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FGF21 is a hormone produced in liver and fat that dramatically
improves peripheral insulin sensitivity and lipid metabolism. We
show here that obese mice with genetically reduced levels of a key
hepatic transcriptional coactivator, PGC-1�, have improved whole-
body insulin sensitivity with increased levels of hepatic and circulat-
ing FGF21. Gain- and loss-of-function studies in primary mouse hepa-
tocytes show that hepatic FGF21 levels are regulated by the
expression of PGC-1�. Importantly, PGC-1�-mediated reduction of
FGF21 expression is dependent on Rev-Erb� and the expression of
ALAS-1. ALAS-1 is a PGC-1� target gene and the rate-limiting enzyme
in the synthesis of heme, a ligand for Rev-Erb�. Modulation of
intracellular heme levels mimics the effect of PGC-1� on FGF21
expression, and inhibition of heme biosynthesis completely abro-
gates the down-regulation of FGF21 in response to PGC-1�. Thus,
PGC-1� can impact hepatic and systemic metabolism by regulating
the levels of a nuclear receptor ligand.
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Maintenance of hepatic energy homeostasis is complex and
under precise molecular control. Adaptive changes in en-

zyme expression levels are often controlled at the level of tran-
scription by nuclear hormone receptors and other transcription
factors (1). Members of the peroxisome proliferator activated
receptor (PPAR)-gamma coactivator-1 (PGC-1s) family play an
important role in the tight regulation of enzyme expression within
the liver. Fasting induces PGC-1� expression, allowing this protein
to coactivate several transcription factors including FOXO1, glu-
cocorticoid receptor, nuclear respiratory factor-1 (NRF-1), hepa-
tocyte nuclear factor-4�, retinoid-related orphan receptors
(RORs), and PPAR�. This leads to increased expression of key
enzymes involved in gluconeogenesis, fatty acid oxidation, heme
biosynthesis, and the circadian clock (2–4).

The importance of the PGC-1 coactivators in the maintenance of
liver metabolism is illustrated in several mouse models. Mice with
a tissue-specific loss of one allele of hepatic PGC-1� expression
exhibit fasting-induced steatosis and develop hepatic insulin resis-
tance on a high-fat diet (5). Hepatic PGC-1� levels are increased
in mouse models of diabetes and obesity (6–9), and are inversely
correlated with insulin resistance in humans (10). Although it is
clear that the PGC-1s play a key role in regulating the hepatic
response to nutritional cues, the molecular pathways are complex.

So far, PGC-1s have been shown only to act as potent positive
regulators of transcription, because they promote local chromatin-
remodeling events and formation of the preinitiation complex (11).
PGC-1s recruit histone acetyltransferases (HAT)-containing pro-
tein complexes (through interactions with CBP/p300), and the
TRAP/Mediator complex (by interacting with TRAP220/Med1)
(12) in response to hormonal or physiological cues (reviewed in refs.
3 and 13). PGC-1� can associate with proteins that negatively affect
its coactivator function (e.g., p160/Mib) (14, 15), but there is no
evidence that PGC-1s can directly mediate transcriptional repres-
sion. On the contrary, PGC-1-containing complexes compete with

corepressor binding to initiate transcription of inactive genes
(16, 17).

In our current study, we identify PGC-1� as an important
negative regulator of fibroblast growth factor-21 (FGF21) expres-
sion in the liver. FGF21, a member of the FGF family, is a hepatic
hormone that potently regulates peripheral glucose tolerance,
torpor, and hepatic lipid metabolism (18–20). The ability of FGF21
to protect against diet-induced obesity, improve insulin sensitivity,
stimulate adipose tissue lipolysis, and lower triglyceride levels in
diabetic rodents and monkeys makes it a very attractive candidate
drug for the treatment of obesity and other metabolic diseases in
humans (21–23). Here, we investigate the mechanism by which
PGC-1� represses FGF21 gene expression, and suggest a mecha-
nism by which reduction in hepatic PGC-1� expression increases
whole-body insulin sensitivity and glucose tolerance. Our data
uncover a negative-feedback loop linking PGC-1�-mediated induc-
tion of heme biosynthesis to the activity of the transcriptional
corepressor Rev-Erb�. This pathway highlights the complexity of
metabolic gene regulation and expands the role of Rev-Erb� as a
PGC-1� target in hepatic metabolism.

