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The peroxisome proliferator–activated receptor

(PPAR)-� coactivator-1 (PGC-1) can induce mitochon-

dria biogenesis and has been implicated in the develop-

ment of oxidative type I muscle fibers. The PPAR

isoforms �, �/�, and � control the transcription of genes

involved in fatty acid and glucose metabolism. As endur-

ance training increases skeletal muscle mitochondria

and type I fiber content and fatty acid oxidative capac-

ity, our aim was to determine whether these increases

could be mediated by possible effects on PGC-1 or

PPAR-�, -�/�, and -�. Seven healthy men performed 6

weeks of endurance training and the expression levels

of PGC-1 and PPAR-�, -�/�, and -� mRNA as well as the

fiber type distribution of the PGC-1 and PPAR-� pro-

teins were measured in biopsies from their vastus late-

ralis muscle. PGC-1 and PPAR-� mRNA expression

increased by 2.7- and 2.2-fold (P < 0.01), respectively,

after endurance training. PGC-1 expression was 2.2- and

6-fold greater in the type IIa than in the type I and IIx

fibers, respectively. It increased by 2.8-fold in the type

IIa fibers and by 1.5-fold in both the type I and IIx fibers

after endurance training (P < 0.015). PPAR-� was

1.9-fold greater in type I than in the II fibers and

increased by 3.0-fold and 1.5-fold in these respective
fibers after endurance training (P < 0.001). The in-
creases in PGC-1 and PPAR-� levels reported in this
study may play an important role in the changes in
muscle mitochondria content, oxidative phenotype, and
sensitivity to insulin known to be induced by endurance
training. Diabetes 52:2874–2881, 2003

S
keletal muscle is a major player in glucose ho-
meostasis under basal conditions and in response
to insulin and exercise. The peroxisome prolifera-
tor–activated receptor (PPAR)-� coactivator-1

(PGC-1) is expressed in several tissues, including skeletal
muscle and brown adipose tissue. It has been reported to
increase mitochondria biogenesis, oxidative metabolism,
and both basal and insulin-stimulated glucose uptake
(1–5). Recently, PGC-1 has also been implicated in the
formation of oxidative skeletal muscle type I fibers in mice
(6). The PPAR isoforms � and �/� have been reported to
increase the transcription of genes involved in muscle
fatty acid oxidation, such as carnitine palmitoyltrans-
ferase-1 (CPT-1) and FAT/36, and of uncoupling protein-2
and -3 (7–10). PPAR-� has been implicated in fatty acid
synthesis and glucose metabolism (for review, see 11). The
regulation of gene transcription by the PPAR isoforms
involves, in part, ligand-mediated interactions with PGC-1
(2,12). Because of their important roles in the control of
energy metabolism and insulin sensitivity, PGC-1 and
PPARs are candidate factors in the cause of type 2
diabetes (1,9) and drug targets for its therapeutic treat-
ment

Endurance training improves skeletal muscle fatty acid
oxidation capacity (13) and insulin sensitivity (14), there-
fore making it an important intervention for the treatment
of type 2 diabetes. In rats, PGC-1 mRNA and protein levels
are increased after a single bout of exercise (15,16) as well
as after several days of training (17). In humans, Pilegaard
et al. (18) observed a transient increase in PGC-1 mRNA
levels after a single bout of exercise but no significant
differences in steady-state PGC-1 mRNA levels after 4
weeks of leg-extension training. Furthermore, Tunstall et
al. (19) found no change in PGC-1 mRNA levels after 9
days of cycling training. Until now, the effect of a whole-
body endurance training program, performed over several
weeks, on human PGC-1 mRNA and protein levels has not
been evaluated.

Tunstall et al. (19) observed no change in PPAR-�
mRNA levels in human muscle after 9 days of endurance
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training. However, Horowitz et al. (20) found, still in
human muscle, that the protein content of PPAR-� as well
as of some of its target enzymes, such as medium and very-
long-chain acyl CoA dehydrogenases, are increased after
12 weeks of endurance training (20). The effect of several
weeks of endurance training on the other PPAR isoforms
has not been reported.

