Peroxisome proliferator-activated receptor Y coactivator-1
promotes cardiac mitochondrial biogenesis
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Cardiac mitochondrial function is altered in a variety of inherited and acquired cardiovascular dis-
eases. Recent studies have identified the transcriptional coactivator peroxisome proliferator-acti-
vated receptor Y coactivator-1 (PGC-1) as a regulator of mitochondrial function in tissues specialized
for thermogenesis, such as brown adipose. We sought to determine whether PGC-1 controlled mito-
chondrial biogenesis and energy-producing capacity in the heart, a tissue specialized for high-capac-
ity ATP production. We found that PGC-1 gene expression is induced in the mouse heart after birth
and in response to short-term fasting, conditions known to increase cardiac mitochondrial energy
production. Forced expression of PGC-1 in cardiac myocytes in culture induced the expression of
nuclear and mitochondrial genes involved in multiple mitochondrial energy-transduction/energy-
production pathways, increased cellular mitochondrial number, and stimulated coupled respiration.
Cardiac-specific overexpression of PGC-1 in transgenic mice resulted in uncontrolled mitochondri-
al proliferation in cardiac myocytes leading to loss of sarcomeric structure and a dilated cardiomy-
opathy. These results identify PGC-1 as a critical regulatory molecule in the control of cardiac mito-

chondrial number and function in response to energy demands.

J. Clin. Invest. 106:847-856 (2000).

Introduction

The energy demands of the postnatal mammalian heart
are met primarily by ATP produced in mitochondria
through oxidative phosphorylation. Consistent with
the high energy requirements of the heart, the differen-
tiated cardiac myocyte contains numerous mitochon-
dria and an impressive capacity for energy production.
The chief mitochondrial energy substrate in the heartis
fatty acids, which provide the greatest yield of ATP per
mole compared with other substrates such as glucose or
lactate. Fatty acids are catabolized in mitochondria via
the fatty acid B-oxidation (FAO) pathway, generating
reducing equivalents for the electron transport chain
and acetyl-CoA, a substrate for further oxidation in the
tricarboxylic acid cycle (TCA). The importance of high-
capacity mitochondrial energy production for the main-
tenance of cardiac function is underscored by the severe
phenotype of inherited and acquired mitochondrial dis-
eases. Inborn errors in nuclear-encoded mitochondrial
FAO-pathway enzymes are an important cause of child-
hood cardiomyopathy and sudden death (1). Mutations
in mitochondrial DNA, which lead to abnormalities in
oxidative phosphorylation, cause a variety of diseases,
including cardiomyopathy, neuromuscular dysfunc-

tion, and diabetes mellitus (2). Abnormalities in mito-
chondrial function also occur with aging and in a vari-
ety of acquired pathophysiologic conditions such as
ischemic heart disease and in the hypertrophied and
failing heart (2-6).

Mitochondrial number and functional capacity are
dynamically regulated in accordance with cardiac
energy demands during developmental stages and in
response to diverse physiologic conditions (7). For
example, during the early postnatal period, as myocar-
dial energy demands increase due to changes in ven-
tricular loading conditions and cardiac output, the
number of mitochondria and expression of mito-
chondrial proteins increase dramatically (7, 8).
Dietary influences, such as short-term starvation,
increase the capacity for mitochondrial energy pro-
duction via the FAO pathway. Accordingly, mecha-
nisms exist to transduce changes in cardiac energy
requirements dictated by physiologic conditions to
the coordinate control of nuclear and mitochondrial
genes encoding mitochondrial proteins.

A series of elegant studies by Scarpulla and cowork-
ers (9-11) have provided important insight into the
regulatory mechanisms involved in the transcription-
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al control of nuclear and mitochondrial genes encod-
ing several key mitochondrial proteins during mito-
chondrial biogenesis. These studies identified the
nuclear respiratory factors-1 and -2 (NRF-1 and -2) as
key transcriptional activators of nuclear genes encod-
ing mitochondrial respiratory chain proteins. NRF-
responsive regulatory elements were also identified in
the promoter region of the gene encoding mitochon-
drial transcription factor A (mtTFA), a nuclear-encod-
ed protein that stimulates mitochondrial DNA tran-
scription (10). Collectively, these results delineated a
regulatory circuit involved in the coordinate tran-
scriptional control of nuclear and mitochondrial
genes encoding mitochondrial proteins involved in
electron transport and oxidative phosphorylation.