Results
Genetically Reduced Hepatic PGC-1� Improves Whole-Body Glucose
Homeostasis. We have previously shown that chronically reducing
levels of hepatic PGC-1� impairs fasting-induced fatty acid oxida-
tion and causes insulin resistance in liver (5). As dysregulation of
hepatic lipid metabolism and insulin sensitivity are major contrib-
uting factors to the pathogenesis of diabetes, nonalcoholic fatty liver
disease (NAFLD), obesity, and atherosclerosis (24, 25), we asked
whether chronic reductions in hepatic PGC-1� would contribute to
or exacerbate metabolic disease. To test this hypothesis, we induced
obesity and insulin resistance in the mice with genetic ablation of
one allele of hepatic PGC-1� (liver heterozygous, LH mice) by
feeding them a diet high in saturated fat and sucrose.

LH mice exhibited no differences in fed or fasted weight, fat
mass, or lean mass after 1–4 months of high-fat feeding (Fig. S1
A–C). Paradoxically, when challenged with an i.p. injection of
glucose, obese LH mice had significantly improved glucose toler-
ance compared to littermate, wild-type (WT) mice (Fig. 1A). The
improvement in glucose utilization was only evident after high-fat
feeding, as WT and LH mice were equally glucose tolerant on
regular chow (Fig. S1D). Circulating insulin levels were similar in
WT and LH mice (Fig. 1B), prompting us to assess peripheral
insulin sensitivity by hyperinsulinemic-euglycemic clamp studies.
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Consistent with an increase in whole-body insulin sensitivity, the
glucose infusion rate required to maintain euglycemia in high-fat
fed LH mice was significantly higher than in WT controls (Fig. 1C).
Moreover, LH mice had an approximate 30% increase in whole-
body glucose turnover and an approximate 60% increase in glyco-
gen synthesis (Fig. 1D). Increased 2-deoxy[14C]glucose uptake was
evident in both muscle (Fig. 1E) and adipose (Fig. 1F) tissues from
LH mice.

Hepatic PGC-1� Levels Impact FGF21 Expression. Considering the re-
duction in PGC-1� expression was limited to the liver, the change
in peripheral insulin sensitivity was surprising in light of our earlier
results demonstrating hepatic insulin resistance and increased
triglyceride levels in LH mice (5). This suggests that hepatic
PGC-1� regulates the expression or secretion of a molecule that
modulates peripheral glucose metabolism. To identify candidate
hormones, we quantified mRNA expression of a number of liver-
secreted hormones known to affect peripheral insulin sensitivity or
glucose metabolism. Both fasted and fed LH mice had �50% lower
expression of PGC-1� compared to littermate controls (Fig. 2A and
Fig. S1E). Strikingly, hepatic FGF21 mRNA levels were increased
approximately 3-fold in LH mice fasted for 24 h compared to fasted
controls (Fig. 2A). The mRNA levels of hepatic FGF21 were also
increased in overnight (Fig. S2A) and 48-h fasted LH mice fed
regular chow (Fig. S2B), demonstrating that the increased levels of
FGF21 expression were not diet-dependent. There were no signif-

icant differences in FGF21 gene expression levels in fed WT versus
LH mice (Fig. S2A).

Hepatic FGF21 expression is induced by long-term fasting or a
ketogenic diet and administration of FGF21 to obese mice lowers
blood glucose levels and increases insulin sensitivity in muscle,

Fig. 1. High-fat fed LH mice exhibit improved glucose tolerance and insulin
sensitivity. (A) Blood glucose levels in 16-week high fat diet (HFD)-fed WT or
LH mice after an overnight fast (time 0) and at the indicated times after i.p.
injection of glucose. *, P � 0.05 by two-way ANOVA and Bonferroni posthoc
tests at each point (n � 16). (B) Circulating insulin levels in high-fat fed or
overnight fasted mice. Glucose infusion rate (GIR), (C) whole body glucose
turnover, glycolysis, and glycogen synthesis (D), and glucose uptake in muscle
(E) and fat (F) during hyperinsulinemic/euglycemic clamp. Values are means �
SEM, n � 7–11 (*, P � 0.05). White bars, WT mice; black bars, LH mice.

