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Peroxisome proliferator-activated receptor-� coactivator 1� (PGC-1�) has been shown to regulate adaptive
thermogenesis and glucose metabolism. Here we show that PGC-1� regulates triglyceride metabolism through
both farnesoid X receptor (FXR)-dependent and -independent pathways. PGC-1� increases FXR activity
through two pathways: (1) it increases FXR mRNA levels by coactivation of PPAR� and HNF4� to enhance
FXR gene transcription; and (2) it interacts with the DNA-binding domain of FXR to enhance the transcription
of FXR target genes. Ectopic expression of PGC-1� in murine primary hepatocytes reduces triglyceride
secretion by a process that is dependent on the presence of FXR. Consistent with these in vitro studies, we
demonstrate that fasting induces hepatic expression of PGC-1� and FXR and results in decreased plasma
triglyceride levels in wild-type but not in FXR-null mice. Our data suggest that PGC-1� plays an important
physiological role in maintaining energy homeostasis during fasting by decreasing triglyceride production/
secretion while it increases fatty acid �-oxidation to meet energy needs.
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Peroxisome proliferator-activated receptor-� coactivator
1� (PGC-1�) was originally identified as a coactivator of
PPAR� and, as such, it was shown to play a critical role
in the control of adaptive thermogenesis (Puigserver et
al. 1998). Subsequent studies demonstrated that PGC-1�
is involved in the expression of multiple genes that regu-
late mitochondrial biogenesis (Wu et al. 1999), glucose
uptake in muscle (Michael et al. 2001), hepatic gluco-
neogenesis in liver (Yoon et al. 2001), and skeletal
muscle fiber-type switching (Lin et al. 2002b; Puigserver
and Spiegelman 2003).
Fasting markedly induces the hepatic expression of

PGC-1�, which subsequently stimulates the entire pro-
gram of genes involved in hepatic gluconeogenesis (Yoon
et al. 2001). The observation that the same gluconeo-
genic genes could be induced merely by infecting pri-
mary hepatocytes with adenovirus containing the gene
encoding PGC-1� provided critical evidence for the im-
portance of PGC-1� in gluconeogenesis (Yoon et al.

2001). Induction of these gluconeogenic genes is thought
to depend on the interaction of PGC-1� with hepatocyte
nuclear factor 4� (HNF4�), a transcription factor that is
necessary for transcriptional activation of these genes
(Rhee et al. 2003). PGC-1� has also been shown to physi-
cally interact with several nuclear hormone receptors
(Puigserver and Spiegelman 2003), including the gluco-
corticoid receptor (Knutti et al. 2000), PPAR� (Vega et al.
2000), and PPAR� (Puigserver et al. 1998).
The farnesoid X receptor (FXR) is a member of the

nuclear receptor superfamily, forms an obligate het-
erodimer with RXR (Forman et al. 1995; Seol et al. 1995),
and is activated by bile acids (Makishima et al. 1999;
Parks et al. 1999; Wang et al. 1999). FXR contains a num-
ber of domains that are conserved in most members of
this superfamily. These include a poorly defined N-ter-
minal transactivation domain, a highly conserved DNA-
binding domain, a hinge region, and a C-terminal ligand-
binding domain that is involved in dimerization, ligand
binding, and transactivation (Glass 1994; Mangelsdorf
and Evans 1995). FXR is most highly expressed in liver,
intestine, kidney, and adrenal gland with reduced levels
reported in fat and heart (Forman et al. 1995; Lu et al.
2001; Zhang et al. 2003).
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The identification of FXR target genes and the charac-
terization of FXR-null mice provided important insights
into the physiological importance of this nuclear recep-
tor. FXR target genes, which include the ileal bile acid-
binding protein (I-BABP; Grober et al. 1999; Makishima
et al. 1999), small heterodimer protein (SHP; Goodwin et
al. 2000; Lu et al. 2000), apoC-II (Kast et al. 2001), bile
salt export pump (BSEP; Ananthanarayanan et al. 2001),
phospholipid transfer protein (PLTP; Laffitte et al. 2000;
Urizar et al. 2000), MRP2 (ABCC2; Kast et al. 2002), and
syndecan-1 (Anisfeld et al. 2003), are involved in the
regulation of bile acid, cholesterol, and lipoprotein me-
tabolism (Edwards et al. 2002). The identification of
these target genes coupled with the observation that
FXR-null mice exhibited a proatherogenic lipoprotein
profile and had elevated serum levels of bile acids, tri-
glycerides, and cholesterol (Sinal et al. 2000), led to the
hypothesis that FXR plays a key role in regulating blood
lipids (Sinal et al. 2000; Edwards et al. 2002). In addition,
the demonstration that FXR-null, but not wild-type mice
exhibited hepatic toxicity when fed a diet enriched in
either fat and cholesterol or bile acids suggested that
FXR plays an important role in maintaining normal liver
function (Sinal et al. 2000).
Recent studies have shown that four mRNAs are tran-

scribed from the single FXR gene as the result of use of
two distinct promoters that initiate transcription from
either exon 1 or exon 3, and as a result of alternative
splicing between exon 5 and exon 6 (Huber et al.
2002; Zhang et al. 2003). The four transcripts and the
four corresponding protein isoforms have been termed
FXR�1, FXR�2, FXR�1, and FXR�2 (Huber et al. 2002;
Zhang et al. 2003). We have renamed these four isoforms
FXR�1, FXR�2, FXR�3, and FXR�4, respectively, to con-
form to the nomenclature used for other nuclear recep-
tors. This renaming is also necessitated by the recent
identification of FXR�, a distinct murine gene (a pseu-
dogene in humans) that has 44% identity to FXR� (Otte
et al. 2003).
The 5� or 3� promoters of the murine FXR� (referred to

as FXR in the text below) gene regulate the expression of
either FXR�1 plus FXR�2 or FXR�3 plus FXR�4 tran-
scripts, respectively (Zhang et al. 2003). FXR�1 and
FXR�3 contain four amino acids (MYTG), immediately
3� of the DNA-binding domain, which are absent from
FXR�2 and FXR�4 (Zhang et al. 2003). The presence of
the MYTG motif decreases the binding of the FXR/RXR
heterodimer to FXREs in vitro and affects the transcrip-
tional activation of some, but not all, genes (Anisfeld et
al. 2003; Zhang et al. 2003). For example, FXR�2 and
FXR�4 highly activate transcription of I-BABP and syn-
decan-1, whereas FXR�1 or FXR�3 is ineffective (Anis-
feld et al. 2003; Zhang et al. 2003). In contrast, all four
FXR isoforms transcriptionally activate BSEP, SHP, and
PLTP to similar extents (Anisfeld et al. 2003; Zhang et al.
2003). Although the four FXR mRNAs are known to be
differentially expressed in various tissues, the factors af-
fecting the transcription of the FXR gene per se and the
coactivators that are necessary for activation of FXR tar-
get genes remain unknown.

