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Summary

1. Mitochondrial biogenesis in skeletal muscle
results from the cumulative effect of transient increases in
mRNA transcripts encoding mitochondrial proteins in
response to repeated exercise sessions. This process
requires the coordinated expression of both nuclear and
mitochondrial (mtDNA) genomes and is regulated, for the
most part, by the peroxisome proliferator-activated receptor
γ co-activator (PGC-1α).

2. Several other exercise-inducible proteins also play
important roles in promoting an endurance phenotype
including the AMP-activated protein kinase (AMPK), the
p38 mitogen-activated protein kinase (p38 MAPK) and the
tumour suppressor protein p53.

3. Commencing endurance-based exercise with low
muscle glycogen availability results in a greater activation
of many of these signalling proteins compared to when the
same exercise is undertaken with normal glycogen
concentration, suggesting that nutrient availability is a
potent signal that can modulate the acute cellular responses
to a single bout of exercise.

4. When exercise sessions are repeated in the face of
low glycogen availability ( i.e. chronic training), the
phenotypic adaptations resulting from such interventions
are also augmented.

Introduction

Almost 50 years ago, groundbreaking work by John
Holloszy demonstrated that endurance-based exercise
induced an increase in skeletal muscle mitochondrial
number in rats subjected to an intense protocol of treadmill
running.1 In that study, mitochondria from muscles of
exercise trained animals exhibited higher levels of
respiratory control and tightly coupled oxidative
phosphorylation compared to muscle from untrained
animals. Thisincrease in electron transport capacity was
associated with a concomitant rise in the ability to produce
adenosine triphosphate (ATP) and was, in large part,
responsible for the prolonged endurance running time
observed after training.1 Since publication of that landmark
study, dev elopments of our understanding of the
mechanisms responsible for exercise-induced mitochondrial
biogenesis have progressed rather slowly. Indeed, only with
recent advances in molecular biology has it been possible to
elucidate the mechanisms regulating mitochondrial
biogenesis and how exercise training promotes an increase

in mitochondria. In this regard, contemporary studies have
demonstrated that exercise increases the transcription of an
array of genes with putative roles in training adaptation.2

Furthermore, a growing body of evidence shows that the
glycogen content of skeletal muscle is a major determinant
regulating the transcriptional activation of many genes
involved in this adaptive response.3 Collectively, these
discoveries have stimulated current interest into the effects
of manipulating substrate availability to modulate both
acute and chronic responses to exercise. In this brief review,
we will examine how exercise-nutrient interactions impact
on gene expression and cell signalling, and ultimately how
these manipulations can modulate processes implicated in
training adaptation.

Exercise induces mitochondrial biogenesis

Endurance exercise induces an increase in muscle
mitochondria.4-6 A single bout of exercise stimulates
mitochondrial biogenesis, as evidenced by increases in the
expression of mitochondrial proteins.7 Repeated bouts of
exercise (i.e. training), maintain this effect. Training
improves exercise capacity and endurance, making it
possible to work at higher intensities for longer time
periods. Anincrease in the exercise stimulus results in a
greater increase in mitochondrial biogenesis. As a result,
exercise training programs in which the stimulus is
progressively increased result in a proliferation in muscle
mitochondria up to the point where a further increase in
training stimulus causes no further increase in
mitochondria.

Mitochondrial biogenesis in skeletal muscle results
from the cumulative effects of transient increases in mRNA
transcripts encoding mitochondrial proteins after successive
exercise sessions.8 This process requires the coordinated
expression of both nuclear and mitochondrial (mtDNA)
genomes through various co-factors specifically dedicated
to families of genes encoding distinct categories of
mitochondrial proteins.9 During the past decade it has been
established that overall coordination of these two processes
is regulated by the peroxisome proliferator-activated
receptorγ co-activator (PGC-1α).6,10 This transcriptional
co-activator influences the transcriptional activity of nuclear
respiratory factors (NRFs)9 and peroxisome proliferator-
activated receptors (PPARs).11 NRF-1 activates expression
of the nuclear gene that encodes mitochondrial transcription
factor A (Tfam), which moves to the mitochondria where it
regulates transcription of the mitochondrial DNA12 which
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Figure 1. Early time-course of signalling events involved
in the mitochondrial adaptive response to exercise in
human skeletal muscle. Repeated transient mRNA bursts
precede increases in transcriptional and mitochondrial pro-
teins during training in human skeletal muscle. PGC-1α
mRNA (top panel) and protein content (lower panel) during
two weeks of high-intensity interval training. *Significantly
different from Pre; § Significantly different from all 24 h
time points; # Significantly different from 1st 4 h; b Signifi-
cantly different from all 4 h time points; †Significantly dif-
ferent from 1st 24 h (allP < 0.05). Values are mean± SEM
for 8-9 subjects per time point.

