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Abstract High- or moderate-intensity endurance training

leads to mitochondrial biogenesis via the peroxisome pro-

liferator-activated receptor c co-activator 1a (PGC-1a)/
mitochondrial transcription factor A (Tfam) signaling

pathway. Although this pathway is stimulated during acute

exercise, the relationship between its activity and the in-

tensity of the exercise has not been characterized. In animal

studies, individualized running speeds have not previously

been assessed. Here, we sought to determine whether this

pathway was modulated after a bout of exhaustive exercise

at different relative intensities (at and over critical speed

(CS)). Our starting hypotheses were that (i) exercise-in-

duced overexpression of PGC-1a in skeletal muscle falls at

intensities above CS, and (ii) transcriptional activity of the

mitochondrial biogenesis signaling cascade is intensity-

sensitive at and above CS. To test these hypothesis, male

Friend Virus B-Type mice were divided into a control

group and three exercise groups (exercising at CS, peak

velocity (vPeak) and 150 % CS, respectively). mRNA

expression levels for genes involved in mitochondrial

biogenesis signaling were analyzed in the quadriceps

muscle. PGC-1a was overexpressed at all exercise inten-

sities. We also identified that, PGC-1a mRNA expression

was negatively correlated with exercise intensity and blood

lactate levels but not with maximal oxygen uptake, vPeak,

or CS. Expression of the PGC-1a co-activator peroxisome

proliferator-activated receptor b was negatively correlated

with the exercise intensity. In contrast, expression levels of

Tfam were dissociated from exercise intensity. Our data

indicate that at the intensities used in endurance training,

the expression of mitochondrial biogenesis genes is finely

modulated by the relative intensity of exhaustive exercise.

Keywords Exercise � Muscle � Mitochondria biogenesis

Abbreviations
_VO2max Maximal oxygen uptake

PGC-1a Peroxisome proliferator-activated receptor-c
coactivator-1a

CS Critical speed

PPARb Peroxisome proliferator-activated receptor beta

Tfam Mitochondrial transcription factor A

Sirt-1 Sirtuin 1

VO2 Oxygen consumption

vPeak Peak velocity

[La]

rest

Blood lactate concentration at rest

Ct Critical threshold

AMPK AMP-activated protein kinase

miRNA microRNA

Introduction

Endurance training is known to induce an increase in

maximal oxygen uptake ( _VO2max), which is an overall

measure of the pulmonary, cardiovascular, and muscle

& L. Mille-Hamard

laurence.hamard@inserm.fr; laurence.hamard@univ-evry.fr

1 UBIAE, INSERM U902, Université Evry-Val d’Essonne, Bd
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systems’ joint ability to extract, transport, and use oxygen.

This increase in _VO2max reflects (amongst other things) a

rise in the number and activity of mitochondria [1, 2].

Endurance training is now based on a mixture of low-in-

tensity, high volume exercise at and below critical speed

(CS) with high-intensity intermittent exercises (above CS

and even above maximal aerobic speed) and/or strength

exercises. These combinations supposedly optimize aero-

bic performance (i.e., _VO2max) [3, 4]. Given that increases

in mitochondrial parameters (citrate synthase activity and

respiration) coincide with a whole-body increase in _VO2max

[2, 5, 6], one can suppose that a combination of low-in-

tensity and high-intensity exercise increases mitochondria

biogenesis. Furthermore, low-intensity, high-volume exer-

cise helps to maintain mitochondrial content and function

throughout life; whereas, inactivity is emerging as a major

determinant of age-associated changes in the mitochondria

[7]. It is now known that even a single, acute bout of

exercise impacts the expression of a plethora of genes.

However, it is not completely understood how mitochon-

drial biogenesis is regulated across a range of exercise

intensities and thus how training can maximize this adap-

tive process. In the field of health and fitness, recent re-

search has shown that resistance training can reduce

obesity by promoting a negative energy balance and

changing body fat distribution [8, 9]. Thus, it is physio-

logically relevant to seek to characterize the causal rela-

tionships between exercise characteristics, induced

metabolic stress, and the molecular responses that lead to

mitochondrial biogenesis under physiological and phys-

iopathological conditions.