In the present study we initially used fasted mice
to determine whether FXR expression and/or activity
were affected by the nutritional status. These studies
demonstrated that fasting selectively induced FXR
transcripts initiated from the 3� (internal) promoter of
the murine gene. Additional studies demonstrated
that selective activation of the 3� FXR promoter could
be recapitulated in cultured cells following ectopic
expression of PGC-1�. We demonstrate that PGC-1�
activates FXR, resulting in increased expression of FXR
target genes. This latter activation is dependent on a
novel interaction between the 180–400 amino acid
domain of PGC-1� and the DNA-binding domain of
FXR. The effect of fasting on FXR expression/activity
has physiological consequences, as shown by the find-
ings that fasting decreases plasma triglyceride levels in
wild-type mice but not in FXR-null mice. Consistent
with this observation, we report that ectopic expression
of PGC-1� decreases triglyceride secretion in wild-type
primary hepatocytes but not in FXR-null cells. Taken
together, our data suggest that PGC-1� is a central regu-
lator of hepatic FXR function, where it regulates triglyc-
eride metabolism to ensure energy demands during fast-
ing.

Results

Modulation of FXR by nutritional status

Previous studies have shown that activated FXR regu-
lates the expression of genes that control the metabolism
of bile acids, cholesterol, and lipoproteins (Sinal et al.
2000; Edwards et al. 2002). To investigate the effect of
the nutritional status on the hepatic expression of FXR,
mice were fasted for 24 h prior to isolation of RNA.
Northern blot assays indicated that a number of hepatic
mRNAs, including those encoding PGC-1�, FXR,
PPAR�, and HNF4�, were induced in the livers of fasted
mice (Fig. 1A; data not shown). The mRNA levels of
SHP, a known FXR target gene, were also induced in the
livers of fasted mice (0.84 ± 0.05 vs. 1.6 ± 0.4; n = 4,
p < 0.05). The induction of specific hepatic mRNAs in
response to fasting was selective, as shown by the obser-
vation that hepatic lipase mRNA levels were repressed
under these conditions (Fig. 1A).
Four murine transcripts (FXR�1–FXR�4) are produced

as a result of alternative splicing of exon 5 and the use
of two alternative promoters that initiate transcription
from either exon 1 or exon 3 (Zhang et al. 2003).
To investigate whether the two murine FXR promoters
are differentially activated by fasting, we used real-
time PCR to analyze the relative hepatic expression
of FXR�1 and FXR�2 (FXR�1/�2 in Fig. 1B) versus
FXR�3 and FXR�4 (FXR�3/�4). The data of Figure 1B
indicate that fasting results in a 2.1-fold increase in the
level of FXR�3/�4 mRNAs, but in a statistically insig-
nificant change in the levels of FXR�1/�2. These results
suggest that fasting results in preferential activation of
the 3� (internal) FXR promoter relative to the 5� pro-
moter.
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PGC-1� and cAMP induce FXR mRNA

The coordinate induction of PGC-1� and FXRmRNAs in
response to fasting prompted us to investigate whether
PGC-1� is involved in the transcriptional activation of
the FXR gene. Primary hepatocytes, derived from either
FXR+/+ or FXR−/− mice, were infected with adenovirus
that expressed either green fluorescent protein (Ad-GFP,
a negative control) or PGC-1� (Ad-PGC-1�; Fig. 1C). Af-
ter 48 h, RNA was isolated and various mRNAs were
quantitated by Northern blot analysis. The data of Figure
1C demonstrate that ectopic expression of PGC-1� re-
sulted in a robust induction of FXR and SHP transcripts
(Fig. 1C). In wild-type, but not in FXR-null hepatocytes,
the SHP transcript was further induced by the FXR-spe-
cific ligand GW4064 (Fig. 1C). Using real-time PCR we
also observed significant induction of SHP transcripts by
GW4064 in wild-type hepatocytes that were infected
with Ad-GFP (data not shown). These latter data are con-
sistent with SHP being an FXR target gene (Goodwin et
al. 2000; Lu et al. 2000). However, the finding that SHP
mRNA was highly induced when PGC-1� was overex-
pressed in FXR-null hepatocytes indicates that SHP ex-
pression can also be induced by PGC-1� in an FXR-in-

dependent manner. Other mRNA levels, including
PPAR� and HNF4�, were unchanged following PGC-1�
overexpression (Fig. 1C; data not shown), suggesting that
PGC-1� does not promote a global induction of gene ex-
pression.
Figure 1D shows that transcripts (FXR�3/�4) derived

from the internal promoter, but not those derived
from the 5�-promoter (FXR�1/�2), were induced follow-
ing overexpression of PGC-1� in wild-type hepatocytes.
Thus, the data of Figure 1, B and D, are consistent
with the proposal that the two FXR promoters are
differentially regulated in vivo in response to fasting,
and in isolated cells in response to enhanced levels of
PGC-1�.
cAMP has been shown to increase PGC-1� expression

in rat primary hepatocytes (Yoon et al. 2001). Treatment
of murine primary hepatocytes with dibutyryl cAMP sig-
nificantly increased mRNA levels of PGC-1� (Fig. 1E,
top), FXR�3/�4 and SHP (Fig. 1E, bottom), but had no
effect on FXR�1/�2 expression (Fig. 1E, bottom). Taken
together, these data suggest that cAMP may induce
PGC-1�, which, in turn, enhances transcription of the
FXR gene from the 3�-promoter.

Figure 1. Fasting and PGC-1� induce FXR mRNA levels. (A) Northern blot analysis of gene expression in fasted livers. FXR+/+ and
FXR−/− mice (n = 4 or 5 per group) were fed either standard chow diet or fasted for 24 h. Total hepatic RNA was analyzed by Northern
blot analysis using the indicated probes. (HL) Hepatic lipase. (B) Relative mRNA expression of FXR�1/�2 and FXR�3/�4 in fasted
livers. Real-time PCR was used to identify the relative expression of FXR�1 + FXR�2 and FXR�3 + FXR�4 in the livers of mice either
fed a chow diet or fasted for 24 h (n = 4 or 5 per group). The values are normalized to cyclophilin mRNA. (C) Ectopic expression of
PGC-1� induces FXR expression. Murine primary hepatocytes were infected with adenovirus containing cDNA encoding either green
fluorescent protein (GFP; Ad-GFP) or PGC-1� (Ad-PGC-1�) for 48 h, followed by treatment with either vehicle (DMSO) or the FXR
ligand GW4064 (1 µM) for 24 h. Total RNA was isolated and mRNAs were identified by Northern blot assay. (D) PGC-1� differentially
induces FXR�3/�4 expression in primary hepatocytes. FXR+/+ primary hepatocytes were infected with Ad-GFP or Ad-PGC-1� for 48
h. Total RNA was isolated and real-time PCR was used to analyze the relative expression of FXR�1 + �2 and FXR�3 + �4. (E) cAMP
differentially induces FXR�3/�4 expression in primary hepatocytes. Primary hepatocytes were treated with or without 1 mM 8-bromo-
cAMP (cAMP) for 24 h. Northern blot or real-time PCR was used to analyze the indicated gene expression. (*) p < 0.05; (**) p < 0.01.
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PGC-1� coactivates PPAR� and HNF4� to enhance
FXR promoter activity

