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Summary

1. The maintenance of skeletal muscle mass is
determined by a fine balance between protein synthesis and
protein degradation. Skeletal mass is increased when there
is a net gain in protein synthesis which can occur following
progressive exercise training. In contrast, skeletal muscle
mass is lost when degradation occurs more rapidly than
synthesis and is observed in numerous conditions including
neuromuscular disease, chronic disease, ageing, as well as
following limb immobilization, or prolonged bed rest due to
injury or trauma.

2. Understanding the molecular pathways that
regulate skeletal muscle protein synthesis and protein
degradation is vital for identifying potential therapeutic
targets that can attenuate muscle atrophy during disease and
disuse.

3. The regulation of skeletal mass is complex and
involves the precise co-ordination of several intracellular
signalling pathways. This review will focus on the role and
regulation of pathways involving Akt, atrogin-1 and
MuRF1 (atrogenes), PGC-1α and STARS, with exercise
and disease.

Introduction

The control of skeletal muscle size is tightly
regulated by the synergy between muscle growth
(hypertrophy) and muscle loss (atrophy). Humanskeletal
muscle hypertrophy occurs with an increase in functional
demand as seen with resistance training (for review see Fry,
20031), and with functional electrical stimulation after
spinal cord injury.2 In contrast, skeletal muscle atrophy is a
devastating condition and a hallmark of neuromuscular
disorders such as Duchenne muscular dystrophy (DMD)
and amyotrophic lateral sclerosis (ALS).3 It is also seen in a
sequelae of other chronic diseases such as cancer, heart
disease, chronic obstructive pulmonary disease (COPD),
sepsis and AIDS, immobilization following acute injuries,
as well as in critical illness, myopathy and ageing.4-7

Muscle atrophy secondary to these diseases is increasingly
encountered in clinical practice and seen as one of the most
limiting factors affecting treatment efficiency.
Understanding the molecular and physiological contributors
to human skeletal muscle atrophy is a prerequisite for the
development of therapeutic strategies to improve clinical
outcomes and reduce the burden on health care systems.

Recent studies have identified several signalling
cascades that regulate skeletal muscle including the
mechanisms for muscle hypertrophy or muscle atrophy.

These targets will be discussed with particular emphasis on
the contrasting conditions of disease and exercise.

Akt signalling

Studies employing pharmacological and genetic
manipulation in cellular and rodent models have identified
Akt (also called PKB; Protein Kinase B), a serine/threonine
kinase, as a pivotal point in the hypertrophy,8 and more
recently, in the atrophy signalling pathways.9 Akt is
activated via phosphorylation following a series of
intracellular signalling cascades involving insulin-like
growth factor 1 (IGF-1) and phosphatidylinositol 3-kinase
(PI3K).8 A downstream target of Akt is glycogen synthase
kinase-3β (GSK-3β). The phosphorylation of GSK-3β by
Akt releases its inhibition of the translation initiation factor
eIF2B.10 Akt also phosphorylates and activates the
mammalian target of rapamycin (mTOR),8 with the latter
phosphorylating and activating p70S6K as well as
phosphorylating and releasing the inhibitory effect of
PHAS-1/4E-BP.11 Phosphorylation of p70S6K and
PHAS-1/4E-BP1 leads to the activation of pathways
promoting protein synthesis and translation initiation,
respectively. Hence the Akt/GSK-3β and Akt/mTOR
pathways are important for muscle hypertrophy (Figure 1).

Akt activation and hypertrophy

Compensatory hypertrophy of the plantaris muscle in
rats, induced by the removal of the soleus, medial
gastrocnemius and lateral gastrocnemius muscles, results in
a significant increase in total and phosphorylated Akt, as
well as the phosphorylation and inhibition of GSK-3β and
activation of p70S6K and PHAS-1/4E-BP1 as early as 7 days
post intervention.8 The pharmacological inhibition of
mTOR with rapamycin, blunts the Akt activation of p70S6K

and PHAS-1/4E-BP1 and attenuates the increase in muscle
hypertrophy.8 These observations show that the Akt/mTOR
pathway is involved in load-induced skeletal muscle
growth. Similarly it has been demonstrated in human
skeletal muscle that 8 weeks of resistance training exercise
results in muscle hypertrophy which is associated with
increases in phosphorylated Akt, GSK-3β, and mTOR.12