Although we are starting to understand molecular

mechanisms that underlie contraction-induced mitochon-

drial biogenesis, the precise nature of the exercise stimulus

that induces maximal mitochondria adaptation remains to

be determined [10]. Nevertheless, it is clear that the per-

oxisome proliferator-activated receptor-c coactivator-1a
(PGC-1a) is the main transcriptional mediator of mito-

chondrial biogenesis and oxidative capacity in skeletal

muscle [11, 12]. Furthermore, PGC-1a orchestrates the

transcriptional activity of several nuclear transcription

factors that are essential for mitochondrial biogenesis [13].

Levels of PGC-1a increase in response to acute exercise in

humans and rodents [14–17]. However, it is not clear

whether the magnitude of this transcriptional response is

related to the magnitude of the stimulus (i.e., exercise in-

tensity and/or duration). Furthermore, it appears that ex-

ercise intensity (i.e., light vs. moderate) increases the

mRNA abundance in human skeletal muscle after an acute

exercise bout [18], whereas high-intensity exercise in hu-

mans (such as short sprints) was associated with a modest

increase in mRNA levels of PGC-1a [15, 19]. This

suggests that overexpression is lower at supramaximal in-

tensities. Interestingly, in animal model, Tadaishi et al.

reported an intensity-dependent increase in PGC-1a ex-

pression in mice [20]. However, all the animal studies

performed to date have involved exercise at the same ab-

solute velocity. In contrast, Nordsborg et al.’s studies in

humans [21] showed that relative workload has to be

considered when studying exercise-induced mRNA tran-

scription. Accordingly, we decided to study relative exer-

cise intensity in rodents. In rodents, it has been shown that

CS is an appropriate index of aerobic capacity [22, 23]. We

therefore used CS as a measure of submaximal relative

exercise intensity. The relationships between the relative

exercise intensity, the level of metabolic stress, and the

amplitude of PGC-1a mRNA expression at more than

moderate exercise intensities have not been characterized.

Although PGC-1a expression in response to exercise has

been extensively studied, few researchers have investigated

modulation of the signaling cascade upstream of mito-

chondrial biogenesis by exercise intensity or duration.

Thus, it has not been established whether there is a rela-

tionship between exercise intensity and the magnitude of

the increase in mRNA levels for components of the path-

ways leading to mitochondrial biogenesis, such as per-

oxisome proliferator-activated receptor beta (PPARb),
mitochondrial transcription factor A (Tfam), and sirtuin 1

(Sirt-1).

Thus, the objective of the present study was to charac-

terize modulations of mRNA expression of PGC-1a and

elements of the mitochondrial biogenesis signaling cascade

after a single bout of exhaustive exercise, as a function of

the latter’s relative intensity. Thus, based on previous

findings in the literature, we tested the hypotheses whereby

(i) exercise-induced overexpression of PGC-1a within

skeletal muscle falls at intensities above CS, and (ii)

transcriptional activity of the mitochondrial biogenesis

signaling cascade is intensity-sensitive at and above CS.

Materials and methods

Ethical approval

All the animal procedures described below were approved

by the Institutional Animal Care and Use Committee at

CERFE (Genopole, Evry, France) and complied with the

Council of Europe’s European Convention for the Protec-

tion of Vertebrate Animals Used for Experimental and

Other Scientific Purposes.

All mice were purchased from Charles River Labora-

tories (Lyon, France), ear–punched for identification and

housed in an accredited animal facility (CERFE, Genopole,

Evry, France), with a specific and opportunist pathogen-
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free environment, a temperature of 22 �C and 12:12 h

light–dark cycles. Water and food were supplied ad libi-

tum. A total of 44 adult male Friend Virus B-Type/N mice

were included in the study. To avoid a potential gender

effect, female mice were excluded. The mice were

5 months old when they started the exercise tests.

Exercise protocols

Devices

The exercise test protocol was performed on a single-lane

motorized treadmill (Columbus Instruments, Columbus,

OH) with an adjustable belt speed (0–99.9 m min-1). The

rear of the treadmill was equipped with a low-voltage,

electric stimulating bar, to encourage each mouse to run.

