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Exercise induces transient transcriptional activation of the
PGC-1a gene in human skeletal muscle
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Endurance exercise training induces mitochondrial biogenesis in skeletal muscle. The peroxisome
proliferator activated receptor co-activator 1l (PGC-1a) has recently been identified as a nuclear
factor critical for coordinating the activation of genes required for mitochondrial biogenesis in cell
culture and rodent skeletal muscle. To determine whether PGC-1a transcription is regulated by
acute exercise and exercise training in human skeletal muscle, seven male subjects performed
4 weeks of one-legged knee extensor exercise training. At the end of training, subjects completed 3 h
of two-legged knee extensor exercise. Biopsies were obtained from the vastus lateralis muscle of
both the untrained and trained legs before exercise and after 0, 2, 6 and 24 h of recovery. Time to
exhaustion (2 min maximum resistance), as well as hexokinase II (HKII), citrate synthase and
3-hydroxyacyl-CoA dehydrogenase mRNA, were higher in the trained than the untrained leg prior
to exercise. Exercise induced a marked transient increase (P < 0.05) in PGC-1« transcription (10- to
>40-fold) and mRNA content (7- to 10-fold), peaking within 2 h after exercise. Activation of
PGC-1a was greater in the trained leg despite the lower relative workload. Interestingly, exercise did
not affect nuclear respiratory factor 1 (NRF-1) mRNA, a gene induced by PGC-1« in cell culture.
HKII, mitochondrial transcription factor A, peroxisome proliferator activated receptor «, and
calcineurin Ao and Af mRNA were elevated (~2- to 6-fold; P < 0.05) at 6 h of recovery in the
untrained leg but did not change in the trained leg. The present data demonstrate that exercise
induces a dramatic transient increase in PGC-1a transcription and mRNA content in human
skeletal muscle. Consistent with its role as a transcriptional coactivator, these findings suggest that
PGC-1a may coordinate the activation of metabolic genes in human muscle in response to exercise.
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Endurance exercise training enhances the oxidative be altered in skeletal muscle in response to

capacity and metabolic efficiency of skeletal muscle (Saltin
& Gollnick, 1983). This adaptive response is in part attributed
to the training-induced increase in expression of proteins
involved in the transport and oxidation of metabolic
substrates and an overall increase in mitochondrial
content (Booth & Baldwin, 1996; Williams & Neufer, 1996).
The underlying process responsible for these cellular
adaptations appears to result at least in part from the
cumulative effects of transient changes in gene expression
that occur in response to each exercise bout (Williams &
Neufer, 1996; Hood, 2001).

A number of factors, including calcium, energy charge
(AMP/ATP), redox state (NAD/NADH), oxygen tension,
mechanical stretch, neuroregulatory peptides, free radicals,
growth factors, and cytokines (IL-6), are all known to

exercise/contractile activity (reviewed in Booth & Baldwin,
1996; Williams & Neufer, 1996; Olson & Williams, 2000;
Winder, 2001; Scarpulla, 2002). Although a number of these
initiating stimuli activate specific signalling pathways, the
molecular mechanism(s) linking exercise to the
transcriptional regulation of exercise-responsive genes
remains to be fully elucidated. Among the most promising of
nuclear proteins thought to be involved in providing this link
are nuclear respiratory factor-1 (NRF-1) and nuclear
respiratory factor-2c (NRF-2c). NRE-1and NRF-2a bind to
and activate the promoters of various nuclear genes that
encode for components of the respiratory chain in the
mitochondria as well as factors required for mitochondrial
DNA transcription and replication (Scarpulla, 2002).
Knockout of the NRF-1 gene severely limits mitochondrial
DNA formation and is lethal during early embryonic



5
S
S

(7%
i
A
s
=

-

~

3
~

852 H. Pilegaard, B. Saltin and P. D. Neufer

development (Huo & Scarpulla, 2001), suggesting that
NREF-1 plays a vital role during mitochondrial biogenesis.
Although NRF-1 mRNA has been reported to increase by
~35 % in soleus muscle of rats in response to an acute bout of
exercise (Murakami et al. 1998), the potential role(s) that
NRF-1 or NRF-2« may play in mediating gene activation
and mitochondrial biogenesis in response to endurance
exercise training in humans has not been investigated.