Human skeletal muscle consists of predominantly three
muscle fiber types, commonly distinguished by their myo-
sin heavy chain (MHC) isoforms (21). The mitochondria
content and oxidative capacity are the highest in the slow
oxidative type I, lower in the fast oxidative-glycolytic type
IIa, and lowest in the fast glycolytic type IIx fibers. The
inverse is observed for the glycolytic capacity of these
fibers. The PGC-1 protein content in mice has been found
to be higher in type I–rich as compared with type II–rich
muscles (6). The fiber type distribution of PGC-1 and of
PPAR-� has, until now, not been studied in humans.

The aim of this study was to determine the effect of 6
weeks of running endurance training on whole-muscle
PGC-1; PPAR-�, -�/�, and -� mRNA expression; and fiber-
type content of the PGC-1 and PPAR-� proteins in healthy
males. In addition, the expression of several nuclear
encoded genes, known to increase after endurance train-
ing and suggested to be regulated by PGC-1, such as
troponin I-slow (Tn1-slow), cytochrome c oxidase 4
(COX4), and GLUT4, and by PPAR-�, such as CPT-1, were
also measured.

RESEARCH DESIGN AND METHODS

Seven healthy men, age (mean � SD) 34 � 5 years, mass 78 � 8 kg, maximal
oxygen consumption (V̇O2max) 54 � 4 ml � kg�1 � min�1, participated in the
study, which was approved by the local medical society ethical committee. All
participants gave their informed consent and agreed to a muscle biopsy
followed by a test to measure aerobic capacity.
Measurement of oxygen consumption. V̇O2max was measured using a Quark
B2 metabolic cart (Cosmed, Rome, Italy) while the participants ran on a
treadmill (Technogym Runrace, Gambettola, Italy). The participants began
running at 7.2 km/h with a 1% gradient. The speed was increased by 1.8 km/h
every 3 min until the participant could not maintain the speed. The duration
of the tests lasted between 10 and 15 min. Heart rate (Polar) and oxygen
consumption were measured continually throughout the test. V̇O2max was
calculated as the highest value averaged over a 30-s period.

Muscle biopsy technique. Skeletal muscle samples were obtained under
local anesthesia (Xylocaine, 1% plain) from the belly of the vastus lateralis
muscle using a percutaneous needle biopsy technique (22) modified to include
suction. A single incision was made in the skin, and two muscle samples were
taken from a single insertion of the biopsy needle. After the first biopsy cut,
the needle was rotated and a second cut was performed. One muscle sample
was mounted in embedding medium and frozen in isopentane, previously
cooled to its freezing point. The other muscle sample was immediately frozen
in liquid nitrogen and used for RNA extraction.
Training program. The endurance training program comprised three super-
vised sessions per week, which included two interval sessions separated by a
constant intensity session. Each session commenced with a warm-up consist-
ing of �10 min of light running followed by stretching. The interval sessions
consisted of five to six intervals at an individual intensity corresponding to
70–80% of V̇O2max. A 1-min recovery was performed between each test at an
intensity of 50% of V̇O2max. The duration of these intervals ranged between 1
and 3 min for each participant. The number of repetitions and their intensity
were gradually increased over the training period so that during week 6, the
participants were completing 6 � 80% repetitions. For example, during the
first week, 5 � 70% repetitions were performed; during the second week, it
was 6 � 70%; and during the third week, it was 5 � 75%. This pattern was
followed so that during week 6, the participants were completing 6 � 80%
repetitions. A 1-min recovery was performed between each test at an intensity
of 50% of V̇O2max. The duration of these intervals ranged between 1 and 3 min
for each participant. All intensities were controlled by individual heart rates
that were measured during the duration of each session using a Polar heart
rate monitor. The constant intensity session consisted of running for 40 min at
an intensity of 60% of V̇O2,max .
RNA extraction and real-time quantitative PCR. Total RNA was ex-
tracted, and oligo-dT primed first-strand cDNA was synthesized as reported
previously (23). Real-time PCR was performed using a Lightcycler rapid
thermal cycler system; a Lightcycler-DNA Fast-Start Master SYBR Green I mix
for the quantification of PGC-1, PPAR-�/�, Tn1-slow, COX4, GLUT4, and
CPT-1; and a Lightcycler-DNA Master SYBR Green I mix for the quantification
of PPAR-�, PPAR-�, and �-actin (Roche Diagnostics, Rotkreuz, Switzerland),
according to the manufacturers’ instructions. �-Actin was used as a control to
account for any variations due to efficiencies of the reverse transcription and
PCR and has previously been shown to remain stable after training (24). The
primer sequences are presented in Table 1. For confirming the amplification
specificity, the PCR product was subjected to a melting curve analysis and
following this, agarose gel electrophoresis. PCR products were purified using
a QIAGEN purification kit (QIAGEN AG, Basel, Switzerland), and the DNA
sequence was confirmed on an ABI Prism 3100 Genetic Analyzer (Applied
Biosystems, Foster City, CA).
Immunofluorescence. Immunfluorescence experiments were performed as
reported previously (25). The PGC-1 (sc-5816; Santa Cruz Biotechnologies,
San Diego, CA) and PPAR-� (Dr. David Bell, The University of Nottingham,
U.K.) antibodies, respectively, were diluted 1:200 and 1:500 in PBS containing
0.5% BSA and 0.1% NaN3 and were visualized separately, using a donkey