Fig. 2. PGC-1� negatively regulates hepatic FGF21 expression. (A) Hepatic
mRNA levels in high-fat fed mice fasted for 24 h. (B) Circulating levels of FGF21 in
24-h fasted mice. Bars, means � SEM. (n � 9), expressed relative to WT. mRNA
expression in (C) epididymal WAT, (D) BAT (means � SEM), and (E) primary
hepatocytes from either WT, LH, or PGC-1� knockout mice (KO) (means � SD). (F)
mRNAexpressioninWTprimaryhepatocytes infectedwith increasingamountsof
an adenovirus expressing PGC-1� (Ad-PGC-1�). Values are means � SD of dupli-
cates expressed relative to levels in cells infected with Ad-GFP. (G) Fasting time
course of hepatic PGC-1� and FGF21 gene expression in wild-type mice. PGC-1�

(*, P � 0.05) and FGF21 #, P � 0.05) mRNA levels were normalized to their
corresponding controls (mice fed ad libitum) (mean � SEM, n � 9).
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adipose, and heart (18–21). Consistent with the increase in hepatic
mRNA, circulating levels of FGF21 were higher (Fig. 2B). Fur-
thermore, the expression of Glut1, a glucose transporter regulated
by FGF21 (20), was increased in the white (WAT) and brown
adipose tissue (BAT) of LH mice (Fig. 2 C and D). Importantly, the
mRNA levels of FGF21 in adipose tissue were similar between WT
and LH mice, implicating the liver as the primary source of the
increased FGF21. Increases in circulating FGF21 have little effect
in lean mice (20, 21) and may explain why increases in glucose
tolerance are only observed after high-fat feeding. Interestingly, the
levels of PGC-1� were modestly decreased in BAT of high fat-fed
LH mice (Fig. 2D). This decrease was diet-dependent, as PGC-1�
levels in BAT of chow-fed LH mice were not different (Fig. S2C).

The dysregulation of FGF21 was cell autonomous, as primary
hepatocytes isolated from either LH or PGC-1� KO knockout mice
had increased basal FGF21 expression (Fig. 2E). Similarly, acute
knock-down of endogenous PGC-1� in hepatocytes led to in-
creased FGF21 expression (Fig. S2D). Furthermore, exogenous
expression of PGC-1� in primary hepatocytes led to a dose-
dependent decrease in FGF21 expression (Fig. 2F).

As both PGC-1� and FGF21 are induced during fasting, PGC-
1�-mediated down-regulation of FGF21 seems paradoxical. A
detailed time course of hepatic gene expression in fasting mice
showed that expression levels of PGC-1� increased rapidly at the
initiation of fasting and decreased with prolonged fasting (Fig. 2G).
In contrast, the levels of FGF21 displayed an expression pattern
opposite to that of PGC-1�, with significant increases in mRNA
levels detected only after long-term fasting. Thus, the levels of
hepatic FGF21 inversely correlated with the levels of PGC-1� in
both cultured cells and in rodents.

Rev-Erb� Negatively Regulates FGF21 Expression. There is no evidence
from either structure or function studies indicating that PGC-1�
plays a direct role in transcriptional repression (26). However, there
are several reports suggesting that increases in PGC-1� levels can
negatively impact the expression of some genes (27, 28). Thus, we
focus here on delineating the mechanism by which modulation of
PGC-1� expression inversely affects FGF21 levels. In silico analysis
of the mouse FGF21 promoter revealed a highly conserved RORE
consensus half site between �87 and �77 and another putative
RORE half site eight base pairs downstream between �69 and �63
(Fig. 3A). Rev-Erb� (NR1D1) is a transcriptional repressor which
binds to RORE sites and recruits the nuclear receptor corepressor
(NCoR)/histone deacetylase 3 (HDAC3) corepressor complex to
potentiate down-regulation of gene expression (29, 30). PGC-1�

increases Rev-Erb�/� expression in liver (4). Therefore, PGC-1�-
mediated increases in Rev-Erb� and/or Rev-Erb� expression may
mediate the negative effects of PGC-1� on hepatic FGF21.

When PGC-1� was expressed in primary hepatocytes to levels
that decreased FGF21 expression, we observed a 2-fold induction
of Rev-Erb�, but not of Rev-Erb� (Fig. 3B). To address whether
Rev-Erb� regulates FGF21, primary hepatocytes were transduced
with an adenovirus expressing FLAG-tagged Rev-Erb�. Indeed,
increased Rev-Erb� led to a decrease in both FGF21 and Bmal1,
a known Rev-Erb� target, with no significant change in PGC-1�
expression (Fig. 3C). Furthermore, Rev-Erb� expression dimin-
ished ROR� activation of the FGF21 promoter (Fig. S3), although
the direct binding sites have yet to be determined.