In addition to the NRFs, a transcriptional coactivator
of peroxisome proliferator activated receptor gamma
(PPARYy), known as PGC-1e, has recently emerged as a
regulatory factor thought to be involved in coordination of
the activation of nuclear genes that encode for mitochondrial
proteins in several tissues including skeletal muscle
(Scarpulla, 2002). PGC-1a does not bind to DNA itself but
rather interacts with selected transcription factors already
bound to the promoter region of target genes. The positive
effects of PGC-la on transcription are thought to be
mediated by its ability to bind to specific transcription
factors (e.g. NRF-1 and myocyte enhancer factor 2c
(MEF2c)), recruit additional coactivators that possess
intrinsic histone acetyl transferase activity, and bind RNA
polymerase IT and various splicing factors, thereby enhancing
the overall efficiency of the transcriptional machinery
(reviewed in Puigserver et al. 1999; Knutti & Kralli, 2001).
Over-expression of PGC-la induces mitochondrial
biogenesis in both skeletal myocytes grown in culture and
in cardiac muscle of transgenic mice (Wu et al. 1999;
Lehman et al. 2000), a response that in myotubes is
associated with a dramatic induction of NRF-1 and NRF-
2a (Wu et al. 1999). In mice, forced expression of PGC-1a
specifically in skeletal muscle causes the muscle to appear
much redder, increases expression of the slow troponin I
and myoglobin genes (two genes normally expressed only
at low levels in type II fibres), and increases the expression
of several genes involved in mitochondrial oxidative
metabolism (Lin et al. 2002). Collectively these findings
provide evidence that increased expression of the
endogenous PGC-1a gene is critical for the activation of
genes involved in oxidative metabolism in skeletal muscle.

The purpose of the present study was to test in humans the
hypothesis that prolonged exercise activates transcription
and/or mRNA content of the NRF and PGC-1a genes in
skeletal muscle, and to determine whether such a response
is dependent on the training state of the muscle. In
addition, the effects of exercise and exercise training on the
mRNA expression of two other candidate transcription
factors, PPARa and mitochondrial transcription factor A
(mtTFA, also known as TFAM), were also determined.
Finally, in the light of recent evidence suggesting that
activation of the calcium—calmodulin-dependent protein
kinase (CaMK) signalling pathway induces mitochondrial
biogenesis via PGC-1a (Lin et al. 2002; Wu et al. 2002), we
also examined whether the mRNA expression of components
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of the calcium signalling system (CaMKI and calcineurin)
are influenced by exercise and exercise training. Subjects
performed 4 weeks of one-legged knee extensor exercise
after which the molecular responses to 3 h of two-legged
knee extensor exercise were compared in the untrained
and trained leg.

METHODS

Subjects

Seven healthy, normally physically active subjects not involved in
any type of endurance activities participated in the present study.
The subjects ranged in age from 19 to 24 years and had an average
height of 184 3 cm (mean +s.E.M.) and a mean weight of
84 + 7 kg. After being given both written and oral information on
the experimental protocol and procedures, the subjects gave their
informed, written consent to participate. The study conformed
with the guidelines laid down in the Declaration of Helsinki and
was approved by the Copenhagen and Frederiksberg Ethics
Committee, Denmark and the Human Investigations Committee,
Yale University, USA.

Experimental design

A modified bicycle ergometer (Andersen et al. 1985) was applied
for both one-legged and two-legged knee extensor exercise. Before
initiating the training period, each of the subjects completed a
one-legged knee extensor exercise performance test with each leg
separately to determine the maximal load that could be
maintained for 2 min (2 min max) (Pilegaard et al. 2002). The leg
to be trained was randomly chosen. The subjects trained 5 days per
week for 4 weeks by one-legged knee extensor exercise. The first
training session was performed at 70% of 2 min max until
exhaustion (~1 h). As performance improved, the resistance was
increased keeping the duration approximately the same.

The subjects were provided with a standardized dinner and
evening snack meal the day before the experiment. On the day of
the experiment, the subjects arrived at the laboratory after
consuming a light breakfast. A resting muscle biopsy was taken
(~2.5 h after breakfast) from the middle portion of the vastus
lateralis muscle of each leg using the percutaneous needle biopsy
technique with suction (Bergstrom, 1962). The subjects performed
two-legged knee extensor exercise for 3 h at the one-legged 2 min
max of the untrained leg (i.e. per leg, 50 % of the 2 min max of the
untrained leg). Additional muscle biopsies were obtained from
both legs at the end of exercise and after 2, 6 and 24 h of recovery.
Food intake was restricted throughout the experiment until after
the 6 h biopsy after which the subjects were provided with
standardized meals including dinner and breakfast the next
morning (2.5h before the 24 h biopsy). Force development
during the 3 h exercise bout was recorded for each leg using a force
transducer connected to a strain-gauge amplifier showing that the
two legs performed similar amounts of work.

Muscle analyses

The major part of the muscle biopsies (~110-130 mg) was used
for determining transcriptional activity. The remaining portion of
the biopsy was frozen in liquid N, for RNA analysis. Samples were
stored at—80°C.