TABLE 1
Primer sequences, PCR size, and annealing temperatures used for the PCR

Gene Sequence 5	-3	 Size (bp) Temperature

PGC-1 sense TCA GTC CTC ACT GGT GGA CA 351 62
anti TGC TTC GTC GTC AAA AAC AG

PPAR-� sense TGA ACG ATC AAG TGA CAT TGC 368 56
anti TGG GAA GAG AAA GAT ATC G

PPAR-�/� sense ATG GAG CAG CCA CAG GAG GAA GCC 201 58
anti GCA TGA GGC CCC GTC ACA GC

PPAR-� sense GAC CAC TCC CAC TCC TTT 257 62
anti CGA CAT TCA ATT GCC ATG AG

GLUT-4 sense CTT CGA GAC AGC AGG GGT AG 180 60
anti ATG ACT GTG GCT CTG CTC CT

CPT-1 sense TGA GGT GCT CTC GGA ACC CT 163 60
anti CTC GCC TGC AAT CAT GTA GG

Troponin-1 sense GGA GTC TGA GAA GTT CGA CCT GAT 80 60
anti TGG CTG ATG CGG TTG TAC A

COX4 sense CAT GTG GCA GAA GCA CTA TGT GT 80 60
anti GCC ACC CAC TCT TTG TCA AAG

�-Actin sense ACT GAC TAC CTC ATG AAG AT 535 56
anti CGT CAT ACT CCT GCT TGC TGA T
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anti-goat (IgG) and a goat anti-mouse (IgG) antibody, both conjugated with
Alexa Fluor 594 (Molecular Probes Europe, Leiden, the Netherlands) at a
concentration of 1:500, for 60 min at room temperature. Muscle fiber compo-
sition was determined by counting the number of positive fibers stained with
antibodies obtained from the Development Studies Hybridoma Bank, Univer-
sity of Iowa, raised against the human slow type I MHC (A4.84) and the fast IIa
MHC (N2.261), respectively (25). The muscle fibers that were not stained were
deemed to be MHC type IIx fibers. To determine the saturation point of the
fluorescence signals, we performed preliminary experiments using serial
dilutions of the primary and secondary antibodies. For the PGC-1 antibody,
which has previously been used for Western blot analysis (15), SAOS2-GR(
)
cells were infected with an adenovirus-expressing human PGC-1 (26) (Fig. 5)
and were used to determine incubation conditions and the specificity of the
antibody. A negative control for the PPAR-� antibody was performed by
incubating the sections with the preimmune serum, which resulted in no
signal. Negative controls, using only the secondary antibody, were also
performed in parallel and on the same glass slide as the experimental samples.
In addition, pre- and posttraining sections were placed on the same slide and
analyzed in duplicate. Sections were viewed and photographed using a Zeiss
Axiophot I microscope mounted with an Axiocam color CCD camera. The
specific fluorescence within each fiber was quantified using the Zeiss KS400
V3.0 program (25). Approximately 310 � 45 fibers were scanned for each
participant.
Statistics. Group data were presented as mean � SE. Paired t tests were used
to determine any changes in V̇O2max and gene expression changes after
training. A 2 (training status, between factor) � 3 (fiber types, within factor)
factor ANOVA was used to compare the influence of training status and fiber
type on PGC-1 and PPAR-� protein expression, respectively. When a signifi-
cant interaction between training status and fiber type was observed, stratified
analysis was used to locate the significant differences. To be specific, one-way
repeated measures ANOVA followed by contrasts were used to compare the

percentage changes in PGC-1 and PPAR-�, respectively, between type I, IIa,
and IIx muscle fibers, for the groups pre- and posttraining. The � level of
significance for the paired t tests was set at 0.05. The overall � level for the
ANOVA was set at 0.05, and the Sharpened Bonferroni method was used to
adjust the individual � level to significance of P � 0.0167 when multiple
testings were performed in the stratified analysis.