encodes fundamental respiratory proteins and other factors
involved in mtDNA transcription and replication.6 The
PPARs regulate genes for lipid transport and metabolism
and lipid catabolism.13 By interacting with these
transcription factors, PGC-1α directs a coordinated up-
regulation of muscle mitochondrial content and the capacity
for substrate metabolism and oxidative phosphorylation.

The results of Perryet al.8 provide important
mechanistic insight into the time course of the
mitochondrial adaptive response after a single bout of
exercise in human skeletal muscle. These workers had
subjects undertake 7  intense endurance exercise sessions
over a 2 wk training block. Their results (Figure 1)
demonstrate that daily bouts of exercise result in transient

increases in mRNA, and that these ‘bursts’ of increased
mRNA abundance preceded increases in transcriptional and
mitochondrial proteins during the training intervention.
Over time, these transient ‘pulses’ of increased mRNA
expression eventually lead to an accumulation of new
muscle proteins, which constitute the ‘training adaptation’
and subsequent improvements in metabolic and endurance
capacity.

Perryet al.8 also observed that with each successive
training session, the acute increases in PGC-1α mRNA was
attenuated (Figure 1), supporting the hypothesis that
reduced transcriptional responses with repeated training
bouts may play a role in the so-called ‘plateau effect’ that
occurs over time with continued exercise pulses (i.e. elite
athletes with a prolonged history of training). Alternatively,
it could be that as an individual accumulates a ‘history’ of
training, the primary mechanism behind the adaptive
response shifts from transcriptional regulation to post-
translational modification of existing proteins. Further
research into these exercise-induced mechanisms will
provide greater insight into the complex control of
mitochondrial biogenesis.

While considerable research has focused on the role
of PGC-1α as a ‘master regulator’ of training adaptation,
several other signalling proteins have important roles in this
process. One exercise-induced signal that leads to increased
mitochondrial biogenesis is the increase in AMP
concentration in muscle during exercise that results in
activation of the AMP-activated protein kinase (AMPK).
AMPK functions as a ‘fuel gauge’ in skeletal muscle
because when it becomes activated in response to decreased
energy levels (i.e. muscle contraction, or energy restriction),
it inhibits ATP-consuming pathways and activates pathways
involved in carbohydrate and fatty acid catabolism to
restore ATP levels. AMPK promotes fatty acid (FA)
oxidation in skeletal muscle during exercise by inhibiting
acetyl-CoA carboxylase (ACC-β) and activation of
malonyl-CoA, thus removing inhibition of mitochondrial
fatty acyl-CoA translocation by carnitine
palmitoyltransferase-1 (CPT-1). Numerous studies have
reported that these exercise-induced effects on ACC-β and
malonyl-CoA are closely paralleled by activation of
AMPK.14,15 The mechanism by which activation of AMPK
induces increased mitochondrial biogenesis is explained by
the recent finding that AMPK directly phosphorylates and
activates PGC-1α.16 The AMPK also phosphorylates and
inactivates histone deacetylase 5 (HDAC5)17 which, in turn,
leads to the removal of HDAC5 from the nucleus, allowing
the myocyte enhancer factor 2 (MEF2) to bind and activate
the PGC-1α gene.

