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Summary

1. The maintenance of skeletal muscle mass is datedry a fine balance between protein synthesipastdin
degradation. Skeletal mass is increased when iharaet gain in protein synthesis which can oéollowing
progressive exercise training. In contrast, skefatescle mass is lost when degradation occurs maqidly than
synthesis and is observed in numerous conditiaciading neuromuscular disease, chronic diseasé@ges well

as following limb immobilization, or prolonged begkt due to injury or trauma.

2. Understanding the molecular pathways that regukeetal muscle protein synthesis and proteinatégion is

vital for identifying potential therapeutic targétat can attenuate muscle atrophy during diserdeliguse.

3. The regulation of skeletal mass is complex andliras the precise co-ordination of several intiadzs
signalling pathways. This review will focus on ttede and regulation of pathways involving Akt, aio-1 and

MuRF1 (atrogenes), PGGxland STARS, with exercise and disease.
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Abbreviations: 4E-BP1, eukaryotic initiation fac# binding protein 1; Akt, v-akt murine thymomaali
oncogene or protein kinase B (PKB); ALS, amyotreghteral sclerosis; COPD, chronic obstructive parary
disease; DEX, dexamethasone; RNAI, RNA interfereBddD, Duchenne muscular dystrophy; elF2B, eukdryot

initiation factor 2B; ERR, estrogen-related receptar+0XO, Forkhead transcription factor; GSR;3lycogen



synthase kinasef3 IGF-1, insulin-like growth factor-1; LPS, lipopadaccharide; mTOR, mammalian target of
rapamycin; MEF2, myocyte enhancer factor-2; MuRRliscle ring finger-1; MRTF-A, myocardin-related
transcription factor-A; MHC, myosin heavy chain; B, nuclear factor-kappa B; NRF-1, nuclear redpita
factor-1; NRF-2, nuclear respiratory factor-2; RIphosphatidylinositol 3-kinase; PPAR, peroxisopneliferator
activated receptor; PGQal peroxisome proliferator activated receptor-gancmactivator-t1; PHAS-1,
Phosphorylated. Heat and Acid Stable; $¥¥0ribosomal protein S6 kinase p70; SRF, serum resptactor; SCI,
spinal cord injury; STARS, striated activator ofd$ignalling; TN, Tumor necrosis factor; UPP, ubiquitin-

proteasome pathway.

Introduction

The control of skeletal muscle size is tightly rieded by the synergy between muscle growth (hypehty) and
muscle loss (atrophy). Human skeletal muscle hygainy occurs with an increase in functional demasdeen

with resistance training (for review see Fry, 2Y)0and with functional electrical stimulation afsginal cord

injury.? In contrast, skeletal muscle atrophy is a deviagtaiondition and a hallmark of neuromuscular digos

such as Duchenne muscular dystrophy (DMD) and arogbic lateral sclerosis (ALS)It is also seen in a sequelae
of other chronic diseases such as cancer, headstischronic obstructive pulmonary disease (CO&ipsis and
AIDS, immobilization following acute injuries, assias in critical illness, myopathy and agefiigMuscle atrophy
secondary to these diseases is increasingly ereraahin clinical practice and seen as one of thst tmiting

factors affecting treatment efficiency. Understawgdihe molecular and physiological contributorsitionan skeletal
muscle atrophy is a prerequisite for the develogroétherapeutic strategies to improve clinicalcauhes and

reduce the burden on health care systems.

Recent studies have identified several signallmsrades that regulate skeletal muscle includingnéaehanisms for
muscle hypertrophy or muscle atrophy. These tangitbe discussed with particular emphasis ondbmetrasting

conditions of disease and exercise.



Akt signalling

Studies employing pharmacological and genetic mdaijn in cellular and rodent models have ideatifiAkt

(also called PKB; Protein Kinase B), a serine/thige kinase, as a pivotal point in the hypertroplapd more
recently, in the atrophy signalling pathw&y#kt is activatedsia phosphorylation following a series of intracellula
signalling cascades involving insulin-like growticfor 1 (IGF-1) and phosphatidylinositol 3-kinaBé3K).2 A
downstream target of Akt is glycogen synthase lar@is(GSK-3). The phosphorylation of GSKBdy Akt
releases its inhibition of the translation initiatifactor elF2B° Akt also phosphorylates and activates the
mammalian target of rapamycin (mTOR)ith the latter phosphorylating and activating $fGas well as
phosphorylating and releasing the inhibitory efi@cPHAS-1/4E-BP! Phosphorylation of p76X and PHAS-
1/4E-BP1 leads to the activation of pathways pramggprotein synthesis and translation initiaticegspectively.