RESULTS

The participant data are presented in Table 2. Endurance
training increased V̇O2max by 10% and type I fibers by 18%
(P � 0.05). The increase in type I fibers was accompanied
by a decrease in both type IIa and IIx fibers by 12 and 7%,
respectively (P � 0.05).

Analysis of mRNA expression indicated that PGC-1 and
PPAR-� mRNA levels increased by 2.7- and 2.2-fold (P �
0.01), respectively, whereas PPAR-�/� and PPAR-� mRNA
did not change after endurance training (P � 0.05; Fig. 1).
Tn1-slow, CPT-1, COX4, GLUT4, and mRNA increased by
40, 75, 72, and 59%, respectively (P � 0.01; Fig. 2). �-Actin
mRNA did not change with training (pre- versus post-
training values; 5.9 � 0.9 vs. 6.3 � 0.7 AU; P � 0.05).

Immunofluorescence staining was performed using an-
tibodies that distinguish the different fiber types and with
antibodies against PGC-1 and PPAR-�. This enabled the
identification of PGC-1 and PPAR-� in the different fiber
types. Figure 3 shows a representative immunofluores-
cence stain of PGC-1 and PPAR-� before and after endur-
ance training. It can be observed that the level of
expression of PGC-1, both before and after endurance
training, is the highest in type IIa fibers, lower in the type
I fibers, and the lowest in the type IIx fibers, whereas the
level of PPAR-� was higher in type I than in both the type
II fibers (Figs. 3 and 4).

Quantification of the images indicated that before en-
durance training, PGC-1 protein levels in the type IIa fibers
were 2.2- and 6-fold greater than in the I and IIx fibers,

FIG. 1. The effect of 6 weeks of endurance running training on PGC-1 (A), PPAR-� (B), PPAR-�/� (C), and PPAR-� (D) mRNA. *Significantly
different from pretraining levels (P < 0.01).

TABLE 2
Subject characteristics

Variable Pretraining Posttraining

VO2max (ml � kg�1 � min�1) 55.5 � 4.3 61.8 � 6.2*
Type I (%) 51 � 10 69 � 12*
Type IIa (%) 33 � 13 21 � 8*
Type IIx (%) 16 � 12 9 � 5*

*Different from pretraining values (P � 0.05).
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respectively (P � 0.001), whereas PGC-1 was 2.5-fold
greater in the type I than in the type IIx fibers (P � 0.001).
After endurance training, PGC-1 protein content increased
by 2.8-fold in the type IIa fibers, an effect that was
significantly greater than the 1.5-fold increase measured in
both the type I and IIx fibers (P � 0.015; Fig. 4). In
contrast, before endurance training, PPAR-� levels were
1.9-fold greater in the type I than in the IIa and IIx fibers
(P � 0.001). No differences in the PPAR-� protein contents
were observed when comparing the type IIa with the type
IIx fibers (P � 0.05). After endurance training, PPAR-�
protein content increased by 3.0-fold in the type I fibers, an
effect that was significantly greater (P � 0.015) than the
1.5-fold increase in both the type IIa and IIx fibers (P �
0.01).

DISCUSSION

In the present study, we examined the effect of 6 weeks of
endurance training on the skeletal muscle gene expression
of PGC-1 and of PPAR-�, -�/�, and -� in humans. We also
studied, in the different muscle fiber types, the distribution
of PGC-1 and PPAR-� proteins before and after the 6-week
endurance training period. Two findings of our study are
novel. First, we showed that several weeks of whole-body
endurance training in humans induces a pronounced in-
crease in skeletal muscle PGC-1 and PPAR-� mRNA and
their encoded proteins. Second, we showed that before
and after endurance training, PGC-1 protein content is
greatest in type IIa, lower in type I, and lowest in type IIx
fibers, whereas PPAR-� protein content is greater in the
type I than in the type IIa and IIx fibers of the vastus
lateralis muscle.