PGC-1� alone has low inherent transcriptional activity
and is thought to function as a coactivator (Puigserver et
al. 1999). To identify a potential transcriptional factor
that is both bound to the FXR promoter and is activated
by PGC-1�, we treated mouse primary hepatocytes with
ligands for FXR, LXR, PXR, PPAR�, PPAR�, or PPAR�;
only the PPAR�-specific ligand GW7845 resulted in an
increase in the FXR mRNA (Fig. 2A; data not shown).
The two transcriptional start sites (exon 1 and exon 3 of
the FXR gene) are separated by 26.6 kb (Fig. 2B). Analysis
of the nucleotides upstream of exons 1 and 3 identified a
putative PPARE (DR-1) at −58 bp to −46 bp or −254 bp to
−242 bp, respectively (Fig. 2B). Both putative PPAREs are
conserved in the two human FXR promoters (Fig. 2B).
Reporter genes under the control of either the 5� (FXR�1/
�2) or 3� (FXR�3/�4) FXR promoters were cotransfected
into CV-1 cells together with plasmids encoding RXR
and PPAR�, PPAR�, or PPAR� (Fig. 2C,D). The data of
Figure 2, C and D, show that both FXR promoter-reporter
genes, that contained the putative PPAREs, were ro-
bustly induced by PPAR� and that the induction was
potentiated by the PPAR�-specific ligand GW7845. In
contrast, both FXR reporter genes were weakly activated
by PPAR� and unaffected by PPAR� in the absence or
presence of specific ligands (Fig. 2C,D). These latter re-
sults using the FXR promoter-reporter constructs are
consistent with the observation that only the PPAR�
ligand induced the endogenous FXR mRNA (Fig. 2A).
To determine whether PPAR�/RXR can bind to the

putative PPREs, electrophoretic mobility shift assays
were performed that used radiolabeled oligonucleotides
containing the DR-1 element from either the 5�-pro-
moter (FXR�1/�2; Fig. 2E) or the internal promoter
(FXR�3/�4; Fig. 2F) of the FXR gene. Both radiolabeled
probes formed a shifted complex only when incubated
with both PPAR� and RXR (Fig. 2E,F, lane 2). The for-
mation of the complex was competed away by the addi-
tion of unlabeled probes, but not by the addition of un-
labeled probes containing mutations in the DR-1 ele-
ment (Fig. 2E,F). Thus, these studies identify a functional
PPARE in each of the two proximal promoters of the
murine FXR gene.
PGC-1� was originally identified as a coactivator for

PPAR� (Puigserver et al. 1998). PPAR� is induced during
fasting (Fig. 1A). The studies described above suggest
that PGC-1� potentiates the transcription of the FXR
gene, possibly via activation of PPAR�. To test this pro-
posal, CV-1 cells were transiently transfected with either
FXR�1/�2 or FXR�3/�4 promoter-reporter genes to-
gether with plasmids encoding PGC-1�, PPAR�, or
PPAR�. The data of Figure 2, G and H, show that PGC-
1� alone activated the 5� and 3� FXR promoter-reporter
genes by 2.5- and 6.1-fold, respectively. However, induc-
tion was enhanced by 7.9- and 26.1-fold in the presence
of both PGC-1� and PPAR� (Fig. 2G,H). Thus, the
FXR�3/�4 promoter is activated by PPAR� plus PGC-1�
to a greater extent than the FXR�1/�2 promoter (Fig. 2H

vs. Fig. 2G). Mutation of the DR-1 elements in either
promoter attenuated the stimulatory effect produced by
both PGC-1� and PPAR� (Fig. 2G,H). The finding that
the FXR�3/�4 mutant promoter is activated threefold by
PGC-1� (Fig. 2H, right panel) suggests that PGC-1� also
activates other factors that modulate transcription of the
FXR gene. In contrast to the data with PPAR�, activation
of the FXR reporter genes by PPAR� was unaffected by
PGC-1� (Fig. 2G,H). These data suggest a mechanism by
which overexpression of PGC-1� in hepatocytes pro-
duces a differential induction of the FXR�3/�4 versus
FXR�1/�2 transcripts as a result of activation of PPAR�
(Fig. 1D).
HNF4� is abundantly expressed in the liver and is in-

duced by fasting (Fig. 1A). PGC-1� has also shown to be
a coactivator for HNF4� (Yoon et al. 2001). To investi-
gate whether HNF4� could also activate FXR gene tran-
scription via the DR-1 elements, transient transfection
experiments were performed (Fig. 2I,J). HNF4� activated
wild-type but not mutated FXR promoters. However, in
the presence of both PGC-1� and HNF4�, the internal
(FXR�3/�4) promoter was induced to a much higher
level compared with the 5� (FXR�1/�2) promoter (17-fold
vs. 4.9-fold). Taken together, these data suggest that the
differential induction of FXR transcripts by PGC-1� may
be achieved by the activation of HNF4� and/or PPAR�.

PGC-1� coactivates FXR to enhance FXR-target gene
promoter activity

The findings that ectopic expression of PGC-1� in
FXR+/+ hepatocytes induced both FXR and the FXR tar-
get gene SHP, and that the induction of SHP was further
potentiated by an FXR-specific ligand (Fig. 1C), suggest
that PGC-1� may coactivate FXR per se. To test this
hypothesis, we transiently transfected cells with lucifer-
ase reporter genes under the control of the promoters
derived from the murine BSEP or I-BABP genes together
with plasmids that express FXR or PGC-1�. Both BSEP
and I-BABP are well-characterized FXR target genes
(Grober et al. 1999; Makishima et al. 1999; Ananthana-
rayanan et al. 2001). BSEP is known to be activated by all
four FXR isoforms, whereas I-BABP is known to be pref-
erentially activated by FXR�2 or FXR�4, the FXR iso-
forms that do not contain the four amino acid insert in
their hinge regions (Zhang et al. 2003).
As expected, FXR�2 and FXR�4 activated the I-BABP

promoter ∼10-fold in the presence of FXR ligand
GW4064 (Fig. 3A; Zhang et al. 2003). In the absence of
FXR, PGC-1� had no effect on the I-BABP promoter ac-
tivity (Fig. 3A). However, coexpression of PGC-1� to-
gether with FXR�2 or FXR�4 resulted in a remarkable
250- to 300-fold activation (Fig. 3A). In contrast, FXR�1
or FXR�3, the isoforms with the four amino acid insert
in their hinge regions, cannot activate the I-BABP pro-
moter even in the presence of PGC-1� (Fig. 3A). In addi-
tion, the I-BABP promoter containing a mutant FXRE
was unresponsive to all FXR isoforms even in the pres-
ence of PGC-1� (Fig. 3B). These data indicate that the
transcriptional activation of FXR target genes, such as
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I-BABP, by PGC-1� is dependent on FXR and an intact
FXRE.
To determine whether PGC-1� also activates FXR�1

and FXR�3, we used a BSEP promoter-reporter construct

because all four FXR isoforms have been shown to
activate the murine BSEP gene to a similar degree
(Zhang et al. 2003). As shown in Figure 3C, all four
FXR isoforms activated the BSEP promoter to similar