The p38 mitogen-activated protein kinase (p38
MAPK) phosphorylates and activates PGC-1α18,19 and can
also increase PGC-1α expression by phosphorylating the
transcription factor ATF-2. Exercise results in rapid
activation of p38 MAPK, which mediates both the
activation and increased expression of PGC-1α.20 Another
transcription factor that may be regulated by AMPK and/or
p38 MAPK, and is emerging as a potent regulator of
mitochondrial content and function is the tumour
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suppressor protein p53. Preliminary evidence in support of
a role for p53 in regulating mitochondrial capacity has been
provided from several animal studies demonstrating that
p53 knock-out (KO) mice display reduced endurance
exercise capacity compared with wild type animals.21,22

Skeletal muscles from p53 KO mice also exhibit reduced
subsarcolemmal and intermyofibrillar mitochondrial
content (and reduced state 3 respiration in the latter) as well
as reduced cytochrome oxidase (COX) activity and PGC-1α
expression.23 p53 may regulate exercise-induced
mitochondrial biogenesis through interactions with Tfam in
the mitochondria where it functions to co-ordinate
regulation of the mitochondrial genome. Indeed, the
absence of p53 reduces Tfam mRNA and protein levels as
well as mtDNA content in resting muscle.22 Recently,
Saleem & Hood24 found that that a single bout of endurance
exercise can signal to localise p53 to the mitochondria
where it may serve to positively modulate the activity of the
mitochondrial transcription factor Tfam.

Ramping up the signal: Nutritional manipulation to
increase the training impulse

The notion that nutrient availability could interact
with contractile stimuli to modulate acute responses to
exercise can be traced back to the work of Chan and
colleagues.25 These workers determined the effect of
muscle glycogen availability and contraction on
intracellular signalling and gene transcription in humans
who performed 60 min of submaximal exercise under two
different exercise-diet conditions: either with prior
ingestion of a normal carbohydrate diet or after a low
carbohydrate diet intended to reduce pre-exercise muscle
glycogen content. Their data showed that reduced glycogen
availability increased phosphorylation of nuclear p38
MAPK compared to when the same exercise bout was
commenced with normal glycogen stores.25 Subsequent
studies confirmed that commencing exercise when muscle
glycogen concentration was low resulted in a greater
transcriptional activation of interleukin-6, pyruvate
dehydrogenase kinase 4 (PDK4), hexokinase, and heat
shock protein 72 compared with when muscle glycogen
concentration was high or normal at the start of exercise.26

It was not until the pioneering study of Hansenet
al.27 however, that the overall hypothesis that endurance
exercise commenced with low muscle glycogen level could
enhance training adaptation came into existence. These
workers tested their hypothesis using an experimental
design in which both legs of the same individual were
trained according to different protocols: one leg performed
one training session each day, whereas the other leg
performed two training sessions separated by a brief
recovery every second day. This latter training schedule
resulted in a marked decrease in muscle glycogen content
after the first bout of exercise and when the second bout of
exercise was performed on the same day, it was commenced
with very low starting muscle glycogen availability. This
protocol allowed Hansenet al.27 to compare training with
low muscle glycogen vs. training with high muscle

glycogen content. Citrate synthase activity along with
resting muscle glycogen concentration and exercise time
until exhaustion were all enhanced by training twice every
second day (i.e. with low glycogen availability) when
compared with training once daily (with high glycogen
availability), thus confirming their hypothesis that ‘train-
low’ could enhance training adaptation and, under the
conditions of that experiment, exercise capacity.

Since the work of Hansenet al.27 the results of
several studies demonstrate that, independent of prior
training status, a single bout of exercise, or short-term (3-10
wk) training programs in which a portion of workouts are
commenced with either low muscle glycogen (and/or low
exogenous glucose availability) augment training adaptation
(i.e. they increase the maximal activities of selected genes
and proteins involved in carbohydrate and/or lipid
metabolism and promote mitochondrial biogenesis) to a
greater extent than when all workouts are undertaken with
normal or elevated glycogen stores.28-34 An overview of the
putative cell signalling pathways with roles in regulating
the enhanced mitochondrial adaptations observed when
endurance-based training is undertaken under conditions of
reduced carbohydrate availability is depicted in Figure 2.