Our observation of an increase in PGC-1 mRNA after 6
weeks of endurance training supports previous observa-
tions made in rats (15,17) but is in contrast with studies
performed in humans (18,19). These conflicting results are
most likely explained by the differences in the training

duration and intensity. Our results suggest that 6 weeks of
moderate- to high-intensity running endurance training is
required to stimulate an increase in PGC-1 mRNA. More
important, we showed for the first time that this same
training program can induce increases in the PGC-1 pro-
tein content in human skeletal muscle. The increase in
PGC-1, in the vastus lateralis muscle of our participants
after endurance training, was paralleled by a shift in fiber
composition toward a more oxidative type I muscle with
an increase in the percentage of type I fibers and a
decrease in the percentage of type IIa and IIx fibers. This
was supported by an increase in the mRNA expression of
Tn1-slow, a gene expressed mostly in slow oxidative
muscle fibers (27) and suggested to be regulated by PGC-1
(6). The greater percentage of type I fibers measured in the
vastus lateralis muscle after endurance training is in
support of previous observations made in endurance-
trained humans (28,29). Our observation of an increase in
PGC-1, in association with an increase in the percentage of
type I muscle fibers and Tn1-slow mRNA, supports previ-
ous findings of Lin et al. (6), who showed that overexpres-
sion of PGC-1 in the plantaris, a muscle consisting of
predominantly type II fibers, up to the level found in the
soleus, a muscle consisting of predominantly type I fibers,
induced a type II to type I fiber conversion as well as an
induction of Tn1-slow mRNA. These findings support the
idea that PGC-1 possibly controls the slow oxidative type
I muscle phenotype (6). Our findings also suggest that a
naturally caused induction of endogenous PGC-1 activity
may lead to similar phenotypes as experimentally raised
levels of PGC-1, which may be important not only for
increasing the content of type I fibers but also for improv-
ing insulin sensitivity.

The increase in PPAR-� mRNA and protein content after
the 6 weeks of endurance training performed in the
present study is in contrast with the results of Tunstall et
al. (19), who observed no change in PPAR-� mRNA in

FIG. 2. The effect of 6 weeks of endurance running training on troponin 1 (A), CPT-1 (B), COX4 (C), and GLUT4 (D) mRNA. *Significantly
different from pretraining levels (P < 0.01).
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humans after 9 days of endurance training, but in agree-
ment with those of Horowitz et al. (20), who observed a
twofold increase in PPAR-� protein content after 12 weeks
of endurance training. Again, these differences may be due
to the duration and intensity of the endurance training
performed. The metabolic stress caused by a short training
duration of 9 days at an intensity of 63% of V̇O2max may not
be sufficient to evoke an increase in PPAR-� gene tran-
scription (19) and, one can speculate, on PPAR-� protein
translation. The pretraining PPAR-� levels may be ade-
quate to increase the transcription of genes involved in
fatty acid oxidation, such as CPT-1 and FA translocase

(FAT/CD36), and therefore assist, in part, with the in-
creased fat oxidation that was observed after 9 days of
training (19). Our results suggest that if a longer training
period of at least 6 weeks at intensities between 60 and
80% of V̇O2max is performed, then an increase in PPAR-�
mRNA and protein levels is necessary to meet these
requirements. Indeed, this is supported by the 73% in-
crease in CPT-1 mRNA observed in the present study.

Unlike PPAR-� mRNA, PPAR-�/� and PPAR-� mRNA
were not changed after endurance training. This is the first
time that PPAR-�/� gene expression has been measured in
human skeletal muscle after endurance training. In mouse

FIG. 3. Triple-immunofluorescent staining of serial sections. For all images, type I muscle fibers are stained green, type IIa muscle fibers are
stained blue, and type IIx muscle fibers are unstained. Panels c and f show PGC-1 before and after endurance training, respectively. Panels i and
l show PPAR-� before and after endurance training, respectively.

