not increase FXR
mRNA expression, and a GR antagonist, RU486, did not
inhibit an FXR agonist-induced increase in PPAR� expres-
sion (data not shown).

TRB3, a fasting-inducible inhibitor of the serine threonine
kinase Akt/PKB (33), was recently identified as a PPAR�-
responsive gene responsible for PPAR� coactivator-1�-
promoted insulin resistance (34). Induction of TRB3 pro-
motes glucose output from the liver by binding and
inhibiting Akt phosphorylation (33, 34). Increased TRB3 lev-
els result in decreased insulin-dependent phosphorylation of
GSK3 by Akt, resulting in increased glycogenolysis (34). In

addition to the role of Akt in the regulation of GSK3 activity
and glycogenolysis, Akt targets Forkhead/winged helix
transcription factor (FOXO1), a critical transcription factor in
the regulation of PEPCK expression (35–39). Once phosphor-
ylated by Akt, FOXO1 is translocated out of the nucleus,
leading to a decrease in PEPCK expression. Increased TRB3
levels should result in a reduction in Akt-dependent phos-
phorylation and translocation of FOXO1, leading to in-
creased PEPCK expression. Thus, we predicted that activa-
tion of either GR or FXR should lead to increased PPAR� and
TRB3 expression, and this should be correlated with in-
creased PEPCK mRNA expression. To examine this, we first
treated H4IIE cells with either dexamethasone or GW4064
and examined the expression of all three genes. As shown in
Fig. 6B, PPAR� mRNA was significantly induced (�1.8-fold)
by maximally efficacious doses of either agonist, consistent
with our Western blot data (Fig. 6A). TRB3 mRNA was also
significantly induced in response to either agonist (�1.9-fold;
Fig. 6C). Furthermore, as expected, both the GR and FXR
agonists significantly induced PEPCK mRNA expression
(Fig. 6D).

Although we initially characterized this pathway in the rat
H4IIE cell line, we investigated the conservation of this path-
way using additional systems in two distinct species. First,
we examined the expression of both PPAR� and TRB3
mRNA in the livers of C57BL6 mice that were treated with
GW4064 as described above. Both PPAR� and TRB3 mRNA
levels were significantly induced (4.1- and 5.9-fold, respec-
tively; data not shown) along with PEPCK mRNA (3.6-fold;
Table 1) in addition to the well characterized FXR target gene,
PLTP (4.3-fold; Table 1). Finally, we used primary cultures of
human hepatocytes, allowing us to examine this pathway in
a nonrodent species. As shown in Table 2, treatment of pri-
mary human hepatocytes with a range of doses of the se-
lective FXR agonist, GW4064, as well as the GR agonist,
dexamethasone, resulted in significant induction of PEPCK
mRNA expression. Consistent with observations of rat H4IIE
cells and the mouse in vivo study, both PPAR� and TRB3
mRNA levels were also significantly induced in response to
treatment with GW4064 (Table 2). These data suggest that
this pathway is conserved among rats, mice, and humans.

Discussion

Hepatic gluconeogenesis is significantly increased in type
2 diabetics, contributing to the observed fasting hypergly-
cemia. Pharmacological inhibition of this pathway has been
proposed as a method to restore insulin sensitivity, which
has been validated by the antidiabetic drug, metformin, that

FIG. 6. Activation of GR and FXR leads to increased expression of
PPAR�, TRB3, and PEPCK. A, H4IIE cells were treated for 24 h with
GR agonists, dexamethasone (Dex; 1 �M) and prednisolone (Pred; 1
�M), or FXR agonists, CDCA (40 �M), fexaramine (Fex; 20 �M), and
GW4064 (2.5 �M), followed by Western blot for PPAR�. B, H4IIE cells
were treated for 24 h with the GR agonist, dexamethasone (Dex; 1 �M),
or the FXR agonist, GW4064 (2.5 �M), followed by assessment of
PPAR� mRNA expression by quantitative RT-PCR. C, H4IIE cells
were treated for 24 h with the GR agonist, dexamethasone (Dex; 1 �M),
or the FXR agonist, GW4064 (2.5 �M), followed by assessment of TRB3
mRNA expression by quantitative RT-PCR. D, In experiments iden-
tical to those in B and C, PEPCK mRNA expression was monitored
by quantitative RT-PCR to correlate to the increases in PPAR� and
TRB3 mRNA expression detected. These experiments were performed
on three separate occasions, and the data were combined for statis-
tical analysis and presentation in B–D. PPAR�, TRB3, and PEPCK
expression values were normalized to GAPDH expression, as deter-
mined by quantitative RT-PCR. Asterisks indicate values signifi-
cantly different (P � 0.05) from control values.