Figure 2. PGC-1� coactivates PPAR� and HNF4� to enhance FXR gene transcription. (A) PPAR� ligand induces FXR expression.
Mouse primary hepatocytes were treated for 24 h with either vehicle (DMSO) or ligands for FXR (GW4064, 1 µM), PXR (PCN, 10 µM),
LXR (T0901317, 1 µM), or PPAR� (GW7845, 1 µM). Total RNA was used for Northern blot assay. (B) Schematic representation of the
5�-end of the FXR gene showing the two FXR promoters and the nucleotides corresponding to the two DR-1 elements. FXR�1/�2 and
FXR�3/�4 mRNAs are the products of transcription initiated from exon 1 or exon 3, respectively. Exon 1 is 26.6 kb upstream of exon
3. The sequences of DR-1 elements, and the incorporated mutations, are shown. The corresponding sequences of DR-1 elements in the
promoters of the human FXR gene are also shown. (C,D) Activation of FXR promoters by PPARs. CV-1 cells were transiently
transfected with either the FXR promoter-reporter constructs pGL3-FXR�1/�2-luc or pGL3-FXR�3/�4-luc together with PPAR�,
PPAR�, or PPAR�. The cells were treated with either vehicle or corresponding ligands (PPAR�, 1 µM GW7847; PPAR�, 1 µM GW2433;
PPAR�, 1 µM GW7845) for 36 h. Luciferase activity was analyzed and normalized with �-galactosidase activity. The values represent
three independent experiments. (E,F) PPAR�/RXR binds to the DR-1 elements in both FXR promoters. Electrophoretic mobility-shift
assays were performed using in vitro transcribed/translated receptors and radiolabeled FXR�1/�2 (E) or FXR�3/�4 (F) probes. For
competition experiments, excess unlabeled competitor DNA, containing wild-type or mutant DR-1 sequences (B), was used at 20×,
100×, and 500×, respectively. (G,H) PGC-1� coactivates PPAR� to enhance FXR transcription via a DR-1 element. CV-1 cells were
transfected with plasmids encoding PPAR�, PPAR�, or PGC-1� together with either pGL3-FXR�1/�2-luc and pGL3-FXR�1/�2mut-luc
(G) or pGL3-FXR�3/�4-luc and pGL3-FXR�3/�4mut-luc (H). Cells were incubated for 36 h in the presence or absence of specific PPAR
ligands prior to determination of the luciferase activity. Values, normalized to �-galactosidase activity, are the means (±SE) of three
experiments. (I,J) PGC-1� coactivates HNF4� to enhance FXR transcription via a DR-1 element. CV-1 cells were transfected with
plasmids encoding PGC-1� or HNF4� together with FXR promoters as described inG andH. These values represent three independent
experiments.
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levels and, in each case, this activation was robustly po-
tentiated by PGC-1�. Taken together, these data demon-
strate that PGC-1� highly activates all four FXR iso-
forms. Nonetheless, the specificity of gene activation in
response to the different FXR isoforms is unaffected by
PGC-1�.

PGC-1� interacts with the DNA-binding domain
of FXR

To investigate the mechanism(s) by which PGC-1� acti-
vates FXR, we performed a series of in vitro protein-
binding studies to determine whether PGC-1� interacts
with FXR. Full-length as well as 5� or 3� deletion frag-
ments of FXR were in vitro translated in the presence of
35S-methionine and incubated with glutathione S-trans-
ferase (GST)-PGC-1� (amino acids 1–400) fusion protein.
Figure 4A shows both a graphical representation of the
domain structure of FXR�3 and a summary of the results
obtained when the indicated fragments of FXR�3 were
incubated with GST-PGC-1� (1–400). The data from
studies with different FXR isoforms and different frag-
ments of FXR�3 are presented in Figure 4B–D.
The data show that PGC-1� interacts with the full-

length forms of each of the four FXR isoforms (Fig. 4B,
lanes 1–4) and with fragments that contain the intact
DNA-binding domain (Fig. 4B, lanes 5,6; Fig. 4C, lanes
7–9). However, FXR fragments that contained either the
ligand-binding domain (amino acids 269–488) or the LBD
plus the hinge region and only part of the DBD (amino
acids 190–488 or 214–488) failed to interact with PGC-1�
(Fig. 4B, lanes 7–10). GST alone did not interact with
FXR (Fig. 4C, lanes 4,5). These data suggest that the
DNA-binding domain (DBD) of FXR might be required
for the interaction with PGC-1�.
To test whether the DBD of FXR interacts with

PGC-1�, DBD +/− the four amino acid insert (MYTG)
were fused to GST as bait protein and incubated with
full-length 35S-methionine-labeled PGC-1�. The DBD
or DBD + MYTG interacted equally well with full-
length PGC-1� (Fig. 4D). These data suggest that the
DBD of FXR is required and sufficient to interact with
PGC-1�.
To map the region of PGC-1� that interacts with FXR,

we used the GST-FXR(DBD) fusion protein and 35S-la-
beled PGC-1� fragments with a series of 3� deletions that
contain either the wild-type or mutated LXXLL motif
(amino acids 142–146). This leucine-rich motif has been
shown to be required for the binding of PGC-1� to
PPAR�, HNF4�, and ER� (Puigserver and Spiegelman
2003). Figure 4E shows that the DBD of FXR strongly
interacts with PGC-1� (1–400) containing either a wild-
type or mutant LXXLL motif (36% pull down). In con-
trast, there was little interaction (<0.5%) with PGC-1�,
amino acids 1–180 (Fig. 4E). We conclude that the DBD
of FXR interacts with amino acids 180–400 of PGC-1�.
PPAR� and NRF-1 have also been shown to interact
with this same region (Puigserver and Spiegelman 2003).
In some, but not all cases, recruitment of coactivators

to nuclear receptors is dependent on the presence of re-
ceptor-specific ligands (Glass et al. 1997; Shibata et al.
1997). To investigate whether an FXR ligand affects the
interaction between PGC-1� and FXR, the pull-down as-
say was performed in the absence or presence of
GW4064, an FXR-specific ligand. Figure 4F shows that
the interaction of PGC-1� with each of the four FXR
isoforms was not affected by GW4064, suggesting that