FIG. 4. The expression of PGC-1 (A) and PPAR-� (B) protein contents in the different fiber types before and after endurance training. f, type
I fibers; p, type IIa fibers; �, type IIx fibers. *Significantly different from the other fibers in the same group (P < 0.0167); †significantly different
from the same fiber in the pretraining group.
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skeletal muscle, PPAR-�/� gene expression is severalfold
higher than PPAR-� and PPAR-� (9). In both human and
rodent myocytes (9) and in mouse white adipose tissue
(12), the activation of PPAR-�/� increases fatty acid oxi-
dation and induces the expression of lipid regulatory
genes. It is possible that the basal level of PPAR-�/� in
those who participated in the present study may have been
sufficient to regulate the genes that assist in the increase in
fat oxidation commonly observed after endurance training
(20,30,31). In addition, even though an increase in PPAR-
�/� mRNA was not observed, its activity would presum-
ably be higher as a consequence, of among others, the
increase in PGC-1. In contrast with our results, a small but
significant 20% decrease in PPAR-� mRNA was reported in
the study by Tunstall et al. (19) after 9 days of endurance
training. However, whether the 20% decrease in PPAR-�
mRNA was paralleled by a decrease in the PPAR-� protein
content was not determined. Again, the discrepancy be-
tween these studies may be due to the different training
protocols used. The downregulation of PPAR-� mRNA
may be an early but transient response to training. It is
possible that after prolonged endurance training, PPAR-�
mRNA returns to its pretraining levels.

Skeletal myofibrils differ greatly with respect to their
contractile and metabolic capabilities. In humans, the type
I fibers are highly oxidative with a slow contraction speed,
the type IIa fibers are considered an oxidative-glycolytic
fiber with intermediate contraction speed, and the IIx
fibers demonstrate a highly glycolytic metabolism and are
the most rapidly contracting fibers (21). This study is the
first to report the distribution of PGC-1 and PPAR-�
proteins in human muscle fiber types. PGC-1 protein levels
were the greatest in the type IIa fibers, lower in the type I
fibers, and the lowest in the type IIx fibers. As type I fibers
have the greatest mitochondrial content, it could have
been expected that the content of PGC-1, a coactivator of
mitochondria biogenesis, would be the highest in these
fibers. It has been suggested that the responsiveness to
stimuli of muscle fibers to alter their phenotype would
follow as such, type I7 type IIa7 type IIx (32). However,
in light of the ability of PGC-1 to induce mitochondrial
biogenesis (4), the greater PGC-1 content in the type IIa

fibers observed in the present study may entail part of the
mechanism, that when properly activated, promotes mito-
chondrial biogenesis and the switch of muscles to a type I
phenotype. This notion would be in agreement with the
findings of Howald et al. (33), who observed, after 6 weeks
of endurance training in humans, an increase in mitochon-
drial density in all three fiber types, with the greatest
increase occurring in the type IIa fibers, as compared with
the type I and IIx muscle fibers. Our observation of an
increase in the gene expression of the mitochondrial
marker COX4 supports previous observations made after
endurance training (34,35) and suggests that the increase
in PGC-1 in the present study resulted in an increased
mitochondrial biogenesis. In addition, the high levels of
PGC-1 in the type IIa fibers may be indicative that PGC-1
functions in other aspects of muscle metabolism. PGC-1
overexpression in C2C12 myoblasts increases both basal
and insulin-stimulated glucose uptake (5) and has been
shown to regulate gene expression of GLUT4, a glucose
transporter (5,15). Because obesity and diabetes are asso-
ciated with a decrease in the population of muscle type I
fibers and this change of phenotype has been postulated to
play a role in obesity/diabetes-related insulin resistance
(36), targeting PGC-1 in obese and diabetic patients may
increase their type I fiber phenotype and GLUT4 levels,
with a concomitant improvement in insulin sensitivity.
Indeed, endurance training has previously been shown to
increase the mRNA levels of GLUT4 in both healthy
(35,37) and diabetic patients (37), an observation sup-
ported by the 59% increase in GLUT4 mRNA in the present
study.

PPAR-� content was greater in the type I as compared
with the IIa and IIx fibers. Because PGC-1 acts as a
coactivator of PPAR-�, the simultaneous increase in
PGC-1 and PPAR-� levels in type I fibers would be
expected to lead to a robust increase in PPAR-� activity
per se. As PPAR-� is associated with the control of genes
involved in fatty acid metabolism, this would be, among
others, a mechanism contributing to the greater fatty acid
oxidative capacity of these fibers (38). In addition, the
increase in PPAR-� content in all fiber types would play a
role in the improved oxidative capacity after endurance
training (39). An increase in PPAR-� activity has been
shown to improve muscle insulin responsiveness (40).
Therefore, our observed increase in PPAR-� in response to
endurance training may be another factor contributing to
the improved skeletal muscle insulin sensitivity observed
after endurance training (41,42).