The bar was set to deliver 0.2 mA at a frequency of

0.25 Hz, which caused an uncomfortable shock but did not

injure the animal.

Measurements and data recording

Oxygen consumption (VO2) was measured by means of a

rapid-flow, open-circuit, indirect calorimeter. The single-

lane treadmill was placed in a metabolic chamber (Oxy-

max, Columbus Instruments) from which gas samples were

withdrawn for analysis every 5 s and dried prior to mea-

surement of the oxygen and carbon dioxide fractions.

The gas analyzers were calibrated with standardized gas

mixtures (Air Liquide Santé, Paris, France) before every test

session, as recommended by themanufacturer. The treadmill

test provided an estimate of _VO2max, defined as the highest

VO2 attained over a 15-s period during the test protocol.

Familiarization

The exercising mice were familiarized with the treadmill

over a 1-week period via the completion of four 10-min

running sessions at speeds ranging from 0 to 9 m min-1 (0,

3, 6 and 9 m min-1). All mice succeeded in running for the

required time at an intensity of 9 m min-1. The velocity

was not increased above this value, in order to avoid a

training effect. The mice subsequently performed an in-

cremental exercise test.

The incremental test load: peak velocity (vPeak), blood

lactate levels, and _VO2max determination

Starting at a speed of 10 m min-1, the exercise intensity

was increased by 3 m min-1 every 3 min, with an incline

of 0 %. Exercise continued until exhaustion, which was

defined as the inability to maintain running speed despite

contact with the electric grid for more than 5 s. The last

stage completed by the mouse was defined as vPeak. Blood

lactate levels were measured before exercise and 2 min

after the end of the incremental exercise. After local an-

tisepsis with alcohol, the distal 2 mm of the animal’s tail

was cut off. To avoid contamination, the first drop of blood

was discarded. Next, a 5 lL blood sample was collected on

a small test strip and the blood lactate concentration was

measured with a Lactate Pro assay (Arkray Inc., Kyoto,

Japan).

Steady-state exercise: determination of the CS

The protocol consisted of four constant-speed runs (18–

51 m min-1) leading to exhaustion within 1 h, as described

previously [22]. A single trial was performed per day, and

the protocol covered a period of 4 days. The time to ex-

haustion was recorded at each speed. Two parameters were

used to estimate endurance performance: the distance (in

meters) the mice were able to cover at a given speed and

the time needed to cover the distance (in minutes). For each

mouse, the CS was calculated from the slope (a) of the

regression line of distance (y) against the time to exhaus-

tion (x) in the four tests, according to the equation

y ¼ ax þ b.

Acute exhaustive exercise

At least 2 weeks after the determination of CS, vPeak and
_VO2max, all animals (except those in the control group;

n = 10) ran at their specific relative velocity until ex-

haustion in a continuous mode at either CS (n = 8) or

vPeak (n = 16), or in an intermittent mode (150 % CS;

n = 10). The 150 % CS group performed four bouts of

exhaustive runs separated by 5-min rest periods, to ensure a

sufficient duration. We recorded the time to exhaustion and

the blood lactate concentrations before exercise and 2 min

after the end of exercise at a steady-state intensity. Mice

were sacrificed by cervical dislocation 2 h after their last

run. The quadriceps muscles were quickly removed, im-

mediately frozen in liquid nitrogen, and stored at -80 �C
prior to molecular analysis.

Real-time quantitative PCR (RT-qPCR)

Total RNA was isolated from each muscle sample using a

Qiagen RNA isolation kit (Qiagen, Hilden, Germany). The

total RNA concentration and purity were measured spec-

trophotometrically according to the optical density at

260 nm and the 260/280 nm ratio, respectively (Nan-

odrop�, Thermo Scientific, Wilmington, DE, USA). RNA

was considered to be pure when the 260/280 nm
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absorbance ratio was close to 2. cDNA was prepared from