TABLE 2. Effects of GW4064 and dexamethasone on PEPCK,
PPAR�, and TRB3 mRNA expression in primary human
hepatocytes

Treatment PEPCK mRNA
(fold increase)

PPAR� mRNA
(fold increase)

TRB3 mRNA
(fold increase)

Control 1 � 0.1 1 � 0.1 1 � 0.1
GW4064 (100 nM) 6.6 � 0.7a 7.8 � 0.3a 3.4 � 0.4a

GW4064 (1 �M) 15.3 � 1a 10.8 � 0.8a 7.2 � 0.2a

Dexamethasone (1 �M) 7.3 � 0.3a 7.3 � 0.3a 4.6 � 0.2a

All mRNA measurements were normalized to 18S rRNA levels.
a P � 0.05.
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reduces hepatic glucose production via inhibition of glu-
coneogenesis (40). The enzyme PEPCK, which catalyzes one
of the key rate-limiting steps in gluconeogenesis, has been
extensively studied. PEPCK is regulated primarily at the
transcriptional level in response to a variety of hormones,
including insulin, glucocorticoids, glucagon, and catechol-
amines. In this study we demonstrate that PEPCK is also
regulated by FXR, which is a nuclear hormone receptor that
functions as the physiological receptor for bile acids. A nat-
ural bile acid ligand, CDCA, as well as structurally distinct,
nonsteroidal, FXR-specific agonists stimulated PEPCK
mRNA expression in H4IIE and MH1C1 hepatoma cells as
well as in primary hepatocytes. The level of induction by the
FXR agonists was comparable to maximal stimulation of
expression noted upon activation with the GR agonist, pred-
nisolone. Consistent with this observation, FXR agonists in-
creased glucose production in primary rat hepatocytes to
levels comparable to those produced by prednisolone. Ac-
tivation of FXR in mice with a synthetic agonist, GW4064,
also led to increased expression of hepatic PEPCK; however,
we did not detect any alteration in plasma glucose levels.

Various effects of bile acids on PEPCK gene expression
have been recently reported. De Fabiani et al. (41) recently
described an FXR-independent mechanism of bile acid re-
pression of PEPCK via induced dissociation of coactivators
from hepatocyte nuclear factor-4�. Yamagata et al. (42) in-
dicated that PEPCK expression is repressed in an FXR-de-
pendent manner via induction of short heterodimer partner-
mediated inhibition of hepatocyte nuclear factor-4� and
FOXO1. Both of these investigators show CDCA-mediated
repression of PEPCK or a PEPCK promoter-driven reporter
in HepG2 cells in addition to repression of the gene in cholic
acid-fed mice. In contrast to these findings, we observed that
three structurally distinct FXR agonists stimulated PEPCK
expression in H4IIE and M1HC1 hepatoma cells. In addition,
FXR agonists increased PEPCK expression as well as glucose
output from primary hepatocytes. The reason for the dis-
crepancies in the observations is unclear; however, based on
this study as well as those by De Fabiani et al. (41) and
Yamagata et al. (42), it appears that there may be both FXR-
dependent and -independent effects of bile acids on the reg-
ulation of PEPCK expression. It is possible that cholic acid
feeding may produce promiscuous metabolites that activate
other nuclear receptors, such as liver X receptor, that also
regulate PEPCK (24, 43), but there is still a difference between
the observation in hepatoma cell lines when treated with
CDCA. It is possible that the differences may be due to use
of distinct cell lines [De Fabiani et al. (41) and Yamagata et al.
(42) both used HepG2 cells, whereas we used H4IIE and
MH1C1 cell lines as well as primary rat and human hepa-
tocytes]. We were unable to detect an effect of any FXR
agonist on PEPCK mRNA expression in HepG2 cells (data
not shown). However, the HepG2 cells also lacked a response
to GR agonists (data not shown), indicating that at least some
pathways regulating PEPCK gene expression were not func-
tional. Because we show that both GR and FXR appear to use
a similar PPAR�-dependent mechanism of inducing PEPCK
expression, the HepG2 cell model may not be appropriate.
All of the cell-based systems we used, both cell lines and
primary hepatocytes (rat and human), were responsive to GR

agonists as well as FXR agonists. In addition, our results in
hepatoma cell lines and in vivo agree with the results ob-
tained in primary rat hepatocytes and correlate with glucose
production from these cells.