Hence the Akt/GSK{3 and Akt/mTOR pathways are important for musclednyophy (Figure 1).

Akt activation and hypertrophy

Compensatory hypertrophy of the plantaris musclais, induced by the removal of the soleus, medial
gastrocnemius and lateral gastrocnemius musclegisen a significant increase in total and phasplated Akt, as
well as the phosphorylation and inhibition of GSR#nhd activation of p&f< and PHAS-1/4E-BP1 as early as 7
days post interventiohThe pharmacological inhibition of mMTOR with rapagin blunts the Akt activation of
p70°%K and PHAS-1/4E-BP1 and attenuates the increaseistimhypertroph§. These observations show that the
Akt/mTOR pathway is involved in load-induced skeletuscle growth. Similarly it has been demonstrate
human skeletal muscle that 8 weeks of resistaaggirig exercise results in muscle hypertrophy wilschssociated

with increases in phosphorylated Akt, GSB-and mTOR?
Akt activity and muscle atrophy
As increased levels of Akt activity are associatéith skeletal muscle hypertrophy, studies have stigated the

regulation of Akt in conditions of muscle atroplidind limb unloading, induced by suspending ratghsir tail for

14 days, results in muscle atrophy as well as socésted decrease in total and phosphorylatedraétjced



phosphorylation of p7§< and increased binding of PHAS-1 to elF4Btherin vivo andin vitro rodent models
associated with muscle atrophy, such as amyotrdatecal sclerosis (ALSY; sepsis induced by lipopolysaccharide
(LPS)-induced endotoxaemfzor denervationt? as well treatments with lovastafihdexamethasone and serum
starving” all result in reduced Akt activation. In condit®of human muscle atrophy, Akt activity is reduied
ALS?! and following de-trainind? In contrast, Akt is up-regulated in atrophied niesd chronic obstructive
pulmonary disease (COPD) patiehts;possible attempt to try and reduce any furthesale wasting. In age-
related muscle wasting, or sarcopenia, total Alt,ffot phosphorylated Akt, is up-regulated in digeompared

with young subjects, suggesting a reduced effigiemacapacity to activate their Akt potiin the vast majority of
these situations, especially in rodents, the réoludh Akt is paralleled by increases in FoXO/a&ng pathway

(Figure 1) which will be discussed below.

Akt activation as a therapeutic strategy

Increasing Akt activity is seen as a therapeutitagly to attenuate skeletal muscle atrophy. Usargoxifen
inducible transgenesis in mice to activate Aktvpreed the muscle damage caused by eccentric ctotrain
dystrophicmdxmice and force levels were maintained to a singident as those observed in muscles from wild
type mice'® This effect is not correlated with increased megipertrophy nor is it blocked by rapamycin,
suggesting an mTOR independent mechanism. Aloniigsitimes, doxycycline inducible Akt in transgenitce
promotes the expression of utrophin and prevemt®kammal damage and muscle wastingigixmice?° These

observations show that Akt can potentially atteadle loss of muscle mass and function, at leastixmice.

Atrogin-1 and MuRF1

Atrogin-1 and MuRF1 were discovered in 2001 follogvscreening studies for genes upregulated inrdifte
models of rodent muscle atrophRased on their sequence structure and resultsifraitro experiments they were
identified as having E3-ligase activitié&E3-ligase proteins are key components of the ttiicproteasome
pathway (UPP) which is one of the main pathwayslved in skeletal muscle protein degradation. Kwouot of
either atrogin-1 or MuRF1 in mice reduces muscés lmllowing denervation by about 509 hese observations

highlighted atrogin-1 and MuRF1 as potential tasdet combating skeletal muscle atrophy.



The regulation of atrogin-1 and MuRFL1 in rodent ratscof atrophy

Atrogin-1 and MuRF1 mRNAs have been shown to beegmed in numerous vitro andin vivorodent models of
muscle atrophy. These range from treatment wikahethasone (DEXJ and tumour necrosis factar{ TNFa