RNA using Superscript II and oligo dT primers (Applied

Biosystems, Life Technologies, Carlsbad, CA, USA). RT-

qPCR (using a 7300 Real-Time PCR System, Applied

Biosystems) were performed in triplicate. The reaction

volume contained 12 lL of SYBR� Green PCR Master

Mix (Qiagen, Hilden, Germany), forward and reverse pri-

mers (Table 1), and the cDNA template. The primers were

designed using Primer express software (Applied Biosys-

tems). All RT-qPCR reactions were run with internal

positive and negative controls. The reference gene was

36B4. The Ct values for 36B4 were the same for all ex-

periments. The data were analyzed using the comparative

critical threshold (Ct) method, where the amount of target

gene (normalized against the amount of endogenous con-

trol gene) relative to the control group value is given by

2�DDCt . This quantity is noted as a fold-change (relative to

the control group) in the figures. We checked dissociation

curves to ensure that a single PCR product had been

amplified.

Statistics

The threshold for statistical significance was set to

p\ 0.05. A one-way analysis of variance was used to

establish whether or not the performance phenotype dif-

fered from one group to another and to test the effect of

exercise intensity on gene expression. When appropriate, a

Bonferroni post hoc test was used to determine which mean

values differed significantly from the others. A Spearman

rank order test was used to identify correlations between

variables.

Results

The mice’s characteristics and performance phenotypes are

reported in Table 2, and did not differ significantly from

one subgroup to another. The mean absolute velocity of the

acute run differed significantly when comparing the sub-

groups (25.1 ± 4 m min-1 for CS, 30.6 ± 5 for vPeak,

and 39.7 ± 4 for 150 % CS; p\ 0.001). The data

characterizing the acute exercise bout in each running

group are summarized in Table 3. The distance run, the

time limit, and velocity varied significantly from one group

to another (p\ 0.01). The blood lactate concentration was

significantly elevated after exercise (relative to rest) at all

exercise intensities (p\ 0.05). Furthermore, the blood

lactate concentrations were significantly higher in the

150 % CS group than in the CS and vPeak groups

(p\ 0.05).

A single bout of exhaustive exercise was associated with

significantly higher levels of PGC-1a mRNA when per-

formed at CS (a 8.05 ± 5.6-fold increase; p = 0.02),

vPeak (a 6.32 ± 2.7-fold increase; p\ 0.001), and 150 %

CS (a 2.46-fold increase; p\ 0.001), relative to non-ex-

ercising (control) mice (Fig. 1).

The magnitudes of the increases in PGC-1a mRNA

levels at CS and vPeak did not differ, although there was a

negative, linear correlation (R2 = 0.985, p\ 0.05) be-

tween the fold change in PGC-1-a mRNA levels on one

hand and relative speed (Fig. 2a) on the other. Conversely,

there was a positive correlation between the distance run

and PGC-1a gene expression (R2 = 0.978, p\ 0.05).

Moreover, the maximum blood lactate concentrations were

negatively correlated with both PGC-1a expression

(R2 = 0.897, p\ 0.05. Figure 2b) and the distance run

(R2 = 0.991, p\ 0.05, Fig. 2c).

Considering the signaling pathway, we showed that

Tfam was significantly downregulated 2 h after running at

vPeak (p = 0.01) and 150 % CS (p = 0.04). In contrast,

PPARb and Sirt1 expression did not differ from control

Table 1 Primer sequences used

for RT-qPCR
Gene Forward primer Reverse primer

36B4 TCCAGGTTTGGGCATCA CTTTATCAGCTGCACATCACTCAGA

PGC-1a GGACAGTCTCCCCGTCCAT TCCATCTGTCAGTGCATCAAATG

Tfam GCACCCTGCAGAGTGTTCAA CGCCCAGGCCTCTACCTT

PPARb AGATGGTGGCAGAGCTATGACC TCCTCCTGTGGCTGTTCC

Sirt-1 CCGCGGATAGGTCCATATACTT TCGAGGATCGGTGCCAAT

Table 2 Characteristics and performance of the mice

Characteristics (n = 34)

Age (weeks) 21.3 ± 3.5

Weight (g) 33.7 ± 3.1

_VO2max (ml kg-0.75 min-1) 51.5 ± 7.5

vPeak (m min-1) 30.6 ± 6.0

[La]rest (mmoL) 2.6 ± 0.7

Data are expressed as the mean ± SD

_VO2max maximal oxygen uptake, vPeak peak velocity, [La]rest blood

lactate concentration at rest
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values (Fig. 1). Furthermore, mRNA levels of PPARb
were significantly greater in the CS group than in the

150 % CS group (Fig. 1) and was negatively correlated

with relative speed and the distance run (p\ 0.05).

