DIGITAL ACCESS 10 -
SCHOLARSHIP sr HARVARD T e i Schotaty Communicatin

DASH.HARVARD.EDU

PGC-18 in the Regulation of Hepatic Glucose and
Energy Metabolism

Citation

Lin, Jiandie, Paul T. Tarr, Ruojing Yang, James Rhee, Pere Puigserver, Christopher B. Newgard,
and Bruce M. Spiegelman. 2003. “PGC-18 in the Regulation of Hepatic Glucose and Energy
Metabolism.” Journal of Biological Chemistry 278 (33): 30843-48. doi:10.1074/jbc.M303643200.

Permanent link
http://nrs.harvard.edu/urn-3:HUL.InstRepos:41543112

Terms of Use

This article was downloaded from Harvard University’s DASH repository, and is made available
under the terms and conditions applicable to Other Posted Material, as set forth at http://
nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA

Share Your Story

The Harvard community has made this article openly available.
Please share how this access benefits you. Submit a story .

Accessibility


http://nrs.harvard.edu/urn-3:HUL.InstRepos:41543112
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://osc.hul.harvard.edu/dash/open-access-feedback?handle=&title=PGC-1%CE%B2%20in%20the%20Regulation%20of%20Hepatic%20Glucose%20and%20Energy%20Metabolism&community=1/4454685&collection=1/4454686&owningCollection1/4454686&harvardAuthors=a4822fb321ecb8e1fb668c9dd5e4a50f&department
https://dash.harvard.edu/pages/accessibility

THE JOURNAL OF BIOLOGICAL CHEMISTRY
© 2003 by The American Society for Biochemistry and Molecular Biology, Inc.

Vol. 278, No. 33, Issue of August 15, pp. 30843-30848, 2003
Printed in U.S.A.

PGC-1B in the Regulation of Hepatic Glucose and

Energy Metabolism*

Received for publication, April 8, 2003

Published, JBC Papers in Press, June 13, 2003, DOI 10.1074/jbc.M303643200

Jiandie Lini§, Paul T. Tarrf, Ruojing Yang1, James Rheef, Pere Puigserveri,
Christopher B. Newgard1, and Bruce M. Spiegelmani|

From the Dana-Farber Cancer Institute and the Department of Cell Biology, Harvard Medical School, Boston,
Massachusetts 02115 and the 1Sarah W. Stedman Nutrition and Metabolism Center and the Department of Pharmacology
and Cancer Biology, Duke University Medical Center, Durham, North Carolina 27710

Peroxisome proliferator-activated receptor y coacti-
vator-la (PGC-1a) is a transcriptional coactivator that
regulates multiple aspects of cellular energy metabo-
lism, including mitochondrial biogenesis, hepatic glu-
coneogenesis, and B-oxidation of fatty acids. PGC-la
mRNA levels are increased in both type-1 and type-2
diabetes and may contribute to elevated hepatic glucose
production in diabetic states. We have recently de-
scribed PGC-18, a novel transcriptional coactivator that
is a homolog of PGC-1a. Although PGC-1p shares signif-
icant sequence similarity and tissue distribution with
PGC-1a, the biological activities of PGC-1 in the regu-
lation of cellular metabolism is unknown. In this study,
we used an adenoviral-mediated expression system to
study the function of PGC-18 both in cultured hepato-
cytes and in the liver of rats. PGC-1B, like PGC-1«, po-
tently induces the expression of an array of mitochon-
drial genes involved in oxidative metabolism. However,
in contrast to PGC-1a, PGC-18 poorly activates the ex-
pression of gluconeogenic genes in hepatocytes or liver
in vivo, illustrating that these two coactivators play dis-
tinct roles in hepatic glucose metabolism. The reduced
ability of PGC-1p to induce gluconeogenic genes is due,
at least in part, to its inability to physically associate
with and coactivate hepatic nuclear receptor 4«
(HNF4«) and forkhead transcription factor O1 (FOXO01),
two critical transcription factors that mediate the acti-
vation of gluconeogenic gene expression by PGC-la.
These data illustrate that PGC-18 and PGC-1« have dis-
tinct arrays of activities in hepatic energy metabolism.