The first suggestion about the mechanism of FXR-medi-
ated regulation of PEPCK expression was indicated by the
similarities noted between GR- and FXR-stimulated PEPCK
expression. The time course for induction of PEPCK expres-
sion by either GR or FXR agonists was nearly superimpos-
able, and both required de novo protein synthesis (28, 29). The
diabetogenic effects of the GR ligand, dexamethasone, have
been recently shown to be dependent on the induction of
PPAR�, which is consistent with the additional observation
that GR-mediated regulation of PEPCK expression is depen-
dent on the induction of PPAR� expression (30). In addition
to GR (32), FXR has been shown to regulate PPAR� expres-
sion in hepatocytes (31). We found that both GR and FXR
agonists induce PPAR� expression in H4IIE and MH1C1
hepatoma cell lines as well as in primary hepatocytes. In
addition, we observed induction of PPAR� mRNA in liver
from mice treated with the FXR agonist, GW4064. The initial
characterization of the responsiveness of PPAR� expression
to FXR indicated that a farnesoid X response element was
present in the human PPAR� promoter, but was absent in the
mouse promoter (31). Our data indicate that even in the
absence of an identified farnesoid X response element in the
mouse PPAR� promoter, the pathway for induction of
PPAR� expression in response to activation of FXR is con-
served in rats, mice, and humans. Additional insight into the
mechanism of FXR regulation of PEPCK expression was pro-
vided by a recent study indicating that TRB3, a fasting-
inducible inhibitor of the serine/threonine kinase Akt/PKB,
was a PPAR�-responsive gene responsible for PPAR� coac-
tivator-1�-promoted insulin resistance (34). Indeed, we ob-
served induction of TRB3 expression after treatment with GR
and FXR agonists in several experimental models. FOXO1, a
transcription factor critical for PEPCK expression, is a target
of Akt. Once phosphorylated by Akt, FOXO1 is translocated
out of the nucleus, leading to decreased PEPCK expression.
Thus, the FXR-dependent increase in TRB3 levels we de-
tected is consistent with a reduction in Akt-dependent phos-
phorylation and translocation of FOXO1 and would be ex-

FIG. 7. Proposed model for FXR regulation of carbohydrate metab-
olism. Activation of FXR results in increased expression of PPAR�,
which leads to increased TRB3 expression. TRB3 binds to Akt and
inhibits its ability to phosphorylate targets such as FOXO1 and
GSK3, leading to increased gluconeogenesis and glycogenolysis.
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pected to lead to increased PEPCK mRNA expression. Figure
7 illustrates a proposed mechanism for FXR-mediated reg-
ulation of PEPCK expression; however, this does not rule out
other potential mechanisms that may be operating. The ob-
servation that activation of FXR leads to increased TRB3
expression suggests that FXR may also play a role in the
regulation of glycogenolysis, because TRB3 has been dem-
onstrated to inhibit insulin-dependent phosphorylation of
GSK3 by Akt (33). Thus, activation of FXR may lead to co-
ordinate stimulation of gluconeogenesis and glycogenolysis.

Duran-Sandoval et al. (19) recently reported a link between
FXR and diabetes. Data indicating that key processes regu-
lated by FXR, such as bile acid and triglyceride metabolism,
are impaired in diabetic individuals (44–46) led these in-
vestigators to assess the potential role of FXR in animal
models of type 1 and 2 diabetes. The expression of FXR was
decreased in the livers of streptozotocin-induced diabetic
rats as well as in diabetic Zucker rats. Furthermore, FXR
expression was shown to be under the regulation of glucose
via the pentose phosphate pathway, providing an unex-
pected link between bile acid and carbohydrate metabolism
(19). Our observation that PEPCK expression and glucose
production are regulated by FXR provides evidence for an
additional link between carbohydrate metabolism and the
well characterized lipid metabolism pathways regulated by
FXR. Additionally, the finding that FXR may regulate glu-
coneogenesis coupled with the discovery of glucose-medi-
ated regulation of FXR expression suggest that a feedback
loop may be operating. In contrast to two recent reports
suggesting that activation of FXR may be useful for inhibiting
hepatic gluconeogenesis in diabetics (41, 42), our results in-
dicate that activation of FXR may actually be unfavorable.
However, FXR may still have utility as a target for antidia-
betics if inhibition of its activity provides for decreased
PEPCK expression. This scenario assumes that basal PEPCK
expression has a significant FXR-dependent component,
which remains to be investigated. Indeed, a very recent study
indicates that FXR-null mice display improved glucose tol-
erance and insulin sensitivity (47), which is consistent with
our hypothesis that inhibition of FXR activity may provide
therapeutic benefit in terms of glucose homeostasis.
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