Figure 3. PGC-1� coactivates all FXR isoforms to enhance
FXR target gene transcription. (A–C) HepG2 cells were tran-
siently transfected in triplicate with the indicated I-BABP or
BSEP promoter-reporter gene together with a specific FXR iso-
form and PGC-1�. The cells were treated with vehicle or
GW4064 (1 µM). After 36 h the cells were lysed and the lucif-
erase activity was determined after being normalized to �-ga-
lactosidase activity. These values represent the means (±SE) of
three experiments.
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the interaction between PGC-1� and FXR is ligand-inde-
pendent.
To investigate whether PGC-1� and FXR interact in

cells, we isolated whole-cell lysates following transient
transfection of CV-1 cells with plasmids encoding Flag-
tagged PGC-1� and specific FXR isoforms. Immunopre-
cipitation with an anti-Flag antibody followed by West-
ern blot assays using anti-FXR antibody demonstrates
that PGC-1� interacts with all four FXR isoforms (Fig.
4G, lanes 2–5). In contrast, no FXR protein was precipi-

tated when the cells were transfected with PGC-1� alone
(Fig. 4G, lane 1). Taken together, the data demonstrate
that the region containing amino acids 180–400 of PGC-
1� interacts directly with the DBD of FXR in a ligand-
independent manner.

Fasting specifically decreases plasma
triglyceride levels

The finding that FXR−/− mice exhibit elevated plasma
triglyceride levels compared with their wild-type litter-

Figure 4. PGC-1� physically interacts with FXR in vitro and in cells. (A) Schematic representation of the domain structures of FXR�3
and the summary of the results to determine an interaction between PGC-1� (1–400) and various fragments of FXR�3. The domain
structures of FXR�3 are shown (top). Interactions between PGC-1� (1–400) and the indicated fragments of FXR�3 are represented by
+ or − (right). (B) Mapping of the 5� interaction domain of FXR with PGC-1� (1–400). 35S-labeled proteins corresponding to each of the
four full-length FXR isoforms or 5� deletions of FXR�3 or FXR�4 were incubated with GST-PGC-1� (1–400) in the presence of
glutathione beads as described in Materials and Methods. The bound proteins were separated by SDS-PAGE and detected by autora-
diography. (C) Mapping of the 3� interaction domain of FXR with PGC-1� (1–400). The indicated N-terminal fragments of FXR�3 were
in vitro labeled with 35S-methionine and used to determine the interaction with GST-PGC-1� (1–400), as described in B. (D) The DBD
of FXR interacts directly with PGC-1�. 35S-labeled full-length PGC-1� protein was used to determine the interaction with the DBD
or DBD plus the four amino acid insert (MYTG) of FXR. (E) Mapping the interaction domain of PGC-1� with FXR. 3� deletions of
PGC-1� with or without the mutation of the LXXLL motif were in vitro labeled with 35S-methionine and used to test interaction with
the DBD of FXR. (F) FXR ligand has no effect on the interaction between FXR and PGC-1�. 35S-labeled, full-length FXR�1–4 were
incubated with PGC-1� (1–400) in the presence or absence of GW4064 (1 µM). The assay was performed as described in B. (G) PGC-1�

interacts with FXR in cells. CV-1 cells were transfected with CMX-Flag-PGC-1� and CMX-FXR plasmids, as indicated. After 48 h,
whole-cell lysates were prepared and incubated with anti-Flag antibody. The immunoprecipitates were analyzed by SDS-PAGE/
Western blot, using an anti-FXR antibody.
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mates (Sinal et al. 2000) suggests that FXR may play an
important role in triglyceride metabolism. The findings
that fasting induces mRNAs for both PGC-1� (Yoon et
al. 2001) and FXR (Fig. 1A) and that PGC-1� interacts
directly with FXR to increase FXR target gene transcrip-
tion (Figs. 3, 4) have led us to hypothesize that fasting
might decrease plasma triglyceride levels through an
FXR-dependent process. Consistent with this hypoth-
esis, fasting was associated with a significant decrease in
plasma triglyceride levels in both male and female
FXR+/+ mice but a significant increase in these lipids in
FXR−/− mice (Fig. 5). The differential effect of FXR geno-
type on triglyceride levels in response to fasting is rela-
tively specific because both plasma total cholesterol, free
fatty acids, and HDL cholesterol levels increased, or
were unaffected, in both FXR+/+ and FXR−/− mice (Fig.
5C,D; data not shown). These data demonstrate that the
decrease in plasma triglyceride levels in response to fast-
ing is dependent on FXR.

PGC-1� modulates triglyceride synthesis and secretion

Hepatic PGC-1� levels have been shown to increase in
response to fasting (Fig. 1A; Yoon et al. 2001). To inves-
tigate whether the decrease in plasma triglyceride levels
that occurs in fasted wild-type mice (Fig. 5A,B) might be
mediated by the PGC-1�/FXR pathway, we infected
mouse primary hepatocytes with adenovirus expressing
GFP or PGC-1�. After 48 h, cells were incubated for an
additional 2 h in media containing 14C-palmitic acid
prior to isolation of radiolabeled lipids. The data show

that ectopic expression of PGC-1� decreased triglyceride
synthesis in both normal and FXR-null hepatocytes (Fig.
6A). In contrast, PGC-1� expression reduced triglyceride
secretion in normal but not in FXR-null cells (Fig. 6B). In
addition, the data of Figure 6B suggest that FXR−/− hepa-
tocytes secrete twofold to threefold more triglyceride
than FXR+/+ hepatocytes (Fig. 6B).
Overexpression of PGC-1� in wild-type and FXR-null

hepatocytes also resulted in a decrease in the SREBP-1c
and fatty acid synthase mRNA levels (Fig. 6C,D). Be-
cause SREBP-1c regulates multiple genes involved in
fatty acid and triglyceride synthesis (Horton et al 2002),
these data provide a mechanism by which PGC-1� over-
expression inhibits triglyceride synthesis in both cell
types (Fig. 6A).
Because PGC-1� can activate FXR (Figs. 1–4), we are

interested in whether activation of FXR may also de-
crease SREBP-1c expression. Consequently, wild-type
and FXR-null primary hepatocytes were treated with ei-
ther vehicle (DMSO) or FXR ligands. Treatment with
either GW4064 or CDCA decreased SREBP-1c mRNA
levels in wild-type, but not in FXR-null hepatocytes (Fig.
6E). In contrast, the FXR target gene SHP was induced by
FXR ligands only in wild-type hepatocytes (Fig. 6F).
These data demonstrate that activation of FXR decreases
SREBP-1c mRNA expression. Taken together, the data
suggest that PGC-1� may decrease SREBP-1c expression
and triglyceride synthesis via both FXR-dependent and
-independent pathways.