Liver is a key organ in the maintenance of systemic glucose
homeostasis in mammals. The liver keeps blood glucose levels
nearly constant under various nutritional conditions and pro-
vides a crucial source of fuel for the function of many organs
and tissues under conditions of food deprivation. Deficient he-
patic glucose output may lead to hypoglycemia and cause mal-
function of key tissues and organs such as the central nervous
system, resulting in coma or death. On the other hand, elevated
hepatic glucose secretion contributes very significantly to hy-
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perglycemia in both type 1 and type 2 diabetes (1). Glycogen-
olysis and gluconeogenesis are both key components of hepatic
glucose output; suppression of hepatic gluconeogenesis has
been shown to improve overall glycemic control in both human
patients and type 2 diabetes animal models (2, 3).

PGC-1a! was originally identified as a coactivator of nuclear
hormone receptors and was shown to regulate the programs of
mitochondrial biogenesis and adaptive thermogenesis in the
brown fat and skeletal muscle (4-7). Ectopic expression of
PGC-1a in cultured C2C12 myotubes or in cardiomyocytes in
vivo results in the robust activation of mitochondrial gene
expression and increases cellular respiration (6, 8). Transgenic
expression of PGC-1a in skeletal muscle at near physiological
levels of protein induces mitochondrial biogenesis and leads to
a functional switch of skeletal myofibers from glycolytic type
IIb to the more oxidative types Ila and I (9).

Although hepatic expression of PGC-1a mRNA and protein is
minimal under fed conditions, the abundance of PGC-1la is
rapidly increased in response to fasting. PGC-1a mRNA is also
elevated in the livers of type 1 and type 2 diabetes mellitus (10,
11). Adenoviral-mediated expression of PGC-1la to the levels
observed in livers of fasted animals activates the entire pro-
gram of gluconeogenesis in both cultured primary hepatocytes
and live rats. Importantly, increased glucose secretion was
observed in vitro, and elevated glucose levels occurred in vivo
in response to PGC-1« (11). Thus, it is very likely that elevated
PGC-1a activity in the liver contributes to hyperglycemia ob-
served in diabetes. Recent studies indicate that HNF4« and
FOXO1, transcription factors that regulate gluconeogenic gene
expression (11-13), are both critical targets of PGC-1a coacti-
vation in the promoter of gluconeogenic genes (14, 15).

PGC-1B1is a recently described coactivator in the PGC-1 gene
family and shares extensive sequence identity with PGC-1la
(16, 17). PGC-18 mRNA is expressed at high levels in the
brown fat and heart, both of which have very high levels of
oxidative metabolism (16). Hepatic mRNA for PGC-18, like
PGC-1q, is increased in response to fasting; however, the bio-
logical function of this coactivator in the regulation of cellular
energy metabolism or gluconeogenesis has not been deter-
mined. In this study, we use adenoviral-mediated expression of
PGC-1B to assess its role in the regulation of hepatic energy
metabolism, in particular the genetic programs of gluconeogen-
esis and mitochondrial metabolism. We report here that

! The abbreviations used are: PGC-1, PPARy coactivator-1; PPAR,
peroxisome proliferator-activated receptor; HNF4a, hepatic nuclear re-
ceptor 4a; PEPCK, phosphoenolpyruvate carboxylkinase; G6Pase, glu-
cose-6-phosphatase; GFP, green fluorescence protein; CPT I, carnitine
palmatoyl transferase-1; luc, luciferase; FOXO1, forkhead transcription
factor O1.