We inv estigated acute skeletal muscle signalling
ev ents in well-trained endurance cyclists in response to a
single bout of high-intensity interval training (HIT; 8 × 5
min at 85% of VO2max) commenced with either low or
normal muscle glycogen stores.33 AMPK phosphorylation
was greater when HIT was commenced with low compared
with normal muscle glycogen availability. We hav e also
observed that a single bout of endurance-based exercise
(HIT or moderate-intensity continuous running) increases
p53Ser15 phosphorylation during the early recovery from
exercise in a temporal time-course that was associated with
upstream signaling through either AMPK or p38MAPK35

and further demonstrated that the exercise-induced
activation of p53 was glycogen-dependent (i.e. low
carbohydrate availability was associated with a three-fold
increases in p53 phosphorylation 3 h post-exercise, while
high carbohydrate availability completely suppressed p53
signalling.28 The enhanced p53 response with low
carbohydrate availability was also associated with enhanced
ACCSer79 phosphorylation immediately post exercise (but
not p38MAPK phosphorylation), suggesting that AMPK
may be the dominant upstream signalling kinase regulating
contractile-induced p53 activity.

Exercise commenced with low glycogen has also
been demonstrated to increases PGC-1α gene expression in
human skeletal muscle.Psilanderet al.31 studied 10 highly
trained cyclists who rode for 60 min at∼64% of maximal
aerobic power (VO2max) with either low or normal muscle
glycogen levels (achieved by prior exercise/diet
intervention). The mRNA of PGC-1α was enhanced to a
greater extent when exercise was performed with low
compared with normal glycogen availability (8.1-fold vs.
2.5-fold increase), while cytochrome c oxidase subunit I
and pyruvate dehydrogenase kinase isozyme 4 mRNA were
increased after low (1.3- and 114-fold increase,
respectively), but not normal glycogen conditions.31
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Figure 2. Schematic overview of the potential cell signalling pathways with roles in regulating the enhanced mitochon-
drial adaptations observed when commencing endurance-based training under conditions of reduced carbohydrate
availability. Reduced muscle glycogen availability enhances both AMPK and p38MAPK phosphorylation that subse-
quently results in increased PGC-1α activation and translocation to both the nucleus and mitochondria. In the nucleus,
PGC-1α co-activates the transcription factors NRF1 and NRF2 to increase the expression of COX subunits and Tfam as
well auto-regulating its own expression. In the mitochondria, PGC-1α co-activates Tfam to co-ordinate regulation of
mtDNA and induces the expression of key mitochondrial proteins of the electron transport chain (i.e. COX subunits). Simi-
lar to PGC-1α, p53 activity is also increased when exercising under conditions of low carbohydrate availability (possibly
due to upstream signaling through AMPK) where it translocates to mitochondria to modulate Tfam activity and mtDNA
expression. Additionally, nuclear p53 abundance may also be enhanced where it functions to increase expression of Drp1
and Mfn2 to later assist in mitochondrial fission and fusion, respectively. Finally, reduced carbohydrate availability
increases both adipose tissue and intramuscular lipolysisvia decreased circulating insulin and increased adrenaline con-
centrations. Theresulting elevations in free fatty acids activate the nuclear transcription factor, PPARδ, to increase expres-
sion of key proteins involved in regulation of lipid oxidation such as CPT-1, PDK4 and CD36. Thin solid lines represent
activation, dashed lines represent translocation.

While there is growing evidence to show that acute
signaling events are generally augmented when endurance
training is commenced with low carbohydrate availability,
several disconnects exist between upstream signaling events
and selected downstream substrates. For example, we
hypothesized that the greater AMPK activation in response
to intense training with low glycogen availability33 would
result in concomitant increases in the localization and/or
phosphorylation of some of these downstream targets of
AMPK, but this was not the case: there were no differences
in the localization of HDAC5 and the phosphorylation state
of CREB when subjects commenced intense exercise with
either low or normal muscle glycogen levels.33 In that study
we speculated that the magnitude of increase in AMPK
phosphorylation may not have been sufficient to specifically
increase its activity towards HDAC5 and CREB. In support
of this contention, it has recently been reported that the
mitochondrial content and oxidative capacity of skeletal

muscle are key determinants of the activation of signalling
proteins important to muscle plasticity.36 The attenuation of
kinase phosphorylation in muscle with high mitochondrial
content suggests that these proteins may require a greater
stimulus input for activation to propagate these cues
downstream to evoke phenotypic adaptations, as was
previously found by Yuet al.15