Isolation of nuclei

Nuclei were isolated from fresh muscle biopsies as previously
described (Pilegaard et al. 2000). In brief, the muscle tissue was
rapidly placed in a pre-cooled aluminum block, weighed and
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Table 1. Primer and probe sequences used for real-time PCR

Gene Forward primer Reverse primer

PGC-la 5-CAAGCCAAACCAACAACTTTATCTCT-3 5-CACACTTAAGGTGCGTTCAATAGTC-3
NRF-1 5"-GGCACTGTCTCACTTATCCAGGTT-3 5"-CAGCCACGGCAGAATAATTCA-3’
NRF-2a 5-AAATTGAGATTGATGGAACAGAGAA-3’ 5-TATGGCCTGGCTTACACATTCA-3’
mtTFA 5-AGATTCCAAGAAGCTAAGGGTGATT-3 5-TTTCAGAGTCAGACAGATTTTTCCA-3’
PPARa 5-AGCTTTGGCTTTACGGAATACCA-3’ 5-CCACAGGATAAGTCACCGAGGA-3’

Cal Bl 5"-CACAGATGGGAATGGAGAAGTAGA-3’ 5’-GCAAACCTCAATTTCTGCTCCTT-3
Cal Ax 5-GAGGGTGCATCAATTCTTCGA-3 5-CAAATCAAAGAATTGTCCATGAATGT-3’
CalApg 5-AGTGCCACAGTTGAGGCTATTGA-3’ 5-CCAAACCCTTTGCCTCTTCA-3’

CaMKI 5-TTGCTGGTCCATAGGTGTCATC-3 5-AGAGTTTGGCATCATTCTCGTCAT-3’
HKII 5-TTGTCCGTAACATTCTCATCGATT-3 5 -TGTCTTGAGCCGCTCTGAGAT-3’

CS 5-GACTACATCTGGA ACACACTCAACTCA-3" 5-CGCGGATCAGTCTTCCTTAGTAC-3
HAD 5-CATAGCGACCAGCACGGAT-3’ 5-GATGGCTTCCACCACCAAGT-3’

Gene Probe

PGC-la 5"-AGTCACCAAATGACCCCAAGGGTTCC-3

NRF-1 5"-ACCACGGTCACCGTTGCCCAA-3’

NRF-2a 5-AAGCATTGTAGAACAAACCTACGCGCCAG-3’

mtTFA 5-CCGCAGGAAAAGCTGAAGACTGTAAAGGA-3’

PPARa 5-TCACGGACACGCTTTCACCAGCTTC-3’

CalB1 5-TTTAAAGAATTCATTGAGGGCGTCTCTCAGTTC-3

Cal Ax 5-ACAAACAGTGACTGGCGCATCAATATCCA-3’

CalAp 5-AAGCAATACGAGGATTCTCTCCACCACATAGAA-3’

CaMKI 5"-CCTACATCTTGCTCTGCGGTTACCCTCC-3’

HKII 5-ACCAAGCGTGGACTGCTCTTCCGA-3’

CS 5-ACGGGTTGTTCCAGGCTATGGCCA-3

HAD 5-CAGCCTCCGTTGTCCACAGCACA-3’

PGC-1a, peroxisome proliferator activated receptor gamma co-activator la; NRF-1, nuclear respiratory
factor 1; NRF-2a, nuclear respiratory factor 2a; mtTFA, mitochondrial transcription factor A; PPARa,
peroxisome proliferator activated receptor a; Cal B1, calcineurin subunit B1; Cal Aa, calcineurin subunit Aa;
Cal Ag, calcineurin subunit A#; CaMKI, calcium—calmodulin-dependent protein kinase I; HKII, hexokinase
II; CS, citrate synthase; HAD, 3-hydroxyacyl-CoA dehydrogenase.

placed in ice-cold buffer. The tissue was thoroughly minced, gently
homogenized and the nuclei spun down. The crude nuclear pellet
was gently resuspended in buffer containing Triton X-100 and
filtered through pre-wetted cheesecloth. Nuclei were repelleted
and gently resuspended in rinsing buffer. The final nuclear pellet
was resuspended in 200 ul of storage buffer, quick-frozen in liquid
N,, and stored at— 80 °C.

Isolation of gDNA

Genomic DNA (gDNA) was isolated from 20 ul of each nuclei
preparation as previously described (Hildebrandt & Neufer, 20005
Pilegaard et al. 2000). Final gDNA pellets were resuspended
overnight (4°C) in 50 pl nuclease-free water containing 0.1 mMm
EDTA, 10 mm Tris (pH 8.0). The relative gDNA content of the
nuclei samples was determined by PCR amplification of the 18S
gene (described below: Reverse transcription and PCR), and used
to adjust the volumes of the nascent RNA transcript samples for
differences in nuclei content prior to the nuclear run-on reaction.