Despite significant progress in the elucidation of the
molecular events involved in the coordinate control of
nuclear and mitochondrial genes during mitochondrial
biogenesis, several important questions regarding the
regulation of mitochondrial functional capacity remain.
First, how are physiologic signals transduced to activa-
tion of mitochondrial biogenesis in cell types such as the
cardiac myocyte known to regulate dynamically mito-
chondrial number and energy-producing capacity? Sec-
ond, what is the link between factors involved in the
broad program of mitochondrial biogenesis and the
control of specific energy substrate utilization pathways
such as FAO? This latter question is particularly relevant
given that we and others have not found a role for NRF-
1 or NRF-2 in the transcriptional control of mitochon-
drial FAO pathway enzyme genes. Rather, the peroxi-
some proliferator-activated receptor a (PPARQ) and
other nuclear receptors have been identified as key tran-
scriptional regulators of the FAO pathway (12, 13). The
recent identification and characterization of the tran-
scriptional coactivator peroxisome proliferator-activat-
ed receptor Y coactivator-1 (PGC-1) has provided impor-
tant clues regarding these questions. PGC-1, a
cold-inducible protein, was cloned based on its ability to
interact with the adipose-enriched nuclear receptor,
PPARY (14). Forced expression of PGC-1 was shown to
induce mitochondrial biogenesis in adipocyte and myo-
genic cell lines and to coactivate NRF-1 (15). Consistent
with its cold inducibility and brown adipose
tissue-enriched expression pattern, PGC-1 was shown to
induce predominantly uncoupled mitochondrial respi-
ration in adipogenic cell lines by the activation of uncou-
pling protein (UCP) expression. These results identified
PGC-1 as a key component of the regulatory pathway
involved in the control of uncoupled mitochondrial res-
piration and thermogenesis. Given that PGC-1 is also
highly expressed in the heart, a tissue specialized for
high-capacity production of ATP, we sought to deter-
mine whether this coactivator plays a role in the control
of mitochondrial number and function in cardiac tissue.
In support of this notion, we have shown recently that
PGC-1is capable of coactivating PPARQ (16), a cardiac-
enriched member of the PPAR family known to control
mitochondrial FAO enzyme expression.

In this report we present data that identify PGC-1 as
a regulator of mitochondrial function and number in
the heart. PGC-1 is shown to induce mitochondrial
FAO cycle enzyme expression and mitochondrial bio-
genesis in cardiac myocytes in culture and in the heart
of transgenic mice. In contrast to its action in noncar-
diac cell types reported previously, PGC-1 induces cou-
pled mitochondrial respiration in cardiac myocytes
consistent with the biogenesis of mitochondria capa-
ble of ATP production.

Methods

Animal experiments. Three- to five-month-old 129/Sv]J
mice were used for the fasting experiments. Compar-
isons were made with sex-matched littermates fed ad
libitum. All mice were kept in separate cages with iden-
tical light/dark cycles and free access to water. The 24-
hour fasting period began at 1700 hours.

For evaluation of gene expression in the developing
mouse heart, total RNA was isolated from male and
female C57B6 X SJL/J F; mice. For embryonic days 16.5
and 18.5 and postnatal day 1, five to six hearts were
pooled for each time point. For postnatal days 3 and 7,
at least two hearts were pooled for each RNA sample.

All animal experiments conducted were approved by
the Animal Studies Committee of Washington Univer-
sity School of Medicine.

Adenoviral expression system. Ventricular myocytes were
cultured from 1-day-old Sprague-Dawley rats as
described (13). Recombinant adenoviruses were gener-
ated employing a system described previously (17). The
parent plasmids (pAdEasy-1, pAdTrack, and pAdTrack-
CMV) were obtained as a gift from T.-C. He (The Howard
Hughes Medical Institute) and B. Vogelstein (The Johns
Hopkins Oncology Center). Recombination between the
pAdEasy-1 and pAdTrack vectors (17) resulted in aden-
ovirus green fluorescent protein (Ad-GFP). For the con-
struction of Ad-PGC-1, a HindIIl fragment of PGC-1
cDNA (a gift from B. Spiegelman, Dana-Farber Cancer
Institute and Harvard Medical School, Boston, Massa-
chusetts, USA) encoding amino acids 1-793 of murine
PGC-1 was inserted into pcDNA3.1/Myc-His (Invitrogen,
Carlsbad, California, USA) and then cloned into pAd-
Track-CMV before recombination with pAdEasy-1. The
Ad-PGC-1 vector contains, in tandem, the GFP gene and
the PGC-1 cDNA containing a carboxy-terminal myc epi-
tope tag downstream of separate cytomegalovirus
(CMV) promoters. Viruses were propagated in the 293
cell line with subsequent titering in cultured rat neona-
tal cardiac myocytes to obtain 95-100% infection effi-
ciency, as determined by GFP expression 18-24 hours
after infection. For all experiments using the adenoviral
system, cardiac myocytes were infected with Ad-PGC-1
or Ad-GFP (vector backbone containing the GFP cDNA
but lacking PGC-1 cDNA) at the time of transition to
serum-free medium, approximately 24 hours after initial
plating. Cells were harvested for isolation of RNA 48
hours after infection and for preparation of protein
extracts 96 hours after infection.
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Figure 1

Induction of PGC-1 gene expression during perinatal cardiac devel-
opment. The expression of the genes encoding PGC-1, PPARQ, and
mitochondrial energy production-pathway enzymes during cardiac
postnatal development. Representative autoradiograph of Northern
blot analyses performed with total RNA (15 pg/lane) isolated from
mouse hearts at several late embryonic (e), postnatal, and adult (A,
2 months old) time points using the cDNA probes denoted on the left.
The ethidium bromide-stained 28S ribosomal subunit (28S) was used
as a control for loading.