30843

6T0Z ‘#T go300 o 1596 Aq /61000 mmmy/:diy woly papeoumod


http://www.jbc.org/

30844

PGC-18 is a powerful activator of mitochondrial gene expres-
sion, including those regulating the B-oxidation of fatty acids,
but has relatively little ability to activate the program of glu-
coneogenesis. This difference can be at least be partly ascribed
to distinct abilities of PGC-1a and PGC-1 to physically asso-
ciate with and augment the activities of certain hepatic tran-
scription factors involved in gluconeogenesis.

MATERIALS AND METHODS

Cell Culture and Transient Transfections—FAO hepatoma cells were
maintained in RPMI 1640 medium containing 10% fetal bovine serum
and infected with various titers of adenoviral vectors at 75% confluence
as described previously (11). Primary hepatocytes (In Vitro Technolo-
gies, Baltimore, MD) were cultured in serum-free hepatocyte media.
The cells were treated with various agents (10 um forskolin; 1 um
dexamethasone; 100 nM insulin) for 12 h before RNA isolation.

SV40 T-antigen immortalized mouse hepatoma cells (18) were main-
tained in Dulbecco’s modified Eagle’s medium containing 4% fetal bo-
vine serum supplemented with 0.2 um dexamethasone (CRL- ATCC,
Manassas, VA). These cultures were transiently transfected with var-
ious combinations of plasmids using Superfect (Qiagen, Valencia, CA)
as described previously (19). Luciferase activity was measured 24-36 h
following transfection. In the case of PPAR«a, Wy-14643 was added to
some cultures to a final concentration of 10 um for 24 h before cells are
harvested for luciferase assays, 1995

Adenoviral-mediated Gene Transfer—Recombinant adenoviral vec-
tor containing PGC-1B3 was constructed by placing the full-length
PGC-1B ¢cDNA under the control of a CMV promoter. The construction
of recombinant adenoviruses containing the cDNAs encoding PGC-1a
(11), green fluorescent protein (11), or B-galactosidase (20) has been
described previously. Recombinant adenoviruses were amplified in 293
cells, and total cell lysates containing viral particles were used to
transduce FAO hepatoma cells or primary hepatocytes. The efficiency of
transduction was monitored by GFP expression. For expression of
PGC-1 in liver of live rats, the AACMV-PGC-18 and AACMV-B-galac-
tosidase (control) adenoviruses were purified by CsCl centrifugation, as
described previously (21).

RNA Expression Analysis—Total RNA was isolated from FAO hep-
atoma cells, primary rat hepatocytes, or rat liver following treatments
and/or adenoviral infection using TRIzol (Invitrogen). For northern
hybridization, 20 ug of total RNA were separated by gel electrophoresis,
transferred to a nylon membrane, and subsequently hybridized with
specific probes for various genes. For real-time PCR analysis, total RNA
was treated with RNase-free DNase to remove genomic DNA contami-
nation, reverse-transcribed, and subjected to PCR analysis using Sy-
berGreen (Roche Applied Science). The primers for rat PGC-la are:
5'-ATGCACTGACAGATGGAGACGTGAC-3" and 5-GTTCCTATACC-
ATAGTCATGCATTG-3'. The primers for rat PGC-18 are: 5'-ACTATG-
ATCCCACGTCTGAAGAGTC-3" and 5-CCTTGTCTGAGGTATTGAG-
GTATTC-3'. The primers for 18 S RNA, used as an internal control, are:
5'-AGTCCCTGCCCTTTGTACACA-3" AND 5'-CGATCCGAGGG-
CCTCACTA-3'.

Coimmunoprecipitation Assays—FLAG-tagged PGC-1s, HNF4a, and
PPARa were generated using coupled transcription-translation kit
(Promega, Madison, WI). HNF4« and PPARa were labeled with
[**SImethionine. Protein interaction and subsequent immunoprecipita-
tion were performed in a buffer containing 100 mm HEPES (pH = 7.6),
150 mm KCl1, 2 mm MgCl,, 10% glycerol, and 0.5% Triton X-100. Briefly,
10 wl of lysates containing FLAG-PGC-1a or FLAG-PGC-18 were incu-
bated with 3, 8, or 15 ul of lysates containing HNF4« or PPAR« in the
presence of anti-FLAG M2 beads at room temperature for 2 h (Sigma).
10 uM Wy-14643 was included in the reactions containing PPAR«. The
beads were extensively washed with binding buffer and analyzed by
SDS-PAGE. Bound HNF4«a and PPAR« were detected by exposing the
gels to x-ray films. PGC-1a and PGC-18 input was detected by immu-
noblotting using specific antibodies.