Nuclear run-on

Relative transcriptional activity of the selected genes was
determined by a reverse transcription (RT)-PCR-based nuclear
run-on technique as previously described (Hildebrandt & Neufer,
2000; Pilegaard et al. 2000). Briefly, incomplete transcripts were
allowed to proceed to completion in the presence of non-
radioactive nucleotides ATP, CTP, GTP and UTP. After lysing the
nuclei, nuclear proteins and genomic DNA were enzymatically
digested by proteinase K and DNase I, respectively, and nascent

RNA transcripts were isolated by extraction (TriZol, Invitrogen)
and precipitation. The RNA product was then subjected to a
second DNase digestion and precipitation followed by thorough
rinsing and resuspension overnight (4°C) in 22 ul of diethyl
pyrocarbonate (DEPC)-treated H,O containing 0.1 mM EDTA
and 10 mm Tris (pH 8.0).

RNA isolation

Total RNA was isolated from ~20 mg of tissue by a modified
guanidinium thiocyanate—phenol—chloroform extraction method
adapted from Chomczynski & Sacchi (1987) and described
previously (Pilegaard et al. 2000). RNA was resuspended overnight
(4°C) in 2 pl (mg original tissue weight) ™' of DEPC-treated H,O
containing 0.1 mM EDTA.

Reverse transcription and PCR

Reverse transcription of both nascent RNA (from the nuclear run-
on reactions) and of total RNA was performed using the
Superscript II RNase H-system (Invitrogen) as previously described
(Hildebrandt & Neufer, 2000; Pilegaard et al. 2000). RT products
of nascent nuclear run-on RNA were diluted with nuclease-free
H,0 based on the relative gDNA content of each nuclei
preparation, with the average volume set to 150 ul. For the RT
products from total RNA samples, each sample originating from
11 plof total RNA was diluted to a total of 150 ul.

Nascent RNA transcripts, gDNA of nuclei samples, and mRNA
were determined by real-time PCR (ABI PRISM 7700 Sequence
Detection System, Applied Biosystems). Forward and reverse
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primers and the TagMan probe were designed from human specific
sequence databases (Entrez-NIH and Ensembl, Sanger Institute),
using computer software (Primer Express, Applied Biosystems) and
are given in Table 1. For each of the genes, a Blast Search revealed that
sequence homology was obtained only for the target gene. One
oligonucleotide from each set was designed to span an exon—exon
junction, eliminating the possibility of amplifying genomic DNA.
All  self-designed TaqMan probes were labelled with
5'-6-carboxyfluorescein (FAM) and 3’-6-carboxy-N,N,N’,N -
tetramethylthodamine (TAMRA). Prior optimization was
conducted for each set of self-designed oligonucleotides, which
consisted of determining optimal primer concentrations, the probe
concentration and verifying the efficiency of the amplification.
GAPDH transcription and GAPDH mRNA were amplified using a
5-VIC- and 3-TAMRA-labelled pre-developed assay reagent
(Applied Biosystems). Validating tests were performed to ensure
that the amplification efficiency was similar for each of the target
genes and the endogenous control (GAPDH). Finally, the relative
nuclei content of the gDNA samples was determined by amplifying
the 18S gene usinga 5’-VIC- and 3"-TAMRA-labelled pre-developed
assay reagent designed to amplify genomic DNA (Applied
Biosystems). PCR amplification was performed (in triplicate) as
singleplex reactions in a total reaction volume of 25 ul. The reaction
mixture consisted of 2.5 ul diluted template, the TagMan probe
and forward and reverse primers as determined from the prior
optimization procedure, nuclease-free water and 2xTaqMan
Universal MasterMix (Applied Biosystems) containing AmpliTaq
Gold DNA polymerase, AmpErase uracil N-glycosylase, dNTPs
with dUTP, ROX as passive reference and buffer components. An
identical PCR cycle profile was used for all genes: 50°C for
2 min + 95°C for 10 min + [95°C for 15s+ 60°C for 1 min] X
40 cycles. Data were analysed using a comparative critical threshold
(Ct) method where the amount of target normalized to the amount
of endogenous control and relative to the control sample is given by
27 (Applied Biosystems). For each subject, all samples were run
together allowing relative comparisons of the samples from a given
subject.
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Statistics

Transcriptional activity and mRNA content were normalized to
GAPDH transcription and mRNA levels, respectively, and
samples were expressed relative to the corresponding untrained
pre-exercise sample, which was set to 1. Values are means + S.E.M.
Two-way ANOVA for repeated measures was used to evaluate the
effect of time and training state on the response of transcription
and mRNA content and one-way ANOVA for repeated measures
was used to evaluate the effect of time for each leg separately.
Student-Newman-Keuls post hoc test was used to locate differences.
A paired t test was used to compare pre-exercise transcription and
pre-exercise mRNA content in the untrained and the trained legs.
Differences were considered significant at P < 0.05.