RNA and protein-blotting studies. The protocols for RNA
isolation and Northern blotting have been described
(18). Probes labeled with 32P were derived from the fol-
lowing cDNAs: human UCP II and rat UCP III (gifts
from P. Muzzin, University of Geneva, Switzerland)
(19), citrate synthase (20, 21), ATP synthase subunits ¢
and B (American Type Culture Collection, Rockville,
Maryland, USA), the coding region of human skeletal
a-actin (22). The mouse PPARO, GAPDH, acyl-CoA
oxidase, and muscle-type carnitine palmitoyltrans-
ferase I (M-CPT I) probes have been described (23).

Immunoblot analysis of whole-cell protein extracts
was performed as described (20). Anti-murine PGC-1
Ab was prepared by immunizing rabbits with a GST-
PGC-1 fusion protein containing the NH,-terminal
120 amino acids of murine PGC-1. Ab specificity for
PGC-1 was confirmed by peptide competition assays
(data not shown). Cytochrome c oxidase (COX) sub-
units were separated by SDS-PAGE (15% acrylamide
wt/vol) and detected using a polyclonal COX Ab (a
gift from L. Prochaska, Wright State University) (24).
Cytochrome ¢ was detected using a monoclonal
mouse anti-cytochrome ¢ Ab (PharMingen, San
Diego, California, USA).

Mitochondrial quantification. Cardiac myocyte pellets
were prepared for electron microscopy 5 days after ade-
noviral infection, as described (25). In brief, pellets were
fixed in 2% glutaraldehyde/osmium tetroxide, embed-
ded with Spurr resin, and sectioned. Thin sections were
obtained and viewed with a Philips transmission elec-
tron microscope. Cardiac myocyte cytoplasmic volume
densities were determined in a blinded fashion using
the principles of Weibel (26) and Steer (27). A 20 x 25-
cm transparent grid was used that allowed approxi-
mately 75 points of reference per electron micrograph.

Data were expressed as volume density (volume of mito-
chondria [Um?] per cytoplasmic volume [pUm?]). A min-
imum of 12 cells from each treatment were assessed.

Mitochondrial-staining studies were performed S
days after adenoviral infection. Cardiac myocytes were
incubated for 45 minutes at 37°C in 3 UM Mito-
Tracker (M-7513; Molecular Probes, Eugene, Oregon,
USA) diluted in DMEM supplemented with 10% calf
serum. The cells were then placed in fresh medium,
washed with PBS, fixed with 4% paraformaldehyde in
PBS with 0.1% Triton X-100, and mounted with anti-
fade (SlowFade) solution (Molecular Probes) for sub-
sequent fluorescence microscopy.

Production and characterization of transgenic mice. The
myc-PGC-1 cDNA was cloned downstream of the car-
diac o myosin heavy-chain (MHC) promoter (clone
26; a gift from J. Robbins, The Children’s Hospital
Research Foundation, Cincinnati, Ohio, USA) (28).
Transgenic mice were produced by microinjection of
the MHC-PGC-1 construct into fertilized one-cell
C57B6 x CBA/J Fy or C57B6 x C3H/J F; embryos.
Transgenic founders were identified by Southern blot
analysis as described (29) using a PGC-1 cDNA
probe. Pairs of transgenic and wild-type mouse hearts
from five independent lines (ages 1-5 weeks) were
characterized. Echocardiographic studies were per-
formed as described (30).

Mitochondrial function studies. Mitochondrial respira-
tory function was measured in cultured cardiac
myocytes 5 days after adenoviral infection in the
absence or presence of saponin, which perforates the
sarcolemma while leaving the mitochondria mor-
phologically and functionally intact (31). Oxygen
consumption was measured at 37°C in a closed, con-
tinuously stirred system with a Clark-type polaro-
graphic oxygen probe (Model 5300; Yellow Springs
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Figure 2

Induction of cardiac PGC-1 gene expression during short-term star-
vation. Representative autoradiograph of Northern blot analyses
performed with total RNA isolated from sex-matched, adult litter-
mate 129Sv) mice after a 24-hour fast (F) or controls fed ad libi-
tum (C). The expression of nuclear genes encoding mitochondrial
(M-CPT I, MCAD) and peroxisomal (acyl-CoA oxidase [ACO]) FAO
enzymes was also assessed. The results shown are representative of
three independent experiments.
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Instrument Co., Yellow Springs, Ohio, USA). In some
samples, after initial oxygen consumption measure-
ments, samples were treated with 2.5 Hg/ml
oligomycin. Saponin permeabilization was not used
for the oligomycin experiments. For experiments
involving saponin, oxygen-consumption rates were
assessed at 37°C in a solution containing 20 [g/ml
saponin, 100 UM ADP, 5 mM glutamic acid, 2 mM
malic acid, 4 mM MgCl,, 100 mM 2-[N-Morpholi-
nolethanesulfonic acid, 20 mM taurine, 0.5 mM
DTT, 3 mM KH,PO4, 20 mM imidazole, and 10 mM
EGTA-Ca EGTA, pH 7.1

a ucpep b uce
11 [} 1 i 11
ATP

-
En dcgemusL -t Synthase |} . .