RESULTS

Expression of PGC-1a and PGC-18B in Hepatic Development
and Diabetes—The ability to activate gluconeogenesis, B-oxida-
tion of fatty acids, and ketogenesis are all characteristic of
mature hepatocytes, which are functionally different from the
embryonic liver cells; the embryonic liver is primarily respon-
sible for hematopoiesis during fetal development and under-
goes many metabolic changes just before and after birth (22).
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Fic. 1. Regulation of PGC-1 expression during liver develop-
ment. As shown in A, total RNA was isolated from embryonic days 17
(E17) and 19 (E19) fetal liver, day 1 and 3 neonatal liver (D1 and D3),
and ad libitum (Fed) or fasted (Fast) adult liver. MRNA expression of
PGC-1s and several genes involved in hepatic gluconeogenesis (PEPCK
and G6Pase) and fatty acid metabolism (CPT I and hydroxymethylglu-
taryl (HMG)-CoA synthase) was analyzed by hybridization using spe-
cific probes. Hybridization to 36B4 is shown as a control for RNA
loading. B, quantitative PCR analysis of hepatic PGC-1a and PGC-1p
mRNA levels during liver development and in response to fasting.

To determine whether the PGC-1 coactivators may play a role
in the metabolic maturation of hepatocytes, the expression of
PGC-1a and PGC-18 mRNA was examined at different stages
of mouse liver development. As shown in Fig. 1A, the mRNA
levels of both PGC-1s are relatively low at days 17 and 19
(postconception) of the embryonic liver; however, there is a
burst of PGC-1a expression at day 1 after birth and decreases
to lower levels in the fed adult liver. PGC-1a expression is then
rapidly induced in response to fasting in the adult, as was
shown earlier. PGC-18 mRNA is also increased in the neonatal
liver at day 1 after birth, but this induction is less dramatic
than PGC-1q, and is reduced at day 3 after birth (Fig. 1). As
shown previously, the expression of PGC-18 mRNA is induced
in adult liver in the fasted state. Importantly, the induction of
the PGC-1 coactivators at day 1 after birth closely coincides
with the transcriptional activation of genes involved in glu-
coneogenesis (PEPCK and G6Pase), fatty acid p-oxidation
(CPT 1), and ketogenesis (mitochondrial hydroxymethylglu-
taryl-CoA synthase, Fig. 1), consistent with the demonstrated
role of PGC-1la in regulating these metabolic functions of
hepatocytes.

PGC-1a expression is rapidly induced in the liver during
fasting, a process that is mediated by cAMP and glucocorticoid
signaling pathways (11). To explore the hormonal regulation of
PGC-1B expression, cultured primary rat hepatocytes were
treated with modulators of these and related pathways, and
the expression of PGC-1 mRNAs was determined by quantita-
tive PCR analysis. As observed previously, the levels of PGC-1«
mRNA are strongly increased by treatment with forskolin (an
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Fic. 2. Hormonal and pathophysiological modulation of PGC-1
expression. As shown in A, cultured primary rat hepatocytes were
treated with various hormonal combinations (10 uMm forskolin, 1 um
dexamethasone, and 100 nM insulin) for 12 h. Gene expression was
analyzed by quantitative PCR using primer sets specific for PGC-1q,
PGC-1B, and 18 S RNA as an internal control. B, analysis of PGC-1
mRNA levels in the liver from control (Con) or streptozotocin-treated
(STZ) diabetic mice and control or db/db mice. C, quantitative PCR
analysis of PGC-1a and PGC-13 mRNA levels in the control and dia-
betic mouse liver.

activator of adenylate cyclase) and modestly increased by dex-
amethasone, a synthetic glucocorticoid (Fig. 2A). In contrast,
PGC-18 mRNA levels are not elevated by forskolin and are
increased modestly by dexamethasone, but the combination of
forskolin and dexamethasone increases PGC-18 expression by
~2-3-fold. Insulin appears to have no effect on PGC-1a or
PGC-18 mRNA levels under these conditions.