RESULTS

Performance

After training, knee extensor exercise at the load used in
the first training session (70 % of 2 min max load) could
easily be sustained for more than 100 min with the trained
leg (before training, exhaustion occurred after ~60 min).
Average time to exhaustion in an all-out bout at ~110 % of
the 2 min max resistance of the untrained leg was
significantly (P < 0.05) improved by training (3.6 = 0.7 min
for untrained and 7.2 + 1.7 min for trained).

Transcription

Prior to exercise, transcription of the PGC-1a gene was
~10-fold higher (P < 0.05) in the trained leg than in the
untrained leg (Fig. 1). In the untrained leg, PGC-la
increased in response to exercise in all subjects, although
the timing and magnitude of increase varied considerably
among subjects such that mean changes in PGC-la
transcription were not significant. In the trained leg, exercise
also induced a marked transient increase (P < 0.05) in

15
o §
o *
'_
-}
§o)
.g 10 * *
©
°
<
§ *
c 5
3
1)
(O]
= oL ]
Pre o' 2h 6h 24h

Figure 1. Transcription and mRNA content of peroxisome proliferator activated receptor
co-activator 1a (PGC-1a) in untrained and trained legs in response to 3 h of two-legged knee

extensor exercise

Muscle biopsies were obtained from both legs before (Pre), immediately at the end of exercise (0") and after
2, 6 and 24 h of recovery. The PGC-1a response was normalized to GAPDH transcription and mRNA,
respectively, and expressed relative to the pre-exercise value in the untrained leg (Untrained Pre), which was
set to 1. Values are means * S.E.M., n = 5-7. * Significantly different from Pre in the same leg (P < 0.05).

§ Different from Untrained (P < 0.05).
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Table 2. The mRNA content of selected mitochondrial proteins, transcription factors and
calcium signalling proteins in response to exercise

Pre 2h 6h 24h
Transcription factors
NREF-1 urT 1 1.240.1 1.010.1 1.7+0.5 0.840.1
T 1.210.2 1.0£0.1 1.2+0.2 1.1£+0.1 1.4+0.4
NREF-2a uT 1 1.5+0.4 2.00.7 3.0+0.8 2.0+0.6
T 1.7£0.5 2.010.6 1.94+0.7 1.91+0.5 1.8+0.4
mtTFA ur 1 1.8+0.4 1.8+0.5 3.4+0.8% 1.5+0.3
T 1.6+0.4 1.7+0.3 2.2+0.4 1.9+0.4 2.1%+0.7
PPARa uT 1 1.1+0.1 1.00.1 1.5+0.3 1.1+0.2
T 1.1+0.2 0.840.1 1.8+0.5 1.8£0.2* 0.8+0.2
Ca® signalling proteins
Calcineurin Aae  UT 1 1.310.3 1.1+0.2 2.510.6* 1.310.2
T 1.5+0.3 1.0+0.2 1.5+0.3 1.7+0.3 1.4+0.5
Calcineurin Ag  UT 1 1.2+0.2 0.910.1 1.6+0.3% 0.910.1
T 1.0+0.2 1.4+0.6 1.2+0.4 0.91+0.2 0.840.1
Calcineurin B1 UT 1 1.2+0.2 1.1+0.2 1.21£0.2 1.210.1
T 1.4+0.3 0.940.1 1.240.2 1.0+0.1 0.940.1
CaMKI uT 1 1.5+0.3 1.5+0.2 2.240.7 1.3+0.2
T 2.310.3F 1.8+0.3 2.6+0.8 2.1+0.5 2.5+0.8
Metabolic enzymes
HKII urT 1 22404 4.0%1.7 6.2+2.3% 1.1+0.1
T 2.2+0.41 4.5+1.3% 4.5%1.3 4.6%+1.0 2.7+0.7
CS uT 1 1.1£0.1 1.1+£0.1 1.210.2 1.210.1
T 1.5+0.1F 1.4+0.2 1.7+0.2F 1.3+0.1 1.4+0.2
HAD uT 1 1.2+0.2 1.240.2 1.5+0.4 0.840.1
T 1.7£0.2F 2.010.7 1.9+0.4 1.3+0.3 1.4+0.5