FGF21 Expression Is Controlled by Intracellular Heme Concentrations.
The repressive activity of Rev-Erb� is potentiated by binding of its
ligand, heme, stimulating recruitment of the corepressors NCoR
and HDAC3 (31, 32). This is of special interest for our study as
PGC-1� is an important regulator of heme (33). Upon treatment of
primary hepatocytes with hemin, which mimics heme (32), a
significant decrease in FGF21 (Fig. 4A) was observed. Heme
potently inhibits its own synthesis by decreasing the level of delta-
aminolevulinate synthase-1 (ALAS-1), the rate-limiting enzyme in
hepatic heme biosynthesis, as part of a negative feedback loop (34).
Similarly, depletion of heme by succinylacetone (an irreversible
inhibitor of aminolevulinic acid dehydratase) led to a significant
increase in both FGF21 and ALAS-1 mRNA expression, confirming
a role for endogenous heme in the control of FGF21 (Fig. 4B).
Chromatin immunoprecipitation (ChIP) assays showed that heme
treatment increased recruitment of NCoR and HDAC3 to the
region of the FGF21 promoter containing the predicted RORE

-111 5' cctgccAAATGGGTCAaatatcaTGGtTCAggcg 3' -78

-93 5' cctgccAAGTGTGTCAaatatcacGcGTCAggag 3' -60

human:

mouse:

RORE RORE

A

B C

Fig. 3. Rev-Erb� decreases FGF21 expression in primary hepatocytes. (A)
Alignment of human and mouse FGF21 promoter sequences. Capitalized
letters correspond to consensus RORE half sites. mRNA expression levels in
primary hepatocytes expressing either (B) PGC-1�, (C) Rev-Erb�, or GFP (con-
trol). Values are mean � SD of triplicates expressed relative to GFP, represen-
tative of three individual experiments, *, P � 0.05.

A

+ +- +- +- Hemin
IgG NCoR HDAC3 1% Input

+ +- +- +-
-80 FGF21

-2667 FGF21

C

D

B

Fig. 4. Heme negatively regulates FGF21 expression via Rev-Erb� in primary
hepatocytes.Geneexpression(AandC)orChIPanalysisof theFGF21promoter (B)
in primary hepatocytes treated with either vehicle (media), 30 �M hemin (A and
B), or (C) succinylacetone. (D) FGF21 mRNA expression after hemin treatment of
primary hepatocytes expressing either shControl or shRev-Erb�. Values are
means � SD of triplicate values, representative of three independent experi-
ments, *, P � 0.05.

22512 � www.pnas.org�cgi�doi�10.1073�pnas.0912533106 Estall et al.

http://www.pnas.org/cgi/data/0912533106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0912533106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0912533106/DCSupplemental/Supplemental_PDF#nameddest=SF3


site, but not to a more upstream region (Fig. 4C). When Rev-Erb�
levels were lowered by shRNA (Fig. S4A), hemin treatment failed
to reduce FGF21 (Fig. 4D), consistent with Rev-Erb� playing a role
in heme-mediated regulation of hepatic FGF21 expression. Trans-
duction of shRev-Erb� in primary hepatocytes reduced endoge-
nous Rev-Erb� mRNA expression by 50% and had no effect on the
expression of the related isoform, Rev-Erb� (Fig. S4B).

PGC-1� Regulates FGF21 Expression Through Modulation of Heme Levels.
In liver cells, heme levels are tightly regulated. PGC-1� regulates
heme levels in liver cells through coactivation of NRF-1 and
FOXO1 to increase the expression of ALAS-1, the rate-limiting
enzyme in heme biosynthesis (33). Thus, in addition to regulating
Rev-Erb� expression, a PGC-1�-mediated increase in intracellular
heme concentration may amplify the negative effect of PGC-1� on
FGF21 expression (Fig. 5A). Indeed, when PGC-1� levels were
increased in primary hepatocytes, the expression of ALAS-1 in-
creased concurrent with a decrease in FGF21 (Fig. 5B). Consistent
with a role for heme in the regulation of FGF21, overexpression of
ALAS-1 in primary hepatocytes led to a significant decrease in
FGF21 expression (Fig. 5C).