PGC-1 ATP -
Synthase ¢ e .

myc-PGC-1 » - Citrate
Synthase il
s

MCAD . Actin ™ B o

M-CPTI % «« I8

Actin ™= . .,

s QI cox
I

Bov. ¢ p

| cox
| w— e SR
C P v =
PGC-1 -_— Va, Vb - e—
MCAD — CytC ——
Actin — Actin — —

Figure 3

Forced expression of PGC-1 in cultured rat neonatal cardiac
myocytes induces the expression of nuclear and mitochondrial genes
involved in multiple mitochondrial energy-transduction/energy-pro-
duction pathways. (a) The expression of mitochondrial FAO enzyme
genes. The autoradiographs represent Northern (top panels) and
Western (bottom panels) analyses, respectively. The panels depict
the expression of the myc-tagged PGC-1 and endogenous FAO
enzyme genes (MCAD and M-CPT |) in rat neonatal cardiac myocytes
grown in serum-free culture conditions. Total RNA (15 pg/lane) or
protein (10 pg/lane) was isolated from uninfected cells (U), or 48
hours after infection with control adenovirus expressing GFP alone
(C), or an adenoviral vector expressing both GFP and PGC-1 (P). As
determined by GFP fluorescence, 95-100% of the total cells plated
were infected (data not shown). Adenoviral epitope-tagged PGC-1
mRNA is denoted myc-PGC-1 and endogenous PGC-1 transcripts are
labeled endogenous PGC-1. The -actin signal is shown as a control.
PGC-1 protein was not detected in extracts from control adenovirus-
infected cells by Western blot analysis (bottom panels), even with
prolonged exposures. (b) The expression of genes and proteins
involved in the TCA cycle, electron transport, and oxidative phos-
phorylation. The autoradiographs shown at the top represent North-
ern blot studies performed with total RNA isolated from cardiac
myocytes under the conditions described in a. Western blot studies
(bottom) were performed with cellular protein extracts prepared
from myocytes 4 days after adenoviral infection. Bov. COX, bovine
COX protein standards; Cyt C, cytochrome c. All data shown are rep-
resentative of at least three independent experiments.

Statistical analysis. Statistical comparisons were made
using Student’s ¢ test, with a statistically significant dif-
ference defined as a P value less than 0.0S. Error bars
represent the SEM.

Results

PGC-1 gene expression parallels known changes in mitochon-
drial energy-producing capacity during perinatal development
and in response to fasting. As an initial step to determine
whether the inducible transcriptional coactivator PGC-
1 is involved in the physiologic control of mitochondr-
ial function in the heart, the expression of its gene was
delineated in a context in which cardiac fatty acid-uti-
lization rates, cellular mitochondrial number, and res-
piratory functional capacity is increased: the perinatal
developmental transition (32). Mouse heart PGC-1
mRNA levels were coordinately induced on the first day
after birth and during later postnatal stages in parallel
with the expression of its interacting partner PPARQ;
two PPARQ target genes encoding mitochondrial FAO
enzymes, M-CPT I and medium-chain acyl-CoA dehy-
drogenase (MCAD); and the mitochondrial ATP syn-
thase 3 gene (Figure 1). As has been described (14), two
PGC-1 transcripts of approximately 5 and 8 kb were
observed. The nature of the two PGC-1 transcripts is
unknown, although mRNAs of similar sizes are
expressed by the human PGC-1 gene as a result of dif-
ferential polyadenylation (33). The expression pattern
of the gene encoding the glycolytic enzyme, GAPDH,
was distinct from the other genes studied, exhibiting
greatest expression during the prenatal period.

PGC-1 gene expression was also evaluated in
response to short-term fasting, a physiologic condi-
tion known to rapidly increase cardiac mitochondrial
fatty acid utilization rates (34) and FAO enzyme gene
expression by PPARO-mediated transcriptional activa-
tion (23). PGC-1 mRNA levels were induced within 24
hours of the onset of fasting (Figure 2). As expected,
PPARGO target genes encoding mitochondrial (MCAD,
M-CPT I) and peroxisomal (acyl-CoA oxidase [ACO])
FAO enzymes were also induced in the mouse heart
during the fast (Figure 2). In contrast to the results
observed in the heart, fasting did not induce PGC-1
gene expression in brown adipose, a mitochondrial-
enriched tissue specialized for thermogenesis through
uncoupled respiration (data not shown).