It has been shown previously that PGC-la expression is
elevated in both type 1 and type 2 diabetic mouse models. To
determine hepatic PGC-18 levels in pathophysiological states,
liver from streptozotocin-induced type 1 diabetic mice and lep-
tin receptor-deficient db/db diabetic (type 2) mice was analyzed
for PGC-1p expression. In contrast to PGC-1q«, which is induced
in both of these mouse models, PGC-13 mRNA levels are not
altered (Fig. 2B). These results were also confirmed by quan-
titative real-time PCR analysis (Fig. 20).

Regulation of Hepatic Gene Expression by PGC-1b—These
data illustrating that PGC-18 is regulated distinctly from
PGC-1a suggested that they might have distinct biological
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Fic. 3. Activation of mitochondrial but not gluconeogenic
gene expression by PGC-18. As shown in A, FAO hepatoma cells
were infected with different doses of recombinant adenoviruses express-
ing GFP (lanes 1-2), PGC-1a (lanes 3-6), or PGC-18 (lanes 7-10). Total
RNA was isolated and analyzed by hybridization using specific probes.
Cyt ¢, cytochrome c. As shown in B, primary rat hepatocytes were
infected with adenoviruses expressing GFP, PGC-1«, or PGC-18 and
analyzed for gene expression. Hybridization to 36B4 is shown as a
control for RNA loading.

functions. To examine this, we treated cultured cells or live rats
with recombinant adenoviruses expressing PGC-1p or a control
green fluorescent protein (GFP). FAO hepatoma cells have
been shown to respond to various hormonal stimuli and provide
a useful culture model to study hepatic gene expression. As
shown in Fig. 3A, ectopic expression of PGC-1a in FAO cells
resulted in a dose-dependent increase of PEPCK and G6Pase
mRNA levels. In striking contrast, PGC-1 has no effect on the
expression of these two gluconeogenic genes. However, PGC-
18, like PGC-1a, potently induces the expression of genes of
mitochondrial energy metabolism such as cytochrome ¢ and
BATP synthase. In addition, genes involved in fatty acid oxi-
dation, i.e. medium chain acyl-CoA dehydrogenase (MCAD)
and CPT I, are also induced by both PGC-18 and PGC-1« (Fig.
3A). This divergence of PGC-1 action on gluconeogenic and
mitochondrial gene expression is also observed in adenovirally
infected primary rat hepatocytes (Fig. 3B). Although both
PGC-1 coactivators enhance the expression of certain mito-
chondrial genes, including CPT I and cytochrome ¢, only
PGC-1a robustly activates the expression of PEPCK and
G6Pase. Weak but detectable increases in the PEPCK and
G6Pase mRNA levels were observed in PGC-1B-infected
hepatocytes.

The effects of PGC-18 on hepatic gene expression in vivo
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Fic. 4. Regulation of hepatic metabolism by PGC-18 in vivo. As
shown in A, normal chow-fed rats were infected with purified recombi-
nant adenoviruses expressing p-galactosidase (B-gal) (n = 15) or
PGC-18 (n = 6). Plasma glucose and insulin levels were measured 6
days following infection. As shown in B, expression of mitochondrial
and gluconeogenic genes in the liver was analyzed by hybridization
using specific probes with 36B4 as a loading control.