Discussion

PGC-1� has been shown to regulate a number of biologi-
cal pathways linked to energy production and utilization
(Puigserver and Spiegelman 2003). One major function of
PGC-1� appears to be the stimulation of hepatic gluco-
neogenesis in response to fasting (Yoon et al. 2001). Here
we demonstrate that PGC-1� has unexpected and novel
roles in regulating both FXR expression and FXR activa-
tion. Such changes lead to alterations in hepatic gene
expression and triglyceride metabolism (Fig. 7). We also
demonstrate that under conditions in which hepatic
PGC-1� levels are increased (fasting, ectopic expression
of PGC-1�, or elevated cellular cAMP levels), there is
preferential activation of the 3� (internal) promoter of the
murine FXR gene; the result is increased mRNA levels of
FXR�3 and FXR�4 as compared with FXR�1 and FXR�2
(Fig. 1B,D,E). The relative steady-state expression of
FXR�1–4 in different murine or human tissues is known
to vary (Huber et al. 2002; Zhang et al 2003). However,
the present report provides the first evidence that the
two FXR promoters can be differentially regulated. We
also demonstrate that transcriptional activation of FXR
promoter-reporter genes is potentiated by coexpression
of PGC-1� and PPAR�. These data are consistent with
the presence of a PPARE (DR-1 element) in the FXR pro-
moters, induction of the endogenous FXR mRNA by
GW7845 (a PPAR�-specific ligand), and induction of he-
patic PPAR� mRNA levels in response to fasting (Figs.
1A, 2A–H). Thus, these data provide novel evidence that

Figure 5. The change in plasma triglyceride levels in response
to fasting is dependent on the FXR genotype. (A,B) Fasting de-
creases plasma triglyceride levels. Male (A) and female (B)
FXR+/+ or FXR−/− mice (n = 4 or 5 per group) were either fed a
chow diet or fasted for 24 h. Blood samples were collected and
plasma triglyceride levels (mean ± SE) were determined. (C,D)
Fasting increases total plasma cholesterol and plasma free fatty
acids. Plasma total cholesterol (C) or free fatty acids (D;
mean ± SE) are shown for the same mice. (*) p < 0.05; (**)
p < 0.01.
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links PPAR� and FXR to changes in hepatic lipid me-
tabolism.
In addition to PPAR�, our data also demonstrate that

HNF4� may bind to these DR-1 elements and activate
FXR gene transcription by a process that is potentiated
by PGC-1� (Fig. 2I,J). Interestingly, in the presence of
PGC-1�, HNF4� or PPAR� preferentially activates the

internal (FXR�3/�4) promoter. This may explain why
PGC-1� preferentially induces FXR�3/�4 transcripts in
primary hepatocytes. Because HNF4� is abundantly ex-
pressed in the liver and is induced by fasting (Fig. 1A), we
propose that HNF4� and PGC-1� may together play a
major role in mediating the activation of FXR gene tran-
scription in response to fasting. Nonetheless, we cannot

Figure 6. PGC-1� and FXR regulate triglyceride syn-
thesis and secretion. (A) Ectopic expression of PGC-1�

decreases triglyceride synthesis in primary hepato-
cytes. Wild-type and FXR-null primary hepatocytes
were infected with adenovirus expressing GFP or PGC-
1�. After 48 h, 14C-palmitic acid was added to the me-
dia. After an additional 2 h, the media and hepatocytes
were separated and the radioactive triglyceride levels
were determined, as described in Materials and Meth-
ods. Values are the means ± SE (n = 3). (B) Ectopic ex-
pression of PGC-1� decreases triglyceride secretion in
an FXR-dependent manner. FXR+/+ or FXR−/− primary
hepatocytes were infected with Ad-GFP or Ad-PGC-1�

for 48 h and then incubated with 14C-palmitic acid for
2 h, as described in A. The radioactive triglyceride in
the media was determined and the values were shown,
mean ± SE (n = 3). (C,D) Ectopic expression of PGC-1�

decreases SREBP-1c and FAS expression. Primary he-
patocytes were infected with Ad-GFP or Ad-PGC-1�

for 48 h. Real-time PCR was used to analyze the rela-
tive expression of SREBP-1c and fatty acid synthase
(FAS). (E,F) Activation of FXR decreases SREBP-1c ex-
pression. Primary hepatocytes were treated with FXR
ligand GW4064 (1 µM) or CDCA (100 µM) for 24 h.
Real-time PCR was used to analyze the relative expres-
sion of SREBP-1c and SHP expression. (*) p < 0.05; (**)
p < 0.01.

Figure 7. Model for PGC-1� to activate
FXR and regulate triglyceride metabolism.
PGC-1�, PPAR�, and HNF4� mRNAs are
induced after a prolonged fast. PGC-1� co-
activates PPAR� and/or HNF4� bound to a
DR-1 element in the FXR promoter, to in-
duce FXR mRNA expression. In addition,
PGC-1� interacts directly with FXR to en-
hance transcription of FXR target genes.
Activation of FXR target genes by PGC-1�

and FXR results in a decrease in SREBP-1c
expression and in increased expression of
genes involved in triglyceride metabolism
and clearance. On the other hand, PGC-1�

may also repress SREBP-1c expression in
an FXR-independent manner. The de-
crease in SREBP-1c expression may reduce
triglyceride synthesis/secretion and lower
plasma triglyceride levels. The decrease in
triglyceride synthesis in the liver may re-
duce storage of fatty acids and increase
fatty acid �-oxidation to meet the normal
energy demands during fasting.
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exclude the possibility that other transcription factors
also bind to the DR-1 element and activate FXR tran-
scription.
PPAR� is enriched in the liver, and its level is further

induced in response to fasting (Kersten et al. 1999). Be-
cause ligand-activated PPAR� also activates FXR-pro-
moter reporter genes, albeit by a process that is unaf-
fected by PGC-1� (Fig. 2C,D,G,H), this member of the
PPAR nuclear family may also have a role in regulating
FXR expression. Additional studies will be required to
determine whether the hypotriglyceridemic effects of
PPAR� ligands, such as fibrates, involve FXR.
PGC-1� has previously been shown to interact with