Forced expression of PGC-1 in neonatal cardiac myocytes
induces the expression of nuclear and mitochondrial genes
involved in multiple mitochondrial energy-transduction/ener-
gy-production pathways. Gain-of-function studies were
performed to determine whether PGC-1 could regulate
cardiac mitochondrial oxidative capacity. Primary rat
neonatal ventricular myocytes in culture were chosen
for these studies because they exhibit a fetal energy
metabolic phenotype, including low mitochondrial
number, in contrast to the adult mammalian heart that
has abundant mitochondria and a high capacity for
oxidative energy production. In addition, although cul-
tured neonatal cardiac myocytes express functional
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PPARQ (13), PGC-1 transcripts and protein were not
detectable by Northern and Western blot analyses,
respectively (Figure 3a). Infection of the cardiac
myocytes with an adenoviral vector designed to express
a myc epitope-tagged PGC-1 (Ad-PGC-1) resulted in
high-level expression of the myc-PGC-1 transcript and
protein (Figure 3a). Expression of the endogenous
PGC-1 gene was also increased in the Ad-PGC-1-infect-
ed cells (Figure 3a), suggesting the existence of an
autoregulatory mechanism. Forced expression of PGC-
1 markedly induced the expression of PPARQ target
genes encoding the mitochondrial FAO enzymes,
MCAD and M-CPT I (top panels, Figure 3a). Immun-
odetectable MCAD protein levels were also significant-
ly greater in the Ad-PGC-1-infected myocytes com-
pared with control cells (bottom panels, Figure 3a).
We next sought to explore a broader role for PGC-1
in the transcriptional control of genes involved in mito-

chondrial pathways critical for cardiac myocyte energy
production. PGC-1 induced the expression of the
nuclear genes encoding a TCA cycle enzyme (citrate
synthase) and components of the oxidative phospho-
rylation complex (3 and ¢ subunits of Fi-Fo ATP syn-
thase; Figure 3b). PGC-1-expressing myocytes also
exhibited increased protein levels of nuclear-encoded
(COX subunits IV, Va, Vb, and cytochrome c) and mito-
chondrial-encoded (COX subunit I) components of the
electron transport chain (Figure 3b). Taken together,
these results indicate that PGC-1 coordinately activates
expression of nuclear and mitochondrial genes encod-
ing proteins involved in multiple mitochondrial ener-
gy-transducing/energy-producing pathways.

PGC-1 induces mitochondrial biogenesis in cardiac myocytes
in culture. The results of the gene and protein expression
studies shown in Figure 3 are indicative of a mito-
chondrial biogenic response to PGC-1 overexpression.

Ad-GFP

a

Ad-PGC-1

PGC-1

oy

Figure 4

PGC-1 promotes mitochondrial biogenesis in cardiac myocytes. (a) Fluorescence micrograph panels representing the use of the mitochon-
drion-selective dye MitoTracker to estimate mitochondrial capacity in cardiac myocytes 5 days after infection with either a GFP-expressing
control adenovirus (Ad-GFP) or an adenovirus expressing both GFP and PGC-1 (Ad-PGC-1). MitoTracker, which is oxidized, sequestered, and
conjugated in mitochondria, is identified by the orange-red color. GFP, which confirms adenoviral infection, is seen as a nuclear-localized
green color. (b) Electron micrographs obtained from sections of cultured rat neonatal cardiac myocyte pellets representing cells infected with
either Ad-GFP (Control) or Ad-PGC-1 (PGC-1). The far right panel is representative of regions containing markedly enlarged mitochondria
observed in the PGC-1-expressing myocytes. Bar represents 1 m, the size standard for all three panels. M, mitochondria; N, nucleus.
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Forced expression of PGC-1 in neonatal cardiac myocytes increases oxygen consumption and coupled respiration. (a) Oxygen-consumption
rates assessed in saponin-permeabilized cultured rat neonatal cardiac myocytes under conditions in which mitochondrial substrate and ADP
were not limiting. The bars represent mean (+ SE) oxygen consumption rates (nanomole of oxygen per minute per milligram of protein) in
cells infected with control adenovirus expressing GFP alone (C) or adenovirus expressing GFP and PGC-1 (P), corrected for total cellular pro-
tein content (AP < 0.05). The values represent four samples in two independent experiments. (b) Myocyte oxygen-consumption rates in serum-
free growth medium (without saponin) at base line and after exposure to the ATP synthase inhibitor, oligomycin. The values represent the
mean of at least three samples in two independent experiments (AP < 0.001). (c) Representative autoradiograph of Northern blot analyses
performed with total RNA isolated from cultured rat neonatal cardiac myocytes after a 48-hour exposure to three different conditions: unin-
fected cells (U), cells infected with control adenovirus expressing GFP alone (C), and cells infected with adenovirus expressing both GFP and
PGC-1 (P). The blot was hybridized to cDNA probes encoding UCP-2, UCP-3, and the ATP synthase 3 subunit. The ethidium bromide-stained

28S ribosomal subunit (28S) was used as a control for lane loading.
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To determine whether PGC-1 promotes mitochondri-
al biogenesis in cardiac myocytes, a fluorescent, mito-
chondrion-selective dye (MitoTracker; see Methods)
was used. MitoTracker staining was significantly
greater in cells expressing PGC-1 compared with con-
trol cells infected with the viral backbone, consistent
with increased mitochondrial capacity (Figure 4a).
Electron microscopy was performed on histologic sec-
tions of pellets prepared from cardiac myocytes
expressing PGC-1. Cells infected with Ad-PGC-1 exhib-
ited increased cellular mitochondrial number com-
pared with control myocytes (Figure 4b). Marked mito-
chondrial size heterogeneity was also noted in the
Ad-PGC-1-infected myocytes, including the presence
of very large mitochondria (Figure 4b, far right panel).
Quantitative morphometric analysis demonstrated
that the mean mitochondrial volume density (total
mitochondrial area/total cytoplasmic area) in cardiac
myocytes infected with Ad-PGC-1 was 57% higher rela-
tive to control virus-infected cells (0.36 + 0.04, n = 15
cells, vs. 0.23 £ 0.04, n = 13 cells, um3 per pm? of cell
cytoplasm; P < 0.05).