In summary, the present results show that in human
skeletal muscle, endurance training induces an increase in
both PGC-1 and PPAR-� mRNA as well as in PGC-1 and
PPAR-� protein contents in the type I, IIa, and IIx fiber
types. PGC-1 is expressed the most in type IIa as compared
with type I and IIx fibers, whereas PPAR-� is expressed
the most in type I as compared with type IIa and IIx fibers.
The fiber type differences in PGC-1 and PPAR-� remain
after endurance training. The increase in PGC-1 was also
associated with a shift toward an increased type I muscle
fiber phenotype, which supports the role, previously ob-
served in transgenic mice, that PGC-1 acts as a co-
activator of oxidative type I muscle fibers in humans. In
addition, endurance training increased the gene expres-

FIG. 5. Immunostaining of SAOS2-GR(�) cells, noninfected (a and c)
and infected with a PGC-1–expressing adenovirus (b and d). Nuclei
DAPI staining in a and b and staining with the PGC-1 antibody in c and
d.
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sion of target genes of PGC-1, including troponin-1, COX4,
and GLUT4, and of PPAR-�, such as CPT-1. Combined, our
results suggest that the increases in muscle mitochondria
content, type I muscle fiber phenotype, oxidative capacity,
and insulin sensitivity, induced by endurance training,
might be mediated by increases in PGC-1 and PPAR-� and
their nuclear encoded target genes.
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humaine pour la santé publique et les recherches médicales.
This work was also supported by the Swiss National Science
Foundation Grant 31-54306.98 and the Fondation Suisse de
Recherche sur les Maladies Musculaires.

We thank the volunteers for commitment and enthusi-
asm, Ingrid Tofor and Chantal Ansiaux for assistance with
the muscle biopsies, and Patrick Crettenand for expertise
in supervising all of the training sessions.

REFERENCES

1. Hara K, Tobe K, Okada T, Kadowaki H, Akanuma Y, Ito C, Kimura S,
Kadowaki T: A genetic variation in the PGC-1 gene could confer insulin
resistance and susceptibility to type II diabetes. Diabetologia 45:740–743,
2002

2. Vega RB, Huss JM, Kelly DP: The coactivator PGC-1 cooperates with
peroxisome proliferator-activated receptor alpha in transcriptional control
of nuclear genes encoding mitochondrial fatty acid oxidation enzymes. Mol

Cell Biol 20:1868–1876, 2000
3. Puigserver P, Wu Z, Park CW, Graves R, Wright M, Spiegelman BM: A

cold-inducible coactivator of nuclear receptors linked to adaptive thermo-
genesis. Cell 92:829–839, 1998

4. Wu Z, Puigserver P, Andersson U, Zhang C, Adelmant G, Mootha V, Troy A,
Cinti S, Lowell B, Scarpulla RC, Spiegelman BM: Mechanisms controlling
mitochondrial biogenesis and respiration through the thermogenic coacti-
vator PGC-1. Cell 98:115–124, 1999

5. Michael LF, Wu Z, Cheatham RB, Puigserver P, Adelmant G, Lehman JJ,
Kelly DP, Spiegelman BM: Restoration of insulin-sensitive glucose trans-
porter (GLUT4) gene expression in muscle cells by the transcriptional
coactivator PGC-1. Proc Natl Acad Sci U S A 98:3820–3825, 2001

6. Lin J, Wu H, Tarr PT, Zhang CY, Wu Z, Boss O, Michael LF, Puigserver P,
Isotani E, Olson EN, Lowell BB, Bassel-Duby R, Spiegelman BM: Tran-
scriptional co-activator PGC-1 alpha drives the formation of slow-twitch
muscle fibres. Nature 418:797–801, 2002

7. Kliewer SA, Forman BM, Blumberg B, Ong ES, Borgmeyer U, Mangelsdorf
DJ, Umesono K, Evans RM: Differential expression and activation of a
family of murine peroxisome proliferator-activated receptors. Proc Natl

Acad Sci U S A 91:7355–7359, 1994
8. Brandt JM, Djouadi F, Kelly DP: Fatty acids activate transcription of the

muscle carnitine palmitoyltransferase I gene in cardiac myocytes via the
peroxisome proliferator-activated receptor alpha. J Biol Chem 273:23786–
23792, 1998