Moreover, PPARb expression was correlated with the

expression of PGC-1a (r = 0.67, p\ 0.05) and Tfam

(r = 0.41, p\ 0.05). However, there were no correlations

between mRNA expression in the quadriceps on one hand

and the mice’s performance (vPeak, CS or _VO2max) on the

other.

Table 3 Variables

characterizing the exercise

sessions in each group

CS vPeak 150 % CS

Time limit (min) 76.9 ± 29.5b,c 36.7 ± 29.1a,c 7.3 ± 3.8a,b

Distance run (m) 1820.7 ± 566.2b,c 1007.8 ± 701a,c 281.6 ± 143.1a,b

Peak blood lactate (mmoL) 6.2 ± 2.6c 8.4 ± 4.0c 13.3 ± 1.4a,b

Speed (m min-1) 25.1 ± 4.1b,c 30.6 ± 5.0a,c 39.7 ± 3.7a,b

Values are expressed as the mean ± SD
a Differs significantly from CS
b Differs significantly from vPeak
c Differs significantly from 150 % CS

Fig. 1 Gene expression in response to a single bout of acute,

exhaustive exercise. Gene expression of mitochondrial biogenic

transcription factors and co-activators PGC-1a, PPARb, Tfam, and

Sirt-1 in response to a single, exhaustive bout of exercise (2 h post-

exercise) at CS (n = 6–8), vPeak (n = 14–16) and 150 % CS

(n = 8–10). The PGC-1a mRNA level increased after all exercise

sessions, albeit to a lesser extent after the 150 % CS session. The

PPARb mRNA expression was significantly greater at 150 % CS than

at CS. Tfam expression was lower at vPeak and 150 % CS. No

differences were seen for Sirt-1 mRNA. Data are presented as the

fold-change relative to non-exercising mice. Error bars represent the

SEM. Asterisk differs significantly from control; a differs significant-

ly from CS; b differs significantly from vPeak; c differs significantly

from 150 % CS. p\ 0.05

Fig. 2 Relationships between absolute running speed, PGC-1a
mRNA levels, and the blood lactate concentration (n = 26). The

PGC-1a mRNA level was negatively correlated with absolute running

speed (a) and the blood lactate concentration (b). The distance run

was negatively correlated with the blood lactate concentration (c).
Data are represented as the mean ± SEM
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Discussion

In the present study in mice, we assessed changes in the

mRNA expression of PGC-1a and other genes involved in

the mitochondrial biogenesis pathway after a single, acute

bout of exercise performed at three different relative in-

tensities at and above CS. Our major finding was that ex-

haustive exercise (ranging in intensity from CS to 150 %

CS) induced PGC-1a overexpression; the latter was

negatively correlated with relative exercise intensity and

the blood lactate level but not with the animal’s perfor-

mance (i.e., neither vPeak, CS, nor _VO2max). There was

also a negative correlation between exercise intensity and

mRNA expression levels of PPARb (a PGC-1a co activa-

tor). Furthermore, expression of Tfam (which coordinates

nuclear and mitochondria gene expression) decreased 2 h

after the end of the exercise, regardless of the exercise

intensity. Our data thus indicate that at the speeds used in

endurance training (i.e., between the CS and the supra-

maximal intensity), the expression of genes involved in

mitochondrial biogenesis is modulated by the relative in-

tensity of the exhaustive exercise.