PGC-1 increases cardiac myocyte capacity for mitochondrial
respiration. To investigate whether forced expression of
PGC-1 increased the functional capacity for mitochon-
drial respiration in cardiac myocytes in culture, oxygen
consumption rates were determined. For these studies,
saponin-permeabilized, cultured rat neonatal cardiac
myocytes were studied under conditions in which mito-
chondrial substrate and ADP were not limiting, to
mimic state 3 respiration. Relative to control cells, PGC-
1-expressing cardiac myocytes consumed oxygen at a
2.8-fold greater rate, consistent with an increase in mito-
chondprial oxidative capacity and the observed increase
in mitochondrial number (Figure 5a).

Qligomycin

A recent report demonstrated that PGC-1 increased
uncoupled mitochondrial respiration and the expres-
sion of UCPs in adipocyte and C,Cj; cell lines in culture
(15). We hypothesized that in contrast to these cell
types, PGC-1 would induce coupled mitochondrial res-
piration in the primary cardiac myocyte, given the obli-
gate high level of ATP production in the heart. To
determine whether PGC-1 induced coupled or uncou-
pled respiration in cardiac myocytes, the ATP synthase
inhibitor, oligomycin, was employed to inhibit oxida-
tive phosphorylation before the measurement of oxy-
gen consumption rates. If PGC-1 overexpression
induces predominantly coupled respiration in the car-
diac myocytes, oligomycin would reduce oxygen con-
sumption rates to a similar degree in cells infected with
Ad-PGC and control cells. If, however, PGC-1 induces
uncoupled respiration, oligomycin would reduce oxy-
gen-consumption rates to a greater degree in control
cells compared with PGC-1-expressing cells. The per-
centage of reduction in oxygen consumption after
oligomycin treatment was similar in cardiac myocytes
infected with either control or Ad-PGC-1 vector (Figure
5b), indicating that the PGC-1-induced increase in
mitochondrial oxygen consumption mainly was due to
an augmentation in coupled respiration through
oxidative phosphorylation. Inhibition of the adenine
nucleotide translocase by atractyloside also resulted in
asimilar degree of reduction in total oxygen consump-
tion in control and PGC-1 adenovirus-infected cardiac
myocytes (data not shown).

The effect of PGC-1 on cardiac myocyte UCP expres-
sion was delineated. UCP-1 is a brown adipose-specif-
ic inner mitochondrial membrane protein that gener-
ates heat by dissipating the inner mitochondrial
membrane proton gradient (35). Two homologous
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proteins, UCP-2 and UCP-3, are expressed in multiple
tissues, including skeletal muscle and heart (19). PGC-
1 overexpression decreased cardiac myocyte UCP-2
mRNA levels by approximately 60%, while increasing
ATP synthase-f3 subunit mRNA levels threefold (Fig-
ure 5c). Although detectable in adult heart total RNA
(data not shown), UCP-3 mRNA was not detected in
RNA isolated from neonatal rat cardiac myocytes in
culture under either condition. Thus, in contrast to
the effect of PGC-1 in several noncardiac cell types
(15), PGC-1 overexpression decreased rather than
increased mitochondrial UCP-2 gene expression in the
cardiac myocyte, coincident with an observed increase
in mitochondrial number and function. Taken togeth-
er with the results of the oxygen consumption studies,
these data indicate that PGC-1 is capable of increasing
the capacity for cardiac myocyte energy production
through coupled mitochondrial respiration.

Cardiac overexpression of PGC-1 in vivo in transgenic mice
induces uncontrolled mitochondrial biogenesis. To evaluate
the effect of forced PGC-1 expression in the intact
postnatal heart in vivo, the cardiac a-MHC gene pro-
moter (28) was used to produce transgenic mice with
high-level postnatal, cardiac-specific expression of
PGC-1 (MHC-PGC-1 mice). MHC-PGC-1 transgenic
mice from three independent lines (ages 1-5 weeks)
exhibited high-level cardiac-specific transgene expres-
sion and increased mitochondrial DNA content com-
pared with nontransgenic littermate controls (data

a Control MHC-PGC-1

C Caontral

not shown). The transgenic mice of all three inde-
pendent lines exhibited massive edema, increased
heart size, and four-chamber enlargement consistent
with a dilated cardiomyopathy (Figures 6, a and b).
Echocardiographic analysis of MHC-PGC-1 mice
demonstrated marked four-chamber cardiac enlarge-
ment and severely decreased global contractile func-
tion (Figure 6¢). All of the MHC-PGC-1 mice died by 6
weeks of age. The postnatal phenotype of the MHC-
PGC-1 mice is consistent with the temporal pattern of
activation of the cardiac a-MHC gene promoter used
to drive expression of the transgene.