9. Muoio DM, MacLean PS, Lang DB, Li S, Houmard JA, Way JM, Winegar DA,
Corton JC, Dohm GL, Kraus WE: Fatty acid homeostasis and induction of
lipid regulatory genes in skeletal muscles of peroxisome proliferator-
activated receptor (PPAR) alpha knock-out mice: evidence for compensa-
tory regulation by PPAR delta. J Biol Chem 277:26089–26097, 2002

10. Gilde AJ, Van Der Lee KA, Willemsen PH, Chinetti G, Van Der Leij FR, Van
Der Vusse GJ, Staels B, Van Bilsen M: Peroxisome proliferator-activated
receptor (PPAR) alpha and PPAR beta/delta, but not PPAR gamma,
modulate the expression of genes involved in cardiac lipid metabolism.
Circ Res 92:518–524, 2003

11. Kliewer SA, Willson TM: The nuclear receptor PPAR�—bigger than fat.
Curr Opin Genet Dev 8:576–581, 1998

12. Wang YX, Lee CH, Tiep S, Yu RT, Ham J, Kang H, Evans RM: Peroxisome-
proliferator-activated receptor delta activates fat metabolism to prevent
obesity. Cell 113:159–170, 2003

13. Holloszy JO, Coyle EF: Adaptations of skeletal muscle to endurance exercise
and their metabolic consequences. J Appl Physiol 56:831–838, 1984

14. Dela F, Mikines KJ, von Linstow M, Secher NH, Galbo H: Effect of training

on insulin-mediated glucose uptake in human muscle. Am J Physiol

263:E1134–E1143, 1992
15. Baar K, Wende AR, Jones TE, Marison M, Nolte LA, Chen M, Kelly DP,

Holloszy JO: Adaptations of skeletal muscle to exercise: rapid increase in
the transcriptional coactivator PGC-1. FASEB J 16:1879–1886, 2002

16. Terada S, Goto M, Kato M, Kawanaka K, Shimokawa T, Tabata I: Effects of
low-intensity prolonged exercise on PGC-1 mRNA expression in rat
epitrochlearis muscle. Biochem Biophys Res Commun 296:350–354, 2002

17. Goto M, Terada S, Kato M, Katoh M, Yokozeki T, Tabata I, Shimokawa T:
cDNA Cloning and mRNA analysis of PGC-1 in epitrochlearis muscle in
swimming-exercised rats. Biochem Biophys Res Commun 274:350–354, 2000

18. Pilegaard H, Saltin B, Neufer PD: Exercise induces transient transcrip-
tional activation of the PGC-1� gene in human skeletal muscle. J Physiol

546:851–858, 2003
19. Tunstall RJ, Mehan KA, Wadley GD, Collier GR, Bonen A, Hargreaves M,

Cameron-Smith D: Exercise training increases lipid metabolism gene
expression in human skeletal muscle. Am J Physiol Endocrinol Metab

283:E66–E72, 2002
20. Horowitz JF, Leone TC, Feng W, Kelly DP, Klein S: Effect of endurance

training on lipid metabolism in women: a potential role for PPAR� in the
metabolic response to training. Am J Physiol Endocrinol Metab 279:E348–
E355, 2000

21. Schiaffino S, Reggiani C: Molecular diversity of myofibrillar proteins: gene
regulation and functional significance. Physiol Rev 76:371–423, 1996

22. Bergstrom J, Hultman E: The effect of exercise on muscle glycogen and
electrolytes in normals. Scand J Clin Lab Invest 18:16–20, 1966

23. Russell A, Wadley G, Snow R, Giacobino JP, Muzzin P, Garnham A,
Cameron-Smith D: Slow component of [V]O(2) kinetics: the effect of
training status, fibre type, UCP3 mRNA and citrate synthase activity. Int J

Obes Relat Metab Disord 26:157–164, 2002
24. Murakami T, Shimomura Y, Fujitsuka N, Nakai N, Sugiyama S, Ozawa T,

Sokabe M, Horai S, Tokuyama K, Suzuki M: Enzymatic and genetic
adaptation of soleus muscle mitochondria to physical training in rats. Am J

Physiol 267:E388–E395, 1994
25. Russell A, Wadley G, Hesselink MK, Schaart G, Léger B, Garnham A,
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