The mRNA content of the transcription factors nuclear respiratory factor 1 (NRF-1), nuclear
respiratory factor 2a (NRF-2a), mitochondrial transcription factor A (mtTFA) and peroxisome
proliferator activated receptor a (PPARa), selected calcium-signalling proteins calcineurin subunit
Aa, calcineurin subunit Af, calcineurin subunit Bl and CaMKI (calcium—calmodulin-dependent
protein kinase I), and the metabolic enzymes hexokinase II (HKII), citrate synthase (CS) and
3-hydroxyacyl-CoA dehydrogenase (HAD) in the untrained (UT) and trained (T) leg before (Pre) and
immediately after (0°) exercise and at 2, 6 and 24 h of recovery from 3 h of two-legged knee extensor
exercise. Values are presented as fold changes relative to Pre, which was set to 1. Values are
means + $.E.M. * Significantly different from Pre in the same leg, P <0.05; T significantly different

from untrained leg, P < 0.05.

PGC-1a transcription, peaking immediately after exercise
(>40-fold over the pre-exercise value in the untrained
leg). Although relative workload was much lower in the
trained leg, PGC-la transcription was significantly
(P <0.05) higher in the trained compared with the
untrained leg immediately after exercise.

Content of mRNA

Muscle PGC-la mRNA content was similar in the
untrained and trained leg before exercise (Fig. 1). In
response to exercise, PGC-1a mRNA increased (P < 0.05)
during recovery, peaking in both the untrained (7-fold)
and the trained (10-fold) leg 2 h after exercise. This
increase in PGC-la mRNA was transient in both legs,
returning to resting levels within 24 h after exercise.
PGC-1la mRNA was significantly higher in the trained
than in the untrained leg after 2 h of recovery.

To determine the effect of exercise and exercise training on
the mRNA content of transcription factors associated with
mitochondrial biogenesis, we also measured the mRNA
content of NRF-1, NRF-2a, mtTFA and PPAR« (Table 2).
NRF-1 and NRF-2a mRNA were not different in the
untrained and trained legs before exercise and failed to
show any significant increase in response to exercise
(Table 2). Exercise did induce a significant (P < 0.05)
increase in mtTFA (>3-fold) and PPARa (1.8-fold)
mRNA in the untrained leg at 6 h of recovery (Table 2).

The Ca’*-activated proteins calcineurin and CaMK have
recently been implicated in the control of mitochondrial
gene expression in skeletal muscle (Lin et al. 2002; Wu et al.
2002). In the present study, exercise induced small but
significant (P < 0.05) increases in the mRNA content of
the catalytic calcineurin Ae (2.5-fold) and calcineurin AB
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(1.6-fold) subunits at 6 h of recovery in the untrained leg,
but no changes were observed in the trained leg (Table 2).
Although CaMKI mRNA was elevated in the trained leg
before exercise (~2-fold), exercise did not affect CaMXKI or
calcineurin B1 regulatory subunit mRNA.

Before exercise, the mRNA content of hexokinase II
(HKII), citrate synthase (CS) and 3-hydroxyacyl-CoA
dehydrogenase (HAD) were all signficantly (P < 0.05)
increased in the trained leg (1.5- to 2.2-fold; Table 2). In
response to exercise, HKII mRNA increased dramatically
in the untrained leg, peaking 6 h after exercise (~6-fold)
while in the trained leg, HKII mRNA was ~2- to 5-fold
higher than pre-exercise untrained levels at all time points
(Table 2). Training induced a significant overall increase
in CS mRNA (main effect, P = 0.025), although no specific
increase in CS or HAD mRNA was detected in response to
exercise in either the untrained or trained leg.

Enzyme activity

Basal CS activity averaged 17.9 + 1.2 umol min™" g"'in the
untrained legand 21.7 + 0.9 gmol min™" g™' in the trained
leg, a difference of 22% (P <0.1). Analyses of resting
samples (pre-exercise) from the trained and untrained legs
revealed that the difference in CS activity between the two
legs was highly correlated with the difference in CS mRNA
(R =0.85, P < 0.05).

DISCUSSION

The main finding of the present study is that prolonged
exercise induces a marked increase in transcription and
mRNA content of the transcription factor coactivator
PGC-1a in skeletal muscle of humans. The induction of
PGC-1la was transient, peaking within the first 2 h after
exercise. Interestingly, PGC-1a transcription and mRNA
reached significantly higher levels in the trained leg despite
the fact that the relative work intensity during the
experiment was much lower for the trained than the
untrained leg. These findings suggest that the mechanisms
regulating the exercise-induced activation of the PGC-1a
gene in muscle may become more ‘sensitive’ to exercise with
endurance training.