To determine the relative importance of Rev-Erb� and heme in
PGC-1�-mediated down-regulation of FGF21, the expression lev-
els of Rev-Erb� and ALAS-1 were examined in LH mice. Interest-
ingly, although FGF21 mRNA levels were significantly higher in
obese, fasted LH mice compared to controls, Rev-Erb� levels were
similar in both genotypes (Fig. 6A). However, fasted ALAS-1
expression levels were significantly lower in LH mice compared to
WT controls. Moreover, although Rev-Erb� levels were unaltered,
Bmal1 expression was inappropriately high in LH fasted livers,
consistent with a dysregulation in Rev-Erb� activity. It has been
shown that the activity of Rev-Erb� as a transcriptional repressor

is dependent on ligand/heme binding (31, 32). Our results suggest
that rather than direct modulation of Rev-Erb� levels, the avail-
ability of heme as a Rev-Erb� ligand may play a more dominant role
in PGC-1�-dependent repression of FGF21 expression.

To test this hypothesis, the ability of expressed PGC-1� to reduce
FGF21 expression was examined when either Rev-Erb� or ALAS-1
levels were reduced by shRNA. Upon reduction of endogenous
levels of Rev-Erb� in hepatocytes, we observed a trend toward
increased basal FGF21 expression not reaching significance (Figs.
4D and 6B). In the presence of overexpressed PGC-1�, cells with
decreased levels of Rev-Erb� levels had increased FGF21 expres-
sion compared to cells infected with the shControl virus (Fig. 6B).
However, the levels of FGF21 were still reduced when compared to
GFP infected controls, indicating that reducing Rev-Erb� alone
was not sufficient to block the effect of PGC-1�. This may be

FGF21
REVαα

Heme

PGC-1αα

RORαα
ALAS-1

PGC-1αα

NRF-1

PGC-1αα

FOXO1

PPRE RORE

Rev-Erbαα

A

B C

Fig. 5. Increased ALAS-1 decreases FGF21 expression. (A) Schematic repre-
sentation of the possible role of PGC-1� in the regulation of FGF21 via
increased Rev-Erb� expression and/or heme biosynthesis. mRNA expression
levels in primary hepatocytes expressing either (B) PGC-1� or (C) HA-ALAS-1.
Values are mean � SD of triplicate values expressed relative to control virus
(GFP) and are representative of two independent experiments, *, P � 0.05.

A

B

DC

Fig. 6. Heme biosynthesis is required for PGC-1�-mediated repression of FGF21.
(A) Hepatic mRNA levels in high-fat fed mice after a 24-h fast. Bars, means � SEM
(n � 9–11) expressed relative to WT fasted values. mRNA expression in primary
hepatocytes coinfected with either Ad-GFP or Ad-PGC-1�, and Ad-shControl or
(B) Ad-shRev-Erb�, or (C) Ad-ALAS-1, as indicated. Values are relative to control
(Ad-GFP � Ad-shControl). (D) mRNA levels in primary hepatocytes expressing
either PGC-1� or GFP and treated with either vehicle or succinylacetone. Values
are means � SD of triplicate values, representative of two independent experi-
ments, *, P � 0.05 compared to Ad-GFP, #, P � 0.05 compared to Ad-PGC-1�.
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because high levels of PGC-1� expression, the result of using virus
titers sufficient to ensure coinfection of cells with both viruses, led
to up-regulation of both Rev-Erb� and Rev-Erb� mRNA (Fig.
S4C). Rev-Erb� also binds heme and acts as a repressor on RORE
sites (32) and may compensate for the loss of Rev-Erb�.

Reducing ALAS-1 levels with shRNA (Fig. S5A) had no effect
on basal FGF21 expression in primary hepatocytes (Fig. 6C).
However, under these conditions exogenous PGC-1� expression
failed to significantly reduce FGF21 gene expression, regardless of
increased Rev-Erb�/� mRNA (Fig. S5B). To investigate whether
this was in fact due to heme depletion and not to a nonspecific effect
of ALAS-1 knockdown, we reduced levels of intracellular heme
with succinylacetone. Similarly, the PGC-1�-mediated decrease in
FGF21 was abrogated in cells treated with succinylacetone (Fig.
6D), confirming the importance of heme in the regulation of FGF21
by PGC-1�.