Histologic studies performed on left-ventricular tis-
sue from the MHC-PGC-1 mice before death revealed
marked structural abnormalities, including numerous
regions of sarcomeric disruption (Figure 7a).
Trichrome staining of the histologic sections revealed
a granular appearance in areas where the sarcomeric
assembly was altered or absent (Figure 7a). Patchy areas
of mild fibrosis were also seen. Electron microscopic
analysis of the transgenic hearts revealed that the
regions of granular densities represented massive
expansion of enlarged mitochondria (Figure 7b). The
mitochondria in the cardiac ventricles of transgenic
mice were more numerous and often significantly larg-
er than the littermate nontransgenic control mouse
hearts. In some myocytes, the marked mitochondrial
proliferation appeared to have replaced the sarcomeric
assembly (lower-left panel, Figure 7b). Thus, as pre-

MHC-PGC-1

e 6

MHC-PGC-1

Control

Figure 6

MHC-PGC-1 mice develop a severe dilated cardiomyopathy. (a) Representative photographs of a nontransgenic mouse (Control) and a lit-
termate MHC-PGC-1-transgenic mouse (MHC-PGC-1) at 6 weeks of age. (b) Midventricular transverse histologic sections of a nontrans-
genic control mouse (Control) and littermate MHC-PGC-1-transgenic mouse heart (MHC-PGC-1) at 4 weeks of age. The tissue was fixed
in 10% neutral-buffered formalin and stained with Masson’s trichrome. (¢) M-mode echocardiograms at the midventricular level of non-
transgenic (Control) and littermate MHC-PGC-1-transgenic (MHC-PGC-1) mice at 6 weeks of age.
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Figure 7

Induction of uncontrolled mitochondrial proliferation in the cardiac ventricle of MHC-PGC-1 mice. (a) Representative histologic sections
of cardiac ventricles from a nontransgenic littermate control (Control) and a MHC-PGC-1-transgenic mouse heart (MHC-PGC-1) obtained
at 3.5 weeks of age. The tissue was fixed in formalin and stained with Gomori’s trichrome. The red blood cells within a vessel present in
the lower-left region of the Control panel serve as a relative size standard. Note the granular appearance of the myocytes and loss of sar-
comeric structure in the section shown in the lower panel. (b) Low-power (left panels) and high-power (right panels) electron micrographs
of histologic sections prepared from 3.5-week-old MHC-PGC-1 transgenic mouse ventricle (MHC-PGC-1) and littermate non-transgenic

control (Control). Bar represents 1 UM.
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dicted by the cell-culture studies, overexpression of
PGC-1 resulted in a striking mitochondrial prolifera-
tion in the hearts of the transgenic mice.

To determine whether the cardiac phenotype of the
MHC-PGC-1 mice was determined by the level of
forced PGC-1 expression, additional lines with lower
levels of transgene expression were characterized. Two
independent MHC-PGC-1 lines with approximately
fivefold lower PGC-1 mRNA expression compared with
the three high-expressing lines described above did not
develop cardiomyopathy (data not shown). However, a
small number of homozygous offspring resulting from
crosses of hemizygotes of the low-expressing MHC-
PGC-1 lines developed cardiomyopathy associated with
marked cardiac mitochondrial proliferation at 5-7
weeks of age. These data indicate that the level of trans-
gene expression predicts the cardiac mitochondrial
proliferative phenotype in the MHC-PGC-1 mice.

Discussion

The dynamic regulation of cardiac mitochondrial num-
ber and function has suggested the existence of a regu-
latory pathway involved in the physiologic control of
mitochondrial biogenesis. Several lines of evidence pre-
sented here indicate that the transcriptional coactivator,
PGC-1, is a key regulator of cardiac mitochondrial func-
tional capacity and participates in the transduction of
physiologic stimuli to energy production in the heart.
First, the expression of the PGC-1 gene is upregulated

after birth in the heart, before the known increase in
mitochondrial biogenesis and switch from glucose to
fatty acids as the chief energy substrate. Second, PGC-1
gene expression is activated by short-term fasting, a con-
dition known to increase cardiac mitochondrial FAO
rates. Third, forced expression of PGC-1 in cardiac
myocytes induces mitochondrial biogenesis and coupled
oxygen consumption, implicating this transcriptional
coactivator in the regulation of mitochondrial respira-
tion and, thus, ATP production in the heart.