Akt activity and muscle atrophy

As increased levels of Akt activity are associated
with skeletal muscle hypertrophy, studies have inv estigated
the regulation of Akt in conditions of muscle atrophy. Hind
limb unloading, induced by suspending rats by their tail for
14 days, results in muscle atrophy as well as an associated
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decrease in total and phosphorylated Akt, reduced
phosphorylation of p70S6K and increased binding of
PHAS-1 to eIF4E.8 Other in vivo and in vitro rodent
models associated with muscle atrophy, such as
amyotrophic lateral sclerosis (ALS),13 sepsis induced by
lipopolysaccharide (LPS)-induced endotoxaemia14 or
denervation,15 as well treatments with lovastatin,16

dexamethasone and serum starving17 all result in reduced
Akt activation. In conditions of human muscle atrophy, Akt
activity is reduced in ALS13 and following de-training.12 In
contrast, Akt is up-regulated in atrophied muscle of chronic
obstructive pulmonary disease (COPD) patients;7 a possible
attempt to try and reduce any further muscle wasting. In
age-related muscle wasting, or sarcopenia, total Akt, but not
phosphorylated Akt, is up-regulated in elderly compared
with young subjects, suggesting a reduced efficiency or
capacity to activate their Akt pool.18 In the vast majority of
these situations, especially in rodents, the reduction in Akt
is paralleled by increases in FoXO/atrogene pathway
(Figure 1) which will be discussed below.
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Figure 1. Protein synthesis and degradation pathways
regulated by Akt and PGC-1α . Akt can phosphorylate sev-
eral targets which results in their activation (grey boxes), as
for mTOR, or their inactivation (black boxes) as for
GSK-3β and FoXO. These signalling cascades result in the
activation of proteins involved in protein synthesis and mus-
cle hypertrophy or inhibition of proteins involved in protein
degradation and muscle atrophy. PGC-1α can also inhibit
the protein degradation/atrophy genes through a pathway
also regulatedvia Akt. WhetherPGC-1α regulates skeletal
muscle Akt has yet to be determined.

Akt activation as a therapeutic strategy

Increasing Akt activity is seen as a therapeutic
strategy to attenuate skeletal muscle atrophy. Using
Tamoxifen inducible transgenesis in mice to activate Akt,
prevented the muscle damage caused by eccentric
contractions in dystrophicmdxmice and force levels were
maintained to a similar extent as those observed in muscles
from wild type mice.19 This effect is not correlated with
increased muscle hypertrophy nor is it blocked by

rapamycin, suggesting an mTOR independent mechanism.
Along similar lines, doxycycline inducible Akt in
transgenic mice promotes the expression of utrophin and
prevents sarcolemmal damage and muscle wasting inmdx
mice.20 These observations show that Akt can potentially
attenuate the loss of muscle mass and function, at least in
mdxmice.

Atrogin-1 and MuRF1

Atrogin-1 and MuRF1 were discovered in 2001
following screening studies for genes upregulated in
different models of rodent muscle atrophy.7 Based on their
sequence structure and results fromin vitro experiments
they were identified as having E3-ligase activities.7

E3-ligase proteins are key components of the ubiquitin
proteasome pathway (UPP) which is one of the main
pathways involved in skeletal muscle protein degradation.
Knock-out of either atrogin-1 or MuRF1 in mice reduces
muscle loss following denervation by about 50%.7 These
observations highlighted atrogin-1 and MuRF1 as potential
targets for combating skeletal muscle atrophy.