Alternatively, there may be other mechanisms by
which low muscle glycogen availability increases the acute
training response. Indeed, recent evidence demonstrates that
glycogen binding to the glycogen-binding domain on the
AMPK β subunit allosterically inhibits AMPK activity and
phosphorylation by upstream kinases.37 McBride et al.37

reported that AMPK is inhibited by glycogen, particularly
preparations with high branching content. Moreover, these
workers also showed that this inhibition of AMPK
activation by several different types of carbohydrates was
dependent on the glycogen-binding domain being abolished
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by mutation of residues required for carbohydrate binding.
Collectively, these results strongly suggest that glycogen is
a potent regulator of AMPK activity through its association
with the glycogen-binding domain on the AMPKβ
subunit.37

Finally, carbohydrate availability is not the only
variable manipulated in many of these investigations. Under
conditions of low muscle glycogen, circulating free fatty
acids and catecholamine concentrations are also elevated
(Figure 2) and it seems reasonable to consider that these
perturbations may contribute to the promotion of exercise
training-induced mitochondrial biogenesis. Evidence in
support of this contention comes from studies in animals
where chronically raising plasma FFA concentration
induces increased biogenesis of mitochondria in skeletal
muscle.38 However, it should be noted that when the post-
exercise rise in plasma fatty acid concentration is abolished
(by administration of acipimox, a pharmacological inhibitor
of adipose tissue lipolysis), the normal exercise-induced
increase in mRNA abundance of selected metabolic genes
(i.e. PDK4 and PGC-1α) persists.39 These results clearly
demonstrate that the increase in circulating fatty acid
concentrations during the later stages of exercise and
subsequent recovery are not essential to induce skeletal
muscle mRNA expression of several proteins involved in
regulating substrate metabolism.

Finally, the various studies reviewed here have
employed different exercise modes, a diverse range of
fitness levels and athletic abilities in the subjects tested, and
have sometimes altered both endogenous and exogenous
carbohydrate availability (reviewed in Hawley et al., 201126

and Tunstallet al., 200739). It is quite possible that some of
the results are not directly attributable to differences in
carbohydrate availability per sebut rather to the effects of
the exercise training protocol itself (i.e. differences in
recovery time between workouts, training once/dayvs.
twice every 2nd day). Humanstudies are also limited by
practical issues, such as the number of muscle biopsies and
the time points at which these are taken; in reality, most
investigations provide only a ‘snapshot’ of the major
cellular events taking place, thus precluding our ability to
make meaningfully interpretations. Clearly, the interaction
of muscle fuel stores and the concomitant perturbations in
the hormonal milieu during and after exercise commenced
with low glycogen availability play major roles in
modulating the training response and subsequent
adaptation, and this is a fertile area for future research.

Conclusions

‘Train-low’ has become a catchphrase in athletic
circles as a generic term that describes the planned
manipulation of nutrient availability to promote the training
response-adaptation. While it should be stressed that
commencing endurance exercise with low muscle glycogen
concentration is only one strategy to alter carbohydrate
availability40 the possibility that several common exercise-
induced signalling pathways may be sensitive to
endogenous glycogen stores is attractive on theoretical

grounds. Just how low glycogen availability modulates the
activities of proteins with putative roles in promoting
mitochondrial biogenesis is not precisely clear. Howev er,
the time-course data of Perryet al.8 may offer some insight
into this conundrum. The normal time-course of activation
of the majority of exercise-induced genes is that their
activity peaks early (i.e. 1-4 h) during recovery and has
typically returned to resting (pre-exercise) values within
16-24 h. Commencing exercise with low muscle glycogen
stores and/or withholding carbohydrate during recovery
from strenuous endurance exercise may ‘prolong’ the
transient increases in mRNA transcription, resulting in a
greater or more sustained signal.41 Low glycogen
availability after exercise may be important for the
structural integrity of the power-generating capacity of the
previously exercised musculature. Certainly further work is
warranted to define the time-course of post-transcriptional
regulation and if withholding carbohydrate during recovery
from exercise is associated with functionally meaningful
changes in the activity of key proteins that can further
promote the endurance phenotype.
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