Exercise is known to increase PGC-1a mRNA levels in

humans and rodents. However, few studies have looked at the

putative relationship between exercise intensity and PGC-1a
expression. In humans, PGC-1a mRNA levels rise with in-

creasing intensity (from40 %of the _VO2max, i.e., belowCS, to

80 % of _VO2max, i.e., around CS), and a bell-shaped curve is

observed between 73 and 133 % of _VO2max [24]. However,

contradictory data have also been reported. Indeed, it seems

that PGC-1a is more strongly expressed at high intensity (e.g.,

during a 30 s, all-out sprint) [25, 26] than atmoderate intensity

[10, 27]. However, firm conclusions cannot be drawn because

the studies were heterogeneous in terms of the populations and

exercise protocols (e.g., the time interval between the end of

exercise and the tissue sampling). Using absolute speed,

Tadaishi et al.’s study in mice found that PGC-1a mRNA

levels were positively correlatedwith the intensity of treadmill

running (10–30 m min-1) [20]. However, PGC-1a expression
above 30 m min-1 was not studied. By considering relative

intensities from CS (25.1 ± 4.1 m min-1) to 150 % CS

(39.7 ± 3.7 m min-1), we evidenced a negative correlation

between relative speed and the transcription of the PGC-1a
gene. The higher the exercise intensity, the lower the PGC-1a
expression is—even though expression levels were always

higher than in non-exercising controls. This is the first rodent

study to have used relative intensities and high velocities (i.e.,

above CS). Our results indicate that in mice running at above

CS, the overexpression of PGC-1a mRNA decreases as ex-

ercise intensity increases.

The duration of exercise may influence PGC-1a ex-

pression. Indeed, we found a correlation between the

distance run and PGC-1a expression levels: the greater the

distance run, the higher the expression is. This result is

consistent with previous results in humans, for which no

inter-trial differences were found for any of the genes

studied after a fixed distance had been run at different in-

tensities [10]. Furthermore, metabolic adaptations depend

on the duration of exercise [28]. Furthermore, the lack of

an increase in PGC-1a mRNA levels in Tobina et al.’s

study [29] may have been due to a relatively short exercise

protocol (90 min at around 50 % of VO2peak), whereas

exhaustive, lengthy (2–3 h) exercise of comparable inten-

sity was associated with a strong increase in PGC-1a
mRNA levels in a similar population [30, 31]. Conse-

quently, exercise duration may have influenced mRNA

expression in our study, since the distance and duration

increased as the intensity decreased. Unfortunately, we did

not observe a correlation between the duration of the run

and the PGC-1 a expression level in any of the groups. It

will be necessary to address this hypothesis in an ex-

perimental design that distinguishes between duration and

intensity.

Several putative kinases (such as calcium/calmodulin-

dependent protein kinase, mitogen-activated protein kinase

p38, and AMP-activated protein kinase (AMPK)) regulate

PGC-1a and are activated in an intensity-dependent man-

ner [12, 15]. This activation may contribute to the peak in

mRNA expression observed at CS. Above the lactate

threshold, levels of phosphorylated AMPK increase with

the exercise intensity. Furthermore, the lactate and epi-

nephrine that are produced at these intensities are thought

to increase PGC-1a expression [20, 29, 32]. Taken as a

whole, these data imply that PGC-1a expression should be

positively correlated with intensity—even above CS. Our

observation of a negative correlation between PGC-1a
mRNA and intensity above CS therefore suggests that other

mechanisms may inhibit exercise-induced mRNA produc-

tion at high intensities. This mechanisms may be related (at

least in part) to the types of muscle fiber recruited at high

intensities [24]. In exercise in the rat, the PGC-1a gene is

upregulated in glycolytic muscles and downregulated in

oxidative muscles [33]. However, researchers have not

found a relationship between PGC-1a mRNA expression

and muscle fiber type in humans [34, 35]. This aspect has

not been studied in mice; it is therefore possible that fiber-

type recruitment contributed to the correlation observed in

the present study. Furthermore, long-lasting exercise is

known to induce glycogen depletion. Thus, exercise at CS

(for 76.9 ± 29.5 min, corresponding to 1820 ± 566 m)

could have induced greater glycogen depletion in the CS

group than in the other running groups (for which times

and distances were significantly shorter). It has been re-

ported that AMPK phosphorylation is elevated when
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glycogen stores are depleted [36]. Thus, the exhaustiveness

of the exercise performed by the mice probably accentu-

ated glycogen depletion at CS and may explain both the

positive correlation between the distance run and PGC-1a
expression and the negative correlation found above CS.