The regulation of atrogin-1 and MuRF1 in rodent models of
atrophy

Atrogin-1 and MuRF1 mRNAs have been shown to
be increased in numerousin vitro andin vivo rodent models
of muscle atrophy. These range from treatment with
dexamethasone (DEX)17 and tumour necrosis factor-α
(TNFα)21 to starvation,17 uremia,22 denervation,
immobilization,7 ALS,13 cancer23 and statin therapy.16 As
such these atrophy genes are often collectively referred to
as “atrogenes”. Previous in vitro and in vivo rodent studies
have consistently shown that under catabolic conditions the
atrogin-1 and MuRF-1 genes are regulated by pathways
which activate the Forkhead family of transcription factors
(FoXO).9,17 One study has also shown that MuRF-1 is
regulated by the NF-κB transcription factor.24 FoXO1 has
been shown not to directly increase atrogin-1 levels, but
instead blocks the IGF-1 inhibition of atrogin-1 up-
regulation in catabolic conditions such as dexamethasone
treatment (DEX).9 FoXO3a has been shown to directly bind
to the atrogin-1 promoter in mouse muscle and increase its
transcription.17 This was confirmed by the observation that
blocking FoXO3a activity with a dominant-negative FoXO
construct, in mouse myotubes or by RNAi in mouse muscle
in vivoprevented the atrogin-1 induction normally observed
during starvation or following treatment with DEX.25

Recently it was shown that FoXO4 is responsible for the
increase in atrogin-1 following treatment with TNFα in
mouse myotubes.26 In contrast to previous observations, the
TNFα activation of the FoXO transcription of atrogin-1 was
paralleled by an increase in Akt activity; the latter generally
believed to inhibit the FoXO/atrogin-1 pathway.9 Clearly,
the various FoXO family members are regulated via
differing catabolic and anabolic signals.
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The regulation of atrogin-1 and MuRF1 in human models of
atrophy

Previous work in human muscle has shown that
atrogin-1 and MuRF1 are not always regulated in the same
in vivomodels as observed in rodents.For example, fasting
increases atrogin-1 in mice,27 but has no effect in humans.28

Paraplegia induced muscle atrophy in rats resulted in no
change in atrogin-1, but increased MuRF1, when measured
10 weeks post injury.29 In contrast, atrogin-1 and MuRF1
are increased in human paraplegic patients as early as 2-5
days post-trauma30 and is transient, with both atrogin-1 and
MuRF1 reduced in paraplegic patients when measured as
late as 3 months post-trauma.31 This transient increase in
atrogin-1 and MuRF1 suggests that they might be important
in the early skeletal muscle remodelling that occurs in
conditions such as paraplegia. Studies are required to
determine whether atrogin-1 and MuRF1 have roles in
skeletal muscle, other than enhancing protein degradation
during catabolic conditions.Differences in these genes
have also been observed between rodent and human models
of ageing, with atrogin-1 and MuRF1increased in old rats32

but no change in these genes was observed in muscle from
elderly humans.18 In human muscle, atrogin-1 mRNA and
protein as well as MuRF1 mRNA are increased in human
atrophy conditions, such as in patients with amyotrophic
lateral sclerosis (ALS).13 Additionally, atrogin-1 mRNA is
increased in chronic obstructive pulmonary disease
(COPD),7 quadriplegic myopathy6 and following limb
immobilization.33 Identifying the atrophy conditions which
are associated with changes in atrogin-1 and MuRF1
mRNA is important, but does not provide information
relating to their activity or their functions. Only measuring
atrogin-1 and MuRF1 mRNA may also be misleading as
demonstrated by the observation that although MuRF1
mRNA lev els do change in paraplegic rats, the MuRF1
protein increases suggesting post transcriptional
modifications.29 This finding highlights the need to measure
atrogin-1 and MuRF1 protein as well as mRNA lev els. At
present, studies in humans have not supported the role of
FoXO transcription factors in the regulation of atrogin-1
and MuRF1 in human models of muscle atrophy, including;
ALS,13 COPD,7 ageing18 and spinal cord injury.31 Others
have also demonstrated a similar discordance in the
regulation of FoXO, atrogin-1 and MuRF1 in human
skeletal muscle following running.34-36 Clearly
investigations are required to determine the transcriptional
regulators of human atrogin-1 and MuRF1.