Discussion
The role of PGC-1� as a potent regulator of gene expression related
to energy metabolism has been well documented. However, most
studies detailing how PGC-1� affects transcription of target genes
have been limited to its role as a direct activator of transcriptional
programs (reviewed in refs. 2, 3, and 35). We now show that
PGC-1� negatively modulates the expression of FGF21 in fasted
liver, independent of direct coactivation, via regulated expression of
a nuclear receptor ligand. We show in primary hepatocytes that
PGC-1� negatively affects the expression of FGF21 by regulating
expression of both Rev-Erb� and its ligand, heme. Furthermore,
the data presented here show a direct dependence of FGF21
expression on the concentration of intracellular heme, expanding
the current knowledge of how FGF21 expression is regulated in
fasted liver.

PGC-1� is a key regulator of the hepatic fasting response (5,
9, 36–40). A major role of PGC-1� in the fasted liver is to
promote expression of genes involved in lipid oxidation through
coactivation of PPAR� (41, 42). It was therefore very surprising
that loss of PGC-1� in liver led to increased expression of
FGF21, a hormone induced during fasting and starvation in a
PPAR�-dependent manner (18, 19). This data emphasizes a key
distinction in the metabolic demands of liver during fasting
versus starvation. During fasting, the liver increases its own
energy expenditure to promote glycogenolysis, gluconeogenesis,
and fatty acid oxidation, providing nutrients for peripheral
tissues. As nutrient deprivation progresses, the body enters a
more energy-sparing state and hepatic metabolism switches to
the production of ketones. PGC-1� levels are highest in the early
stages of fasting and gradually decrease as the length of food
deprivation nears starvation (Fig. 2). This correlates well with
the notion that positive PGC-1� function is essential during a
physiological need to boost hepatic metabolism (26). FGF21
levels increase only after long-term fasting (Fig. 2 and refs. 18
and 19), when it is important for the regulation of adipose tissue
catabolism and torpor, a state of decreased activity and metab-
olism. It was recently shown that FGF21 signals in an autocrine
fashion to regulate hepatic carbohydrate and fatty acid metab-
olism and that some of its actions are PGC-1�-dependent (43).
The mechanism of this regulation appears indirect, but illustrates
an intimate and important relationship between these two
molecules. Thus, the relationship between PGC-1� and FGF21
expression may be a fulcrum for the switch from a normal fasting
state to a more profound starvation/energy-sparing state.

The regulation of heme levels further expands the hepatic
PGC-1�-regulated gene set to include targets of the Rev-Erb�, a
transcriptional repressor important for maintenance of the circa-
dian clock, lipid metabolism, inflammation, and adipogenesis (29,
30). PGC-1� knockout mice have a disrupted circadian rhythm, and
PGC-1� regulates circadian gene expression through coactivation
of ROR� (4). Our data suggests an alternative mechanism by which

PGC-1� activity regulates the hepatic circadian clock. In addition
to directly modulating the expression levels of transcription factors
within the circadian pathway, PGC-1� amplifies the effect of
Rev-Erb� by increasing heme levels in response to hormonal cues.
Interestingly, hepatic PGC-1�, ALAS-1, and benzofibrate-induced
FGF21 expression oscillate according to a circadian rhythm and
FGF21 levels inversely correlate to the expression pattern of
Rev-Erb� and ALAS-1 in liver (4, 44, 45). Furthermore, heme feeds
back to inhibit PGC-1� expression through activation of Rev-Erb�
(46). Heme also regulates aspects of the clock independent of
Rev-Erb�, such as binding to neuronal PAS 2 (NPAS2) to impact
expression of Bmal1 and Period (44, 47). Thus, the rhythmicity of
PGC-1� and its target genes in liver is intimately correlated to the
circadian clock.

There is mounting evidence that dysregulation of PGC-1� in
many tissues leads to imbalances in energy metabolism and
exacerbation of diseases including diabetes and obesity (5,
48–50). The data presented here clearly demonstrate that
moderate changes in hepatic PGC-1� expression have effects
on both the liver and extra-hepatic metabolic pathways to
impact peripheral glucose homeostasis and insulin sensitivity.
Uncovering the relationship linking PGC-1� and FGF21 pro-
vides insight into the cross-talk between liver and other
metabolically active tissues and expands the role of this unique
transcriptional coactivator in energy homeostasis.

Materials and Methods
Detailed methods are available in SI Text. Primer sequences are listed in
Table S1.

Generation of Liver-Specific Heterozygous PGC-1� Mice. Liver-specific heterozy-
gous mice were generated as described in ref. 5. Male mice were fed a regular
chow diet (5008I, PharmaServ) or a high fat diet (58% kcal fat, D12331, Research
Diets Inc.), as indicated. All experiments were performed in accordance with the
Animal Facility Institutional Animal Care and Use Committee regulations.