Lastly, microRNAs (miRNAs, i.e., small-noncoding

RNAs) regulate gene expression by degrading mRNA or

inhibiting the latter’s translation [37, 38]. Some miRNAs

seem to be involved in the translational regulation of PGC-

1a, skeletal muscle metabolism, and mitochondrial bio-

genesis [39, 40]. It is not known whether acute exercise

impacts these or other miRNAs or whether exercise intensity

modulatesmiRNA levels. Thus, our present data suggest that

several (probably overlapping and redundant) signaling

pathways mediate the transcription of PGC-1a [13].

The present study’s secondary objective was to deter-

mine whether exercise-induced expression of genes that are

known to be implicated in mitochondrial biogenesis (along

with PGC-1a) is related to exercise intensity. Mitochon-

drial biogenesis is a complex, multifactorial process that

involves proteins encoded by nuclear DNA and proteins

encoded by mitochondrial DNA [41]. It also requires the

activation of Tfam and PPARs [42, 43]. Sirt-1 is a putative

mitochondrial biomarker and was therefore monitored in

the present study [44].

Tfam is essential for mitochondrial biogenesis, since it

controls the transcription and replication of the mitochon-

drial genome [13, 45]. In our present study, we observed an

intriguing decrease in Tfam mRNA levels after exercise

(contrasting with the increase in PGC-1a mRNA levels)

under all experimental conditions. There is no consensus in

the literature on the relationship between exercise and

expression of Tfam mRNA. In humans, some researchers

have failed to observe a post-exercise effect on Tfam

mRNA expression [34, 41, 46], whereas others observed an

elevation [25, 47, 48]. However, a study in humans found

that Tfam mRNA levels were depressed at the end of an

exercise session [41]. In mice, a transient increase in Tfam

expression was noted in the hours following a long-lasting

session of endurance exercise [49]. Furthermore, Daussin

et al. reported that a 5-day training period was long enough

to induce an increase in Tfam expression in the rat [50].

Although our results contradict these data, this discrepancy

might be explained by the fact that our mice ran at higher

speeds (i.e., 25.1 ± 4.1 m min-1 for CS). Again, most

other studies in rats and mice have featured moderate-in-

tensity, endurance-like exercise, and little is known about

acute adaptations to intense (supramaximal) exercise bouts.

We are unable to say whether the observed decrease in

Tfam mRNA levels was transient (due to the time interval

between the end of the exercise and biopsy) or persisted

over the longer term after acute exercise. Indeed, Popov

et al. observed an increase in Tfam mRNA content at least

3 h after exercise in humans [51]. Tfam is trans-activated

by nuclear respiratory factor 1 (Nrf-1). Following a single

bout of exercise, Nrf-1 DNA binding increased after

12–18 h of recovery [47, 52]. Thus, our choice of the assay

time point in the present study probably prevented us from

seeing an increase in Tfam some hours after exercise. One

can thus hypothesize that intensity-dependent changes in

Tfam mRNA levels would have been detected if they had

been investigated later in recovery. Consequently, the

levels of Tfam and PGC-1a mRNA expression were not

correlated 2 h after exercise. This dissociation has also

been reported under other experimental conditions [51, 53].

Lastly, our data in mice suggest that there was at least a

transient, exercise-induced decrease in Tfam mRNA ex-

pression, especially during high-intensity exercise (above

vPeak). However, this decrease in Tfam expression was not

correlated with expression levels of PGC-1a mRNA. The

absence of an increase in Tfam mRNA and protein levels

over time would indicate that the initiation of mitochon-

drial DNA transcription is blunted above CS-despite the

increase in the PGC-1a response. This may explain why

training intensity is not an important determinant of the

number of mitochondria [54]. However, more evidence is

needed before firm conclusion can be drawn. Modulations

of mRNA stability, protein levels, and protein trafficking

will have to be studied as a function of the exercise

stimulus.