Little is known about the mechanisms involved in the
link between the broad program of mitochondrial bio-
genesis and the control of nuclear genes encoding
enzymes of specific mitochondrial energy transduction
pathways such as the FAO cycle. Recent studies indicate
that PGC-1 coactivates NRF-1, a key transcriptional
regulator of nuclear and mitochondrial genes encod-
ing respiratory chain proteins (14, 15). Recently, we
demonstrated that PGC-1 coactivates PPARQ, a critical
regulator of mitochondrial FAO enzyme gene expres-
sion (16). Collectively, these results suggested that
PGC-1 may serve to link the actions of NRF-1 and
other master regulators of mitochondrial biogenesis to
the control of specific mitochondrial pathways such as
the FAO cycle. The results shown here identify PGC-1
as a component of the regulatory communication
between mitochondrial biogenesis and control of FAO
and TCA cycle enzyme expression. Our observation
that cardiac PGC-1 gene expression is induced by fast-
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ing, a physiologic condition known to activate FAO
enzyme gene expression through PPARA (23) further
supports a role for PGC-1 as a physiologically relevant
coactivator of PPARO and mitochondrial fatty acid uti-
lization in the heart. It will be of significant interest to
determine whether PGC-1 coactivates other transcrip-
tion factors involved in the transcriptional control of
specific mitochondrial energy metabolic pathways.

The metabolic phenotype of mitochondria is cell and
tissue specific. Mitochondria of the brown adipocyte are
specialized for high-capacity, uncoupled respiration to
generate heat. In contrast, cardiac mitochondria are effi-
cient producers of ATP and exhibit significantly less res-
piratory uncoupling. Additionally, the contribution of
specific mitochondrial energy metabolic pathways to
the production of reducing equivalents for generation
of ATP through oxidative phosphorylation varies
among tissue types. For example, in contrast to the
heart, which has a high capacity for the oxidation of
fats, mitochondrial ATP production in the brain relies
primarily on reducing equivalents generated by glucose
oxidation. Consistent with the tissue-specific mito-
chondrial energy-substrate preferences, expression of
FAO enzymes is markedly higher in heart mitochondria
compared with that of the brain (18, 29). We propose
that PGC-1 plays a role in determining the metabolic
phenotype of mitochondria among specialized cell
types. It is possible that the availability of PGC-1 part-
ners in a given tissue, such as NRF-1, PPARa, PPARY,
and other, as yet unidentified, transcription factors dic-
tate the level of expression of enzymes and proteins in
specific mitochondrial pathways. This notion is sup-
ported by the observation that PGC-1 is capable of
inducing either uncoupled (15) or coupled (shown here)
respiration in a cell type-specific manner and the find-
ing that prolonged cold exposure induces PGC-1 gene
expression in brown adipose tissue and in skeletal mus-
cle, but notin the heart (14). Taken together, these find-
ings suggest that PGC-1 controls mitochondrial func-
tional capacity in a tissue-specific manner.

Our data indicate that PGC-1 is capable of promot-
ing biogenesis of mitochondria that support primari-
ly coupled respiration in neonatal cardiac myocytes in
culture. However, these results do not allow us to con-
clude that PGC-1 induces coupled respiration in the
adult heart in vivo under all circumstances. It is possi-
ble that PGC-1 induces coupled or uncoupled mito-
chondrial respiration in vivo in the heart in different
physiologic contexts. Unfortunately, given the cardiac
dysfunction of the MHC-PGC-1 mice, functional stud-
ies of mitochondria from the transgenic mice would
be difficult to interpret because of secondary effects
related to heart failure. Future studies using inducible
transgenic expression systems should allow the evalu-
ation of the primary effects of PGC-1 on mitochondr-
ial function in vivo.

Evidence is emerging that alterations in mitochon-
drial functional capacity are involved in the patho-
genesis of a wide variety of inherited and acquired

human diseases, many of which cause cardiomyopathy
and heart failure (1-3). Inborn errors in mitochondri-
al FAO enzymes and mutations of the mitochondrial
genome are now recognized as important causes of
cardiomyopathy, metabolic disturbances, and skeletal
myopathy in pediatric and adult populations. Inter-
estingly, the clinical manifestations of mitochondrial
diseases is often precipitated by environmental or
physiologic “stressors” that increase the demand for
cardiac or skeletal muscle mitochondrial energy pro-
duction, such as exercise or fasting, suggesting that a
mismatch between energy demand and supply precip-
itates organ dysfunction (1). Common acquired car-
diac diseases are also associated with mitochondrial
functional abnormalities. Cardiac hypertrophy due to
pressure overload, such as that which occurs with
hypertension, results in a downregulation of FAO
enzyme expression and reduced capacity for mito-
chondrial oxidation of fats (22). Mitochondrial DNA
deletions also occur with aging and in the ischemic
heart (4-6). Future studies aimed at delineating the
activity of PGC-1 in cardiac disease states associated
with mitochondrial dysfunction may help define the
potential role of this coactivator in the pathogenesis
of specific cardiac diseases. Considering the wide range
of pathophysiologic states in which cardiac mito-
chondrial functional capacity is altered, the PGC-1
regulatory pathway is a candidate target for the inves-
tigation of novel experimental and possibly therapeu-
tic strategies aimed at the amelioration of energy
metabolic dysfunction in a variety of cardiac diseases.
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