Hyperinsulemic/Euglycemic Clamp Studies. Mice were fed a diet high in fat for 4
weeks before the clamp. Fat and lean body masses were assessed by 1H magnetic
resonancespectroscopy(BrukerBioSpin).Hyperinsulemic/euglycemicclampstud-
ies were performed as described in ref. 51.

Glucose Tolerance Test (GTT) and Serum Hormone Levels. Blood glucose was
measured in tail blood by using a standard glucometer. Serum insulin concen-
trationsweredeterminedbyELISA(AssayCore, JoslinDiabetesCenter)andserum
levels of FGF21 were determined by RIA (Phoenix Pharmaceuticals). For glucose
tolerance tests, animals were fasted overnight before i.p. injection of 2 g/kg
D-glucose. Glucose was measured in tail vein blood at intervals after glucose
injection.

RNA Isolation and Quantitative RT-PCR. RNA from frozen tissue or cultured cells
was reverse transcribed and quantified with the Applied Biosystems Real-Time
PCR System, Sybr-green PCR master mix, and the ��ct threshold cycle method.
Gene expression levels were normalized to TBP mRNA and expressed relative to
control levels.

Creation of cDNA Expression Plasmids, shRNA Constructs, and Adenoviruses. The
short hairpin sequences targeting mouse Rev-Erb� (NR1D1) and mouse ALAS-1
are: shControl: 5�-ACAACAGCCACAACGTCTATA-3�, shRev-Erb�: 5�-GCGCTTTG-
CATCGTTGTTCAA-3�, and shALAS-1: 5�-CCAAGATAGTAGCATTTGAAA-3�. The
shPGC-1�adenovirus (5�-GGTGGATTGAAGTGGTGTAGA-3�)wasagift fromMarc
Montminy (LaJolla,CA).Adenoviruses forhumanFLAG-Rev-Erb�andHA-ALAS-1
were created by using the pAd-Track-CMV/Ad-Easy adenoviral vector system
(Stratagene), according to manufacturer’s instructions. Adenoviruses expressing
GFP or PGC-1� were created as described in ref. 9. For shRNA adenoviruses, each
short hairpin, preceded by the human U6 promoter, was inserted into pAd-Track
vector lacking the CMV promoter.

Primary Hepatocyte Isolation. Primary mouse hepatocytes from 10- to 12-week-
old male mice were isolated by collagen perfusion and percoll gradient purifica-
tion. Cells were seeded on collagen-coated plates and maintained in DMEM
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supplemented with 0.2% BSA, 4.5 g/L glucose, 2 mM sodium pyruvate, 0.1 �M
dexamethasone, and 1 nM insulin (maintenance media).

Cell Culture and Treatment. To access basal expression, primary hepatocytes were
harvested 48 h after plating. For overexpression and knock-down studies, cells
were transduced 1 day after isolation with the indicated adenovirus diluted in
maintenance media. Eight to 16 hours post-infection, cells were incubated in
media lacking insulin and dexamethasone for an additional 24 h. A 1 mM stock
solution of hemin (Sigma) was prepared fresh in 0.1 M NaOH (pH adjusted to 8).
Cells were treated for 24 h with 30 �M hemin to increase intracellular heme or 5
mM succinylacetone (SA) (Sigma) to inhibit heme biosynthesis. For inhibition of
PGC-1�-induced heme biosynthesis, SA was added to media 16 h post-infection
and cells were incubated for an additional 32 h.

Protein Isolation and Western Blot Analysis. Protein samples, solubilized in RIPA
buffer, were resolved by SDS/PAGE, blotted, and incubated with antibodies
toward Rev-Erb� (Cell Signaling), HA (Roche), or Hsp90 (Cell Signaling).

ChIP Assay. Primary hepatocytes were infected as described. Cells were treated
with 30 �M hemin for 3 h before fixation with 1% formaldehyde for 30 min. ChIP
assays were performed as described in ref. 52. Immunoprecipitation was pre-
formed with antibodies against NCoR (Affinity Bioreagents), HDAC3 (Abcam), or
IgG (as a negative control).

Statistical Analysis. Statistical significance (*, P � 0.05) was assessed by ANOVA or
Student’s t test by using Prism 5.0 software (GraphPad Software).
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