Animal studies and studies of human cell lines have

shown that PPARb is the most abundant PPAR isoform in

skeletal muscle and acts as a PGC-1a cofactor [13, 26]. In

mice, a short period of muscle unloading (mimicking dis-

use, such as bed rest in humans) or starvation is associated

with increased PPARb mRNA content [55, 56]. However,

there is no evidence to suggest that acute exercise influ-

ences mRNA levels of PPARb at the end of exercise in

rodents, whatever the muscle type [33]. This is consistent

with our finding that exercise did not modify PPARb ex-

pression (relative to a non-exercising control group). In

humans, it was shown that PPARb mRNA levels increased

for the first 4 h after the end of endurance exercise [14, 26,

31, 34, 57] and, to a lesser extent, at higher intensity. The

lower increase at high intensity might also have been due to

differences in the subjects’ fitness levels [25]. Conversely,

Wang et al. did not observe an increase in PPARb ex-

pression after an hour of endurance exercise [35], sug-

gesting that longer periods of exercise are needed for an

increase in PPARb mRNA levels. Indeed, we found a

correlation between exercise duration and PPARb expres-

sion (p\ 0.05), as well as between PPARb and PGC-1a
expression. These results are consistent with lipid use

during long-lasting exercise (for 76.9 ± 29.5 min at CS)

and increased PPARb expression. Indeed, all the ligands

that activate PPARs are long-chain fatty acids or their
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derivatives [58]. Although we observed an interesting

correlation between PPARb expression and the relative

exercise speed (indicating an intensity-dependent respon-

se), the physiological meaning is unclear because the

PPARb expression did not differ from control experiments.

Further studies are needed to better characterize the

modulation of PPARb levels (and notably the time course

of mRNA expression) and protein translation at a range of

exercise intensities at and above CS.

Lastly, we quantified Sirt-1-a known PGC-1a activator

and a putative mitochondrial biomarker [44]. Sirt-1 is a

NAD ? sensing protein that activates PGC-1a by

deacetylation [59]. Nuclear Sirt-1 activity is associated

with contraction-stimulated mitochondrial biogenesis, and

exercise increases Sirt-1 activity. Furthermore, Sirt-1 has

been detected in the mitochondria, in close proximity to

mitochondrial DNA [60–63]. It is not known whether the

mRNA expression of Sirt1 increases with exercise and

whether Sirt1 can modulates PGC-1a. In the present study,

we did not observe an effect of exercise (and thus of ex-

ercise intensity) on Sirt1 transcript levels.

Our results show that the elements of the mitochondrial

biogenesis signaling pathway are differentially regulated ac-

cording to relative intensity of a single, acute, exhaustive bout

of exercise. Further studies are needed to understand the time

course of this response. As in humans, relative intensities

should be applied in animal models. In addition to PGC-1a’s
role in the signaling pathways that induce mitochondrial

biogenesis, this cofactor is also known to be involved in the

downregulation of inflammation [42, 64]. Hence, relatively

long durations of exercise (i.e., endurance exercise) should be

prescribed in chronic inflammation-associated pathologies

such as obesity, Alzheimer’s disease, and cancer. However,

more data are needed in order to determine the exercise in-

tensity and duration that can optimize PGC-1a expression at

the mRNA and protein levels. A low intensity has already

been recommended for minimizing the harmful effects of

exercise in sedentary subjects [65]. However, this hypothesis

must be confirmed by recording long-term metabolic adap-

tations. Indeed, protein content, activity, and distribution

across the various cellular compartments influence skeletal

muscle adaptations [45, 47, 49, 66]. Future research must

focus on (i) the early time course of molecular events in re-

sponse to exercise and (ii) optimization of the exercise pre-

scription as a function of the sporting or patient population.

Conclusion

In mice, expression of PGC-1a (the master regulator of the

mitochondrial biogenesis pathway) and PPARb was in-

tensity-dependent above CS. In contrast, the transcription

of Tfam and Sirt-1 was not modulated by the exercise

intensity. Our results suggests that the complex response of

the mitochondrial biogenesis pathway in muscles is finely

modulated by exercise intensity and that the molecular

signals differ across the range of exercise intensities used

in endurance training (i.e., at and above CS). The exercise

intensity that maximizes mitochondrial biogenesis remains

to be determined.
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