PGC-la was originally cloned using a yeast two-hybrid
system to identify proteins in brown adipose cells that
interact with the PPARYy transcription factor (Puigserver et
al. 1998). Interaction of PPAR?Y with PGC-1a was found to
dramatically enhance the activation of transcription induced
by PPARYy. Subsequent studies revealed that PGC-1a is
also expressed in liver and skeletal muscle tissue where it
co-activates the transcription of genes required for
gluconeogenesis and mitochondrial biogenesis, respectively
(Wu et al. 1999; Yoon et al. 2001). In C2C12 myotubes,
forced expression of PGC-1a causes a dramatic increase in
the expression of NRF-1, NRF-2a and mtTFA, as well as

] Physiol 546.3

GLUT4 and several nuclear genes that encode for
components of the respiratory chain (Wu et al. 1999;
Michael et al. 2001). The net result in these cells is an
increased glucose transport, an increased mitochondrial
DNA content, and an overall proliferation of mitochondria
(Wu et al. 1999). Promoter deletion and protein—protein
binding studies have confirmed that PGC-1a mediates these
effects, at least in part, via direct interation with the NRF-1
and MEF2 transcription factors (Wu et al. 1999; Michael et
al. 2001). More recently, PGC-1a has also been shown to
enhance the activation of genes encoding for mitochondrial
enzymes of the fatty acid f-oxidation pathway via
coactivation of the PPARa transcription factor (Vega et al.
2000). Activation of AMP-activated protein kinase (AMPK),
an energy-sensing kinase, increases PGC-lae expression
(Terada et al. 2002) and is associated with increased NRF-1
binding activity and mitochondrial biogenesis in rat skeletal
muscle (Bergeron et al. 2001). Thus, induction of PGC-1a
has been proposed to play an important role in coordinating
the activation of various genes required for mitochondrial
biogenesis in skeletal muscle.

Two previous studies have examined the acute effects of
exercise on PGC-la expression (Terada et al. 2002;
Tunstall et al. 2002). In rats, PGC-1a« mRNA was found to
increase by ~7-fold in epitrochlearis muscle immediately
after 6 h of swimming exercise (Terada et al. 2002). In
humans, however, Tunstall ef al. (2002) recently reported
that PGC-1la mRNA was unchanged in vastus lateralis
muscle immediately after exercise and after 3 h of recovery
in subjects tested both before and after 9 days of exercise
training. Thus, these latter findings are in direct contrast
with the results from the present study. In fact, in the
present study, exercise elicited a marked increase in
PGC-1a expression in muscle from both the untrained
and trained legs in every subject. Increases in PGC-1la
transcription ranged from 3- to > 100-fold and increases
in PGC-la mRNA ranged from 3- to >20-fold. The
reasons for the disparate results in the study by Tunstall
etal. (2002) and the present study are not clear but may be
related to differences in the mode (cycling vs. knee
extension), duration (1 h vs. 3 h) and/or intensity (63 % of
peak oxygen uptake vs. 50 % of one-legged 2 min max of
untrained leg) of exercise in the two studies. Another
possibility is that the subjects in the former study (Tunstall
et al. 2002) consumed a high carbohydrate (71 %) diet for
the 24 h prior to each trial which may have elevated muscle
glycogen levels prior to exercise. We have previously found
that the transcriptional activation of metabolic genes in
response to exercise is blunted when pre-exercise muscle
glycogen content is high whereas transcriptional
activation is enhanced when pre-exercise muscle glycogen
content is low, raising the possibility that signalling
mechanisms regulating exercise-responsive genes may be
sensitive to muscle gycogen content (Pilegaard et al. 2002).
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Table 3. NRF-1 mRNA content in response to two different exercise protocols

Pre 0 15 1h 2h 4h
One-legged knee extensor exercise 1 1.2+0.2 1.0£0.1 1.210.1 1.2+0.2 1.4+0.3
Cycling exercise 1 0.9+0.2 0.8+0.2 0.9+0.3 1.2+0.4 1.3+0.5

The mRNA content of the nuclear respiratory factor 1 in human skeletal muscle in response to
exhaustive one-legged knee extensor exercise (70% of 2 min maximum workload, ~80 min) and to 4h
of cycling at approximately 50% of peak oxygen uptake. Muscle biopsies were obtained from the
vastus lateralis muscle before (Pre) and immediately after (0') exercise and after 15 min (15"), 1 h, 2h
and 4 h of recovery. Values are presented as fold changes relative to Pre, which was set to 1. Values are
means + S.E.M. These data were obtained from analysis of RNA samples from two studies previously
described in detail (Pilegaard et al. 2000). The samples were analysed by conventional RT-PCR using a
set of primers (FP5-TGGGCGGGAAGACCTTTTGTATG-3"; RP 5-ATGCTTGCGTCGTCTGGATGGT-3")
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different from the set used in the present study.