either the hinge region (Puigserver et al. 1998) or the AF2
domain (Tcherepanova et al. 2000) of nuclear receptors
or other transcription factors (Puigserver and Spiegelman
2003). The requirement for the LXXLL motif in these
interactions has been shown to be variable (Puigserver
and Spiegelman 2003). Using 5� and 3� deletions of FXR
proteins and 3� deletions of PGC-1� fragments, we dem-
onstrate that the region containing amino acids 180–400
of PGC-1� interacts directly with the DNA-binding do-
main of all four FXR isoforms in a ligand-independent
manner (Fig. 4). To our knowledge, PGC-1� has not pre-
viously been shown to interact directly with the DBD of
nuclear receptors. Not surprisingly, PGC-1� activates all
four FXR isoforms (Fig. 3C), because the amino acid se-
quences in their DBDs are identical (Zhang et al. 2003).
The combined effect of the changes in PGC-1�-in-

duced FXR gene expression and FXR-activated target
gene expression in normal mice is to cause a decrease in
both plasma triglyceride levels and in hepatic triglycer-
ide synthesis and secretion (Figs. 5–7). In contrast, nei-
ther plasma triglyceride levels nor hepatic triglyceride
secretion decline in FXR-null mice or hepatocytes (Figs.
5, 6). These data provide the genetic evidence that links
PGC-1� to FXR and to the control of triglyceride me-
tabolism. We hypothesize that the consequence of the
decrease in triglyceride biosynthesis/secretion in re-
sponse to PGC-1� and FXR is to reduce the energy stor-
age of fatty acids. Such changes may also complement
the increased fatty acid �-oxidation that occurs during
fasting, so as to meet normal energy demands. Taken
together, our data provide a molecular network to ex-
plain how fasting, PGC-1� and FXR together regulate
triglyceride metabolism (Fig. 7).
FXR has been shown to play an important role in

maintaining bile acid, cholesterol, and lipoprotein me-
tabolism. In FXR-deficient mice, plasma triglyceride lev-
els are elevated compared with wild-type littermates. In
addition, previous reports have shown that activation of
FXR by drugs or bile acids lowers plasma triglyceride
levels in wild-type rodents (Maloney et al. 2000; Kast et
al. 2001) but has no effect in FXR-null mice (Kast et al.
2001). However, the mechanism by which FXR regulates
plasma triglyceride levels has not been clearly estab-
lished, despite the fact that several FXR target genes
(apoC-II, phospholipid transfer protein, syndecan-1) that
regulate lipoprotein metabolism have been identified
(Edwards et al. 2000; Anisfeld et al. 2003). After injection

with tyloxapol (an inhibitor of VLDL catabolism),
plasma VLDL triglyceride levels in FXR−/− mice in-
creased dramatically compared with those in FXR+/+

mice, suggesting that FXR−/− mice might secrete more
triglycerides/VLDL than normal mice (Lambert et al.
2003). Consistent with this hypothesis, our in vitro ex-
periments using 14C-labeled palmitic acid indicate that
FXR−/− hepatocytes secreted twofold more radiolabeled
triglyceride than FXR+/+ hepatocytes (Fig. 6B).
The finding that mRNA levels of SREBP-1c and FAS

are reduced following overexpression of PGC-1� pro-
vides a mechanism to explain the decrease in fatty acid
and triglyceride synthesis in both wild-type and FXR-
null cells (Fig. 6C,D). Based on the observation that ac-
tivation of FXR decreases SREBP-1c mRNA levels in
wild-type cells (Fig. 6E), we conclude that PGC-1� de-
creases SREBP-1c mRNA levels through both FXR-de-
pendent and FXR-independent pathway. Because
SREBP-1 has been shown to activate multiple genes in-
volved in fatty acid and triglyceride synthesis (Edwards
et al. 2000; Horton et al. 2002), this decrease in SREBP-1c
expression might provide the molecular link between
PGC-1�, FXR, and fatty acid synthesis.
In summary, we have established a new link between

PGC-1�, FXR, and triglyceride metabolism in the liver.
We hypothesize that the decrease in triglyceride produc-
tion/secretion following activation of PGC-1� and FXR
during fasting will provide additional fatty acids for
�-oxidation, to generate more energy. Such changes
would parallel the increase in gluconeogenesis that oc-
cur under the same physiological conditions (Yoon et al.
2001; Puigserver and Spiegelman 2003). In addition,
plasma triglyceride levels have been identified as an in-
dependent risk factor for coronary heart disease (Cullen
2000; Forrester 2001). The finding that PGC-1� decreases
triglyceride production and secretion via FXR in the liver
may allow for the development of novel liver-selective
drugs that target either PGC-1� and/or FXR as a treat-
ment for hypertriglyceridemic patients.

Materials and methods

Materials

The expression plasmids CMX-FXR�1, CMX-FXR�2, CMX-
FXR�3, and CMX-FXR�4, and the pGL3-BSEP promoter plas-
mid have been described elsewhere (Zhang et al. 2003). FXR
constructs with 5� deletions or 3� deletions, or PGC-1� con-
structs with 3� deletions, were generated by PCR and subcloned
into the pCMX expression vector. CMX-PGC-1�(1–400mut) or
CMX-PGC-1�(1–180mut) was created by mutagenesis of the
LXXLL motif (amino acids 142–146) into LXXAA using the
Quick-Change Site-Directed Mutagenesis kit (Stratagene).
CMX-HNF4� was generated by cloning the coding region of
HNF4� into pCMX vector. GST-FXR(DBD) and GST-
FXR(DBD+4aa) were created by cloning the DNA binding do-
main (DBD) of FXR or DBD plus a four amino acid insert motif
(MYTG) into the pGEX-4T1 vector. Mouse FXR promoter re-
porters pGL3-FXR�1/�2-luc and pGL3-FXR�3/�4-luc were con-
structed by cloning the fragments −1020 to +94 or −1103 to +37,
relative to the transcriptional start sites of exon 1 or 3, respec-
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tively, into pGL3. The constructs pGL3-FXR�1/�2mut-luc and
pGL3-FXR�3/�4mut-luc were created by mutating 2 or 4 bp of
the DR-1 elements. mI-BABP1042-luc and I-BABP142mut-luc pro-
moter plasmids were kindly provided by David Mangelsdorf
(University of Texas Southwestern Medical Center; Makishima
et al. 1999). Plasmids GST-PGC-1�(1–400) and pcDNA-PGC-1�

have been described elsewhere (Puigserver et al. 1998, 1999; Lin
et al. 2002a). CMX-PPAR�, CMX-PPAR�, and pBabe-PPAR�

were kindly provided by Peter Tontonoz (University of Califor-
nia, Los Angeles). Recombinant adenovirus Ad-GFP and Ad-
PGC-1� have been described (Lehman et al. 2000). Synthetic
ligands, including GW4064 (FXR), GW7447 (PPAR�), GW2433
(PPAR�), and GW7845 (PPAR�) are gifts from Tim Willson
(GlaxSmithKline).