The regulation of atrogin-1 and MuRF1 following exercise

As atrogin-1 and MuRF1 have been shown to
increase skeletal muscle atrophy, it was expected that
resistance exercise, an intervention known to increase net
protein synthesis,37 would reduce the expression of these
atrophy genes. However, we hav e shown previously in
humans that following 8-weeks of hypertrophy-inducing
resistance training, performed at 85-95% of maximum,
atrogin-1 and MuRF1 mRNA and protein levels are
increased in hypertrophied muscle.12 In contrast,

performing acute moderate-intensity knee extension
exercise, consisting of 3-8 sets of 10 repetitions at 60-80%
of 1 maximal concentric lift, results in a decrease in
atrogin-1 mRNA at approximately 4-24 h post-exercise and
an increase in MuRF1 mRNA 1-4 h post exercise in human
quadriceps muscle.34,38,39 In contrast, performing 8× 5
maximal effort leg extensions reduced atrogin-1 by 70%
(not significant) in endurance trained subjects, but had no
effect in strength trained subjects. Exercise, in the form of
stepping-up (concentric contractions) onto a bench with one
leg and stepping-down (eccentric contractions) with the
other leg, resulted in an increase in MuRF1 3 h post
exercise during the concentric phase and a decrease in
atrogin-1 mRNA from 3-24 h during the eccentric
phase.40,41 However, since the amount of concentric and
eccentric work was not equal and the effect of combined
systemic influences not considered, these observations are
difficult to interpret. Running for 30 min at a moderate-high
intensity of 75% ofVO2max results in an increase in both
atrogin-1 and MuRF1 mRNA 1-4 h post exercise.34

Similarly, cycling at 70% ofVO2 peak for 60 min increased
atrogin-1 mRNA by two-fold in endurance trained subjects
and 0.4-fold in strength trained subjects.42 It appears that
the regulation of atrogin-1 and MuRF1 depends on the
mode and intensity of exercise as well as the training
history of the subjects. To date none of these acute exercise
studies have established the transcriptional mechanisms
regulating atrogin-1 and MuRF1 gene expression nor have
their protein levels been measured. No rationale has been
proposed to explain the opposing regulation of atrogin-1
and MuRF1 with these differing intensities of muscle
contraction. Furthermore, the extracellular signals, or their
target receptors and downstream intracellular signalling
pathways that control transcriptional and translational
regulation of atrogin-1 and MuRF1 in various human
catabolic and anabolic situations, have not been well
defined. Understanding the signalling mechanisms by
which exercise may up- and/or down-regulate atrogin-1 and
MuRF1 is vital for our understanding of how these key
genes regulate skeletal muscle mass. This knowledge will
have implications for clinical rehabilitation and the future
development of pharmacological interventions.

Peroxisome proliferator activated receptor-γ (PPARγ)
co-activator-1α (PGC-1α)

Peroxisome proliferator activated receptor-gamma
(PPARγ) co-activator-1α (PGC-1α), a transcriptional co-
activator, was first identified as a functional activator of the
PPARγ receptor in brown adipose tissue.43 Since then
PGC-1α has been identified in other mitochondria-rich
tissues including skeletal muscle and heart as well as in
kidney, liv er and brain (reviewed in Finck & Kelly, 200644).
PGC-1α interacts with numerous nuclear transcription
factors including the PPAR family membersα, β/ δ andγ,
as well as nuclear respiratory factor-1 and -2 (NRF-1 and
NRF-2), estrogen-related receptor-α (ERRα) as well as non
nuclear receptors such as myocyte enhancer factor-2
(MEF2), forkhead boxO1 (FoXO1) and SREBP1 (reviewed
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in detail in Finck & Kelly, 2006;44 Knutti & Kralli, 2005;45

and Russell, 200546). In skeletal muscle PGC-1α has been
shown to control the transcriptional program of genes
which regulate mitochondrial biogenesis and fusion,43,47,48

adult skeletal muscle phenotype,49 glucose transport50 and
lipid utilization.51 PGC-1α is also rapidly and transiently
up-regulated in human skeletal muscle following low and
high intensity endurance cycling48,52 as well as following
endurance training53 and in rodent muscle following
swimming and treadmill exercise.54