In contrast to PGC-1a, exercise failed to elicit any increase in
NRF-1 or NRF-2a mRNA, nor was there any difference in
basal expression between the untrained and trained legs.
These findings were somewhat surprising given that NRF-1
and NRF-2a mRNA increase dramatically in response to
forced expression of PGC-1a in C2C12 myotubes grown in
culture (Wu et al. 1999) and NRF-1 mRNA has been
reported to increase (~35%) in rat soleus muscle during
recovery from acute treadmill exercise (Murakami et al.
1998). The NRF transcription factors are thought to play a
critical role in the activation of mitochondrial biogenesis
(Scarpulla, 2002). In the present study, basal (pre-exercise)
CS and HAD mRNAs were signficantly elevated in muscle
from the trained leg, providing evidence that mitochondrial
biogenesis was induced by the 4 week endurance training
programme. To further examine this issue, we analysed
muscle RNA samples from two previously published studies
(Pilegaard et al. 2000) in which subjects performed 5
consecutive days of one-legged knee extensor exercise
(~70% of 2min maximum workload to exhaustion,
~80 min on the 5th day) or a single bout of cycling (~45 % of
peak oxygen uptake, 4 h), and again found no change in
muscle NRF-1 mRNA up to 4 h after the end of exercise or in
response to exercise training (Table 3). Thus, despite a
dramatic increase in PGC-la, together these findings
provide evidence that exercise does not induce a rapid or
dramatic increase in the expression of the NRF genes in
skeletal muscle of humans, implying that the existing
concentration of these transcription factors, if involved in
the adaptive response to exercise, is sufficient to meet the
needs of the cell.

Enzymes regulated by sustained increases in intracellular
calcium, including calcineurin, a calcium—calmodulin-
dependent protein phosphatase, and CaMK have recently
been implicated in the control of the slow-oxidative type I
fibre phenotype (Olson & Williams, 2000; Wu et al. 2002).
Interestingly, PGC-1a mRNA is significantly upregulated in
muscle from transgenic mice expressing a truncated
constitutively active form of CaMKIV (Wu et al. 2002), thus
raising the possibility that calcium signalling mechanisms

may mediate the exercise-induced activation of the PGC-1a
gene. Although activity of the calcium signalling enzymes
was not determined in the present study, exercise did induce
asignificant increase in mRNA for both the & and £ isoforms
of the calcineurin A catalytic subunit in the untrained leg
(Table 2), raising the interesting possibility that training may
increase the sensitivity of the calcineurin signalling pathway
in muscle.

The dramatic induction of PGC-1a observed in the present
study suggests that a rapid increase in the amount of this
transcriptional coactivator may play an important role in
initiating, at least in part, the transcriptional activation of
exercise-responsive genes in muscle (Pilegaard et al. 2000).
For example, exercise in the untrained leg induced a marked
transient increase (~6-fold) in HKII mRNA (Table 2), a gene
that is often associated with adaptations to endurance
training. In apparent contrast, however, no acute increases in
CS or HAD mRNA were detected during recovery from
exercise in either the untrained or trained leg despite the
higher basal levels of each mRNA in the trained leg (Table 2).
Although itis possible that the peak in mRNA for some genes
such as CS or HAD may occur much later in recovery
(e.g. after 6-24 h), it is also clear that some genes such as HKII
are much more responsive to exercise. It is therefore
reasonable to speculate that there may be a temporal
heirarchy to the transcriptional activation of genes during
recovery from exercise initially involving immediate early/
stress response genes, transcription factors/co-activators
such as PGC-1a, and select genes potentially required for
metabolic recovery such as HKII, pyruvate dehydrogenase
kinase 4 and uncoupling protein 3 (Pilegaard et al. 2000).

In summary, the present data show that exercise induces a
dramatic transient increase in transcription of the PGC-1a
gene in human skeletal muscle during recovery from
exercise. Activation of PGC-1a appears to be enhanced with
training and occurs in the absence of marked changes in the
mRNA expression of putative upstream calcium signalling
proteins or downstream transcription factor targets (e.g.
NRF-1 or NRF-2a). The ability of PGC-1a to transform a
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predominately glycolytic muscle to an oxidative phenotype
when selectively expressed in muscle of transgenic mice (Lin
et al. 2002) raises the exciting possibility that the transient
induction of PGC-la in response to exercise may be
involved in coordinating the subsequent changes in gene
expression that underly the adaptive responses to endurance
exercise in skeletal muscle of humans.
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