Animal experiments

Eight- to 10-week-old male and female FXR-null and their wild-
type C57BL/6J littermates (Sinal et al. 2000) were housed in a
pathogen-free barrier facility with 12-h light/12-h dark cycle
and either fed standard rodent chow diet or fasted for 24 h.
Fasting started 3 h prior to the dark cycle and ended the follow-
ing day 3 h prior to the next dark cycle. Blood samples were
collected for lipid assay, and the livers were snap-frozen in liq-
uid nitrogen and kept at −80°C until analyzed.

RNA analysis and real-time PCR

Total RNA from tissue or cells was isolated using TRIzol re-
agent (Invitrogen). Then 10 µg of total RNA was denatured,
electrophoresed, transferred to a nylon membrane, and probed
with the indicated cDNA probes. For analysis of relative mRNA
expression of FXR�1/�2, FXR�3/�4, SREBP-1c, and FAS, real-
time PCR was performed using corresponding primes and
probes as described (Zhang et al. 2003). The sequences of prim-
ers and probes for SREBP-1c and FAS are available upon request.

Transfection assay

CV-1 and HepG2 cells were maintained in DMEM supple-
mented with 10% FBS, 50 U/mL penicillin G, and 50 µg/mL
streptomycin sulfate in a 5% CO2/37°C incubator. Transient
transfections were performed in a 48-well plate. Briefly, 5 ng of
CMX-RXR, 100 ng of reporter plasmid, and 50 ng of pCMX-�-
gal, together with 50 ng of CMX-FXR, CMX-PPARs, CMX-
HNF4�, and/or pcDNA-PGC-1�, were cotransfected in CV-1 or
HepG2 cells using the MBS Mammalian Transfection kit
(Stratagene). The cells were treated with vehicle (Me2SO) or
indicated ligands in superstripped FBS (HyClone) for 36 h. Lu-
ciferase activity was assayed and normalized to �-galactosidase
activity. Each transfection was performed in triplicate.

Electrophoretic mobility shift assay (EMSA)

EMSA was performed essentially as described (Zhang et al.
2003). Briefly, in vitro translated nuclear receptors and 32P end-
labeled oligonucleotide were incubated in a buffer containing 10
mM HEPES (pH 7.8), 0.2% Nonidet P-40, 6% glycerol, 100 µg/
mL poly(dI-dC), and 0.3 mg/mL BSA. For competition experi-
ments, an excess of unlabeled oligonucleotide was added at the
indicated concentration.

Coimmunoprecipitation

Flag-tagged PGC-1� and/or FXR expression plasmids were tran-
siently transfected into CV-1 cells using the MBS Mammalian

Transfection kit. After 48 h, whole-cell lysates were prepared
and subjected to an overnight incubation with a monoclonal
antibody to Flag conjugated to agarose beads (Sigma). The im-
munoprecipitates were washed extensively, separated by SDS-
PAGE, followed by immunodetection using anti-FXR antibody
(Santa Cruz Biotech).

Protein interaction assays

GST and GST fusion proteins were expressed in Escherichia coli
(BL21, pLysS) and purified on beads containing glutathione. 35S-
labeled FXR proteins were produced in vitro using TNT-T7
coupled reticulocytes (Promega). Fusion protein (300 ng) was
mixed with 5–7 µL of 35S-labeled protein in a binding buffer
containing 25 mM HEPES (pH 7.9), 50 mM KCl, 6% (v/v) glyc-
erol, 5 mM EDTA, 5 mM MgCl2, 1 mM dithiothreitol, and
0.05%Triton X-100. The binding reaction was gently rotated for
1 h at 4°C, and the beads were then extensively washed with
PBS and resuspended in SDS sample buffer. After electrophore-
sis, the 35S-labeled proteins were detected by autoradiography.

Primary hepatocytes and adenovirus infection

Primary hepatocytes were isolated and cultured as described
(Berry and Friend 1969), with minor modifications. Briefly, mice
were anesthetized with nembutal (50 mg/kg). After cannulation
of the portal vein, the liver was perfused with a PBS-EDTA
chelating solution (0.1 g of glucose and 19 mg of Na-EDTA per
100 mL of PBS) for 5 min, followed by perfusion for 6 min with
a PBS-collagenase (GIBCO) solution (0.1 g of glucose and 50 mg
of collagenase per 100 mL of PBS). Hepatocytes were dispersed,
filtered through gauze, and washed thrice in Hepato-STIM he-
patocyte culture media (BD Bioscience). The media were serum-
free, but contained insulin and dexamethasone. Viability, deter-
mined by trypan blue exclusion, was >95%. The hepatocytes
were plated at a density of 6 × 106 cells/10-cm plate and cul-
tured in Hepato-STIM hepatocyte culture media for 48 h prior to
being used in the various experiments. For adenovirus infection,
the hepatocytes were infected for 48 h with adenovirus carrying
cDNA encoding either green fluorescent protein (GFP; Ad-GFP)
or PGC-1� (Ad-PGC-1�) at an m.o.i. of 5, followed by the indi-
cated treatments.

Lipid analysis

Lipids were analyzed by the Lipid and Lipoprotein Laboratory at
the University of California Los Angeles, which is certified by
the CDC National Heart, Lung, and Blood Institute Lipid Stan-
dardization Program. Briefly, total cholesterol, HDL choles-
terol, and unesterified fatty acids were determined by enzy-
matic, colorimetric methods as described previously (Warnick
1986). Free plasma glycerol concentrations were also deter-
mined and used to correct the triglyceride values. The HDL
cholesterol is derived from the measurement of the supernatant
following the precipitation of apoB-containing lipoproteins with
heparin and MnCl2 (Puppione and Charugundla 1994). All as-
says were performed in triplicate with three external control
samples with known analytic concentrations included in each
assay to ensure accuracy.

Rates of triglyceride synthesis and secretion

Primary hepatocytes were cultured under 95% O2/5% CO2 in
Krebs-Henseleit buffer containing 5.5 mM glucose, 3% BSA, 1
mM palmitic acid, and [U-14C]-palmitic acid at a final specific
activity of 1.25 × 106 dpm/µmole of palmitate (∼5 × 106 dpm/2

PGC-1�, FXR, and triglyceride metabolism

GENES & DEVELOPMENT 167



mL of media). After 2 h, the media was collected for lipid ex-
traction. The hepatocytes were washed thrice with cold PBS and
then collected for lipid extraction. The major lipid classes (phos-
pholipids, cholesterol, unesterified fatty acids, triglycerides, and
cholesteryl esters) were extracted (Folch et al. 1957) and sepa-
rated by thin layer chromatography, and the radioactivity incor-
porated into the triglyceride fraction was determined by liquid
scintillation spectrometry as described (Castellani et al. 1991).

Statistical analysis

A two-tailed student’s t-test was used to calculate P-values.
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