PGC-1α and its role in regulating muscle mass

Skeletal muscle PGC-1α mRNA lev els are decreased
in several rodent models of muscle atrophy including
diabetes, cancer cachexia, uremia, starvation denervation
and heart failure.25,55,56It has also been shown that PGC-1α
mRNA is downregulated in human models of reduced
muscle mass including COPD,57 insulin-resistance51,58 and
ageing59 suggesting that PGC-1α might play a role in
regulating skeletal muscle mass. As mentioned previously,
these disease conditions are also associated with
perturbations in Akt and /or atrogin-1 levels, suggesting a
potential link between PGC-1α, Akt and atrogin-1 (Figure
1).

PGC-1α has been shown to regulate factors involved
in skeletal muscle protein breakdown and as a consequence,
reduce muscle atrophy. Mice genetically modified to over-
express PGC-1α in their skeletal muscles49 were protected
against denervation or starvation induced muscle atrophy.25

This sparing of muscle mass is associated with an
attenuated increase in atrogin-1 due to PGC-1α inhibiting
binding of FoXO3a to the atrogin-1 promoter (Figure 1);
MuRF1 mRNA upregulation was also attenuated by
PGC-1α. PGC-1α inhibits the activity of a constitutively
active FoXO3a, a mutant which cannot be phosphorylated
and inactivated by Akt. This suggests that PGC-1α may not
act via the Akt signalling pathway. Howev er, this is yet to
be demonstrated. PGC-1α has also been shown to rescue
the lovastatin-induced damage and atrophy of skeletal
muscle in zebrafish with an associated reduction in
atrogin-1.16 In C2C12 myotubes, PGC-1α attenuated the
lovastatin-induced increase in atrogin-1, again by
attenuating the FoXO3a activation of the atrogin-1
promoter.16 The mechanisms through which PGC-1α
attenuated protein degradation occur were not established,
however, inhibition of proteasomal and lysosomal
mechanisms are likely candidates since these process can
be regulated via FoXO activity.60 In contrast to these
protective effects of PGC-1α, Muira et al. demonstrated
that genetic over-expression of PGC-1α resulted in skeletal
muscle atrophy, especially in muscles with a higher
proportion of type 2B fibres.61 These mice also had
decreased levels of ATP, a perturbation caused by impaired
mitochondrial dysfunction in various inherited and acquired
human diseases, such as cardiomyopathy, neuromuscular
disorders and diabetes.62 The differences between the
studies by Sandriet al.25 and Miuraet al.61 may be related
to the age of the mice. For example, Sandriet al.25 used

mice that were 3 months of age, whereas Miuraet al.61 used
mice that were 6 months of age, suggesting that long-term
stable over-expression of PGC-1α might be toxic. This
possibility, although not validated experimentally, has
implications for potential pharmacological or gene
therapies for increasing PGC-1α to rescue or maintain
muscle mass during catabolic conditions.It would be of
interest to test the effectiveness of transient induction of
PGC-1α in skeletal muscle during catabolic stress.

MEF2 MyoD

STARS

G!actin

MRTF!A

SRFSRF

Muscle remodelling / growth genes

Figure 2. Signalling pathway regulated via STARS. The
transcriptional regulation of STARS isvia a MEF2 and
MyoD. STARS can increase SRF transcriptional activity
through reducing G-actin levels and increasing MRTF-A
nuclear translocation.