were examined by systemic infusion of purified adenoviruses
expressing a B-galactosidase control or PGC-18 into rats via
tail veins. Adenovirus predominantly transduces hepatocytes
when delivered systemically, resulting in restricted and robust
expression of inserted genes in the liver of host animals (20,
23). Previous work has demonstrated that elevating PGC-1«a
expression via adenoviral infusion into rats leads to mild hy-
perglycemia and higher circulating insulin levels, accompanied
by activation of gluconeogenic gene expression. Ectopic expres-
sion of PGC-18 in rat liver does not alter plasma glucose and
insulin levels (Fig. 4A). Although the expression of cytochrome
¢ and BATP synthase is increased in response to PGC-1p,
hepatic PEPCK mRNA levels are similar in rats receiving
control or PGC-18 viruses. Surprisingly, the expression of
G6Pase is consistently elevated by PGC-18, a divergence from
the data obtained in hepatoma and isolated hepatocytes (Fig.
4B). The distinct modes of the G6Pase induction by PGC-18 in
cultured hepatocytes and in vivo have been observed in at least
three groups of animals and multiple experiments in cultured
hepatocytes. These studies together indicate that PGC-1 is a
powerful regulator of the genes of mitochondrial energy metab-
olism; however, this coactivator does not activate a broad pro-
gram of gluconeogenic genes, nor does it change systemic glu-
cose or insulin levels.

Comparative Analysis of PGC-1a and PGC-1B on Hepatic
Transcriptional Regulators—Recent studies indicate that glu-
coneogenic activity of PGC-1a is mediated by several transcrip-
tion factors including the glucocorticoid receptor, HNF4« and
FOXO1; the latter two factors are required genetically for
PGC-1a action in controlling gluconeogenesis. To gain mecha-
nistic insight as to why PGC-1 does not activate gluconeogenic
gene expression in isolated hepatocytes, we examined coacti-
vation of these transcription factors by PGC-1B on reporter
plasmids containing their respective binding sites. As shown in
Fig. 5A, PGC-la augments the transcriptional activity of
HNF4a by over 70-fold, whereas PGC-18 is a much weaker
coactivator for HNF4a (~5-fold) under these conditions. Simi-

Regulation of Hepatic Metabolism by PGC-1b

larly, although PGC-1a enhances the activity of a FOXO1 re-
porter plasmid by ~3-fold (3 IRE-luc), PGC-18 has little or no
effect on the transcriptional activity of FOXO1.

We also examined the effect of PGC-1s on PPAR«, a key
transcription factor in the activation of B-oxidation, a process
activated by both of these coactivators (24, 25). As shown in
Fig. 5C, both PGC-1a and PGC-1 robustly increase the tran-
scriptional activity of PPARa when assayed on a reporter con-
taining multimerized PPAR« binding sites (4X DR1-luc, Fig.
5C). The coactivation of PPARa by PGC-1 is more ligand-de-
pendent (12-fold increase in the presence of Wy-14643, a syn-
thetic PPAR« agonist) than PGC-1a (2-fold).

It is interesting that PGC-1la can coactivate both nuclear
receptors studied here (HNF4a and PPAR«), whereas PGC-13
can coactivate only PPARa. To gain additional insight into the
differential activities of PGC-1 coactivators, the physical inter-
action between the PGC-1s and these receptors was examined.
Although it has been shown previously that the N termini of
both PGC-1a and PGC-18 are able to associate with several
nuclear hormone receptors, including HNF4a and PPAR« (16),
it is unclear from those studies whether these two coactivators
display distinct affinity for HNF4« in the context of full-length
proteins. FLAG-tagged PGC-1a and PGC-1p translated in vitro
were incubated with increasing amounts of 2°S-labeled PPAR«
or HNF4a and subsequently immunoprecipitated with anti-
FLAG antibodies. As shown in Fig. 6, both PGC-1s are able to
precipitate PPAR«a with similar affinity (lanes 9-11 for PGC-1«
as compared with lanes 12-14 for PGC-1pB). In contrast, only
PGC-1a (lanes 2-4) but not PGC-18 (lanes 5-7) can effectively
coimmunoprecipitate with HNF4a. Very weak interaction be-
tween PGC-18 and HNF4a can be detected at the highest
HNF4a concentrations (lane 7). These results clearly indicate
that PGC-1a and PGC-18 have distinct affinity for these nu-
clear hormone receptors.

DISCUSSION

We describe here the regulation of PGC-18 expression in the
liver and the biological activities of this coactivator in the
control of hepatic energy metabolism. Although PGC-1 shares
a similar tissue distribution with PGC-1«a, and the mRNA level
of PGC-18 also increases in the liver during fasting, the signals
that regulate the expression of these two PGC-1 coactivators
appear to be quite different. First of all, unlike PGC-1a, which
has been shown to be a direct target of the cAMP signaling
pathway and cAMP-response element-binding protein activa-
tion, PGC-1p expression is not altered by forskolin treatment
in cultured primary hepatocytes (Fig. 2A). This observation is
consistent with previous findings that PGC-18 mRNA is not
induced by cold exposure in brown adipose tissue (16), a process
known to be accompanied by activation of B-adrenergic recep-
tors and the cAMP pathways. In addition, the expression of
PGC-18 remains essentially unchanged in the liver of strepto-
zotocin-treated and db/db diabetic mice (Fig. 2), both of which
have alterations in the glucagon/insulin axis. These results
suggest that although PGC-18 mRNA levels are increased in
the liver in response to fasting, the physiological signals that
lead to the induction of PGC-1la and PGC-1B expression are
probably different. Free fatty acid levels, which are elevated in
all of these physiological states, must be considered as a poten-
tial regulator of PGC-18.

Hepatocytes acquire their specialized metabolic activities
such as gluconeogenesis, fatty acid oxidation, and the synthesis
of ketone bodies shortly following birth (22). Sustained produc-
tion of glucose by the liver is essential for the survival of pups,
who consume milk relatively low in carbohydrate but rich in
fats. The expression of PGC-1a mRNA in the liver is strongly
increased at day 1 of postnatal development (Fig. 1), consistent
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Fic. 6. Physical interaction between PGC-1 coactivators and
nuclear hormone receptors. In vitro transcribed/translated FLAG-
PGC-1a (lanes 2-4 and 9-11) or PGC-1B (lanes 5-7 and 12-14) were
incubated with increasing amounts of 3°S-labeled HNF4« (lanes 2-7) or
PPARa (lanes 9-14) along with anti-FLAG beads. Beads were also
incubated with HNF4a (lane 1) or PPARa (lane 8) in the absence of
PGC-1s as background controls. The immunoprecipitated complexes
were resolved by SDS-PAGE followed by exposure to x-ray films (IP).
Immunoblotting using antibodies against PGC-la or PGC-18 was
shown as a control for immunoprecipitation (IB). Note that both PGC-1s
interact with PPAR« with similar affinity, whereas only PGC-1a asso-
ciates with HNF4a.

——

with its known function in the control of gene expression re-
lated to B-oxidation of fatty acids, gluconeogenesis, and keto-
genesis (6, 11, 14). In contrast, the induction of PGC-18 expres-
sion is less striking during this period. Notably, PGC-1a and
PGC-18 mRNA levels display different patterns of regulation
in both type 1 and 2 diabetes. Taken together, all of these
investigations of the expression of the PGC-1s suggest that
these two coactivators are likely to play distinct roles in the
regulation of hepatic gene expression and metabolism.
Adenoviral-mediated expression of PGC-18 in cultured hep-
atoma or primary hepatocytes results in robust induction of
genes involved in the mitochondrial electron transport system
and the B-oxidation of fatty acids, activities that are almost
indistinguishable from that of PGC-1« (Fig. 3). These effects on
mitochondrial gene expression, in particular, are consistent
with previous observations that PGC-18, like PGC-1a, is a
powerful transcriptional coactivator for nuclear respiratory
factor-1 (16), a key factor in the expression of many mitochon-

drial genes and mitochondrial biogenesis per se (26). However,
in striking contrast to PGC-1a, PGC-18 has no effect on the
expression of gluconeogenic enzymes in FAO hepatoma cells
and only weakly increases their mRNA levels in primary hepa-
tocytes. Consistent with the studies in cultured cells, hepatic
expression of PGC-18 in live rats does not significantly alter
glucose homeostasis in vivo, as ascertained by plasma glucose
and insulin levels. Although the expression of mitochondrial
genes such as BATPase and cytochrome ¢ was induced by
PGC-18 (Fig. 4), PEPCK mRNA levels were essentially un-
changed. The expression of G6Pase is increased in response to
PGC-1B in vivo, suggesting that hormonal milieu in the intact
animals might play a critical role in the induction of G6Pase
expression by PGC-1p3. Alternatively, the induction of G6Pase
expression in the liver may be due to indirect mechanisms that
result from ectopic PGC-18 expression and probably altered
hepatic lipid metabolism. Prior studies have demonstrated that
adenovirus-mediated expression of the catalytic subunit of
G6Pase in liver of normal rats is sufficient to alter glucose
homeostasis and circulating insulin levels (23). The lack of
alteration in circulating glucose and insulin levels probably
reflects the lack of induction of PEPCK, the initial and rate-
limiting step of the gluconeogenic pathway (2, 27).

Several transcription factors have been implicated as medi-
ators of PGC-1a action on gluconeogenic promoters, including
the glucocorticoid receptor, HNF4q«, and FOXO1 (11, 14, 15).
The latter two factors appear to be genetically required for
PGC-1a action on the gluconeogenic genes in isolated hepato-
cytes. Transient transfection analysis indicates that PGC-18 is
much weaker in augmenting the activity of HNF4a and FOXO1
when assayed on reporter plasmids containing multimerized
respective binding sites (Fig. 5). In contrast, both PGC-1s co-
activate PPARa and nuclear respiratory factor-1 to a similar
extent under these experimental conditions (Fig. 5 and data
not shown), suggesting that PGC-1a and PGC-1 have distinct
sets of transcription factor targets. The lack of ability by
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PGC-18 to robustly enhance the transcriptional activity of
HNF4a and FOXO1 probably contributes to its weak gluconeo-
genic activity. The inability of PGC-18 to strongly coactivate
HNF4« is likely to be controlled, at least in part, by weak
interaction between these two factors. Although previous ex-
periments have shown that the N terminus of PGC-1p is able to
physically associate with a number of nuclear hormone recep-
tors including HNF4« with apparent similar affinity as PGC-
la, our new studies showed that full-length PGC-18 is unable
to bind HNF4e, although it is clearly capable of associating
with PPAR« (Fig. 6). It is likely that the full-length protein
may provide certain steric constraints on the availability of the
docking sites that eradicate the interaction between HNF4«
and PGC-1B. This mechanism may also provide the basis for
generating selectivity with regard to other transcription factor
coactivation targets for PGC-1a and PGC-18.

These new data allow some perspective on the role of PGC-13
in the normal physiology of energy homeostasis in the liver.
During fasting, as well as in the postnatal period, the liver is
called upon to oxidize free fatty acids and utilize the resulting
energy to support all other aspects of hepatic metabolism,
including gluconeogenesis. Since PGC-1p can activate the ge-
netic program of fatty acid B-oxidation and mitochondrial elec-
tron transport, without a strong activation of gluconeogenic
genes, it appears to be capable of energetically “charging” the
liver. These data are also consistent with bioenergetic analysis
recently carried out with PGC-1s in muscle cells, where
PGC-18 was found to stimulate a great increase in mitochon-
drial respiration with no increase in the degree of uncoupling
(28). Hence, in both of these tissues, PGC-18 appears to serve,
more than PGC-1«, as a molecular machine devoted to provid-
ing increased cellular energy via fuel oxidation. Ultimately, the
relative role of PGC-18 in the energy metabolism as shown
here must be complemented by genetic loss-of-function studies.
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