Striated activator of Rho signalling (STARS)/serum
response factor (SRF) signalling

The adaptation of skeletal muscle to external
mechanical stress, such as increased loading or muscle
contractions, requires sensing of the stress, followed by the
transduction of this stress into signals that will generate the
appropriate physiological response. STARS, a novel actin-
binding protein specifically expressed in cardiac and
skeletal muscle,63,64 binds to the I-band of the sarcomere
and to actin filaments. STARS, in part collaboration with
RhoA, stimulates the binding of free G-actin to F-actin
filaments, resulting in enhanced or stabilized actin
polymerisation.63 The reduction in the pool of free G-actin
removes its inhibition of the transcriptional co-activator
myocardin-related transcription factor-A (MRTF-A).65 This
permits the nuclear translocation of MRTF-A where it
increases the transcriptional activity of serum response
factor (SRF)66 (Figure 2). STARS mRNA is upregulated in
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Figure 3. A scheme depicting the potential cross talk between Akt, PGC-1α and STARS signalling. This model highlights
PGC-1α as a potential upstream activator of proteins such as Akt and STARS. Activationof Akt and STARS would result in
the transmission of signals to increase muscle growth and functionvia mTOR and GSK-3β regulated protein synthesis, as
well as muscle remodelling,via SRF gene transcription. In addition, muscle growth and function may be further enhanced
via the PGC-1α and Akt inhibition of the FoXO transcription of the atrogenes (atrogin-1 and MuRF1); genes involved in
muscle atrophy. Establishing the precise level of cross-talk between the PGC-1α, Akt and STARS axis requires further
investigation.

rat during pressure overload,64 while forced over-expression
of STARS in mouse heart,via adenoviral infection, resulted
in increased sensitivity to overload and cardiac
hypertrophy.67 STARS has therefore been suggested to
provide an important link between the transduction of
external stress to intracellular signalling and controlling
genes involved in the maintenance of cytoskeletal integrity
and muscle function. The transcriptional regulation of
STARS has been shown to bevia both MEF267 and
MyoD,68 two transcription factors co-activated by Akt69

and PGC-1α.49,70 Although speculative, it is possible that
Akt, PGC-1α and STARS may form a complex pathway
which regulates muscle growth, regeneration and function
(Figure 3).

Several targets downstream of STARS, including
RhoA and SRF, hav ebeen linked previously with skeletal
muscle development and remodeling after functional
overload andhindlimb suspension in rats.71 SRF activity
and expression are increased during load-induced muscle
hypertrophy in roosters72 and rats.73 Gene deletion studies
in mice have also revealed that SRF is required for skeletal
muscle growth and maturation.74

Work from our laboratory has recently shown that
STARS, as well as members of its signalling pathway, may
play a role in human skeletal muscle hypertrophy and
atrophy.75 Following 8 weeks of hypertrophy-stimulating
resistance training, STARS, MRTF-A, MRTF-B and SRF
mRNA as well as RhoA and nuclear SRF protein levels
were all increased. This was associated with increases in

several SRF target genes; the structural proteinα-actin,76

the motor protein myosin heavy chain type IIa (MHC IIa),77

and the insulin-like growth factor-1 (IGF-1).78 Importantly,
following 8 weeks of de-training and concomitant muscle
atrophy, the increases in the STARS signalling pathway, as
well the SRF target genes, returned to base-line. Similarly,
STARS, MRTF-A and SRF are reduced in skeletal muscles
from aged 24-month-old mice,79 suggesting a role for the
STARS signalling pathway in aged-induced skeletal muscle
atrophy. The regulation of STARS signalling in chronic
conditions of muscle wasting awaits further investigation
and these studies will provide valuable insights into the role
of this novel pathway.

Conclusion

The regulation of skeletal mass is a vital mechanism
for ensuring good heath over the entire life span.
Perturbations in the mechanisms regulating skeletal muscle
mass, either through genetic or chronic disease and/or
situations such as ageing, immobilization and sedentary
lifestyles, can result in severe muscle wasting and increases
the risk of death or the onset of other diseases. Our
understanding of the molecular factors positively regulating
skeletal muscle mass through exercise, nutrition and
pharmacological interventions, or negatively regulating
skeletal muscle mass during disease and disuse, has been
improved significantly over the past decade. Identifying the
interactions between several signalling pathways has
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highlighted the complexity of the mechanisms controlling
skeletal muscle mass. With our society ageing and
becoming increasingly sedentary, health issues involving
skeletal muscle mass and function highlight the need for
more mechanistic and clinically relevant research to
understand the regulation of skeletal muscle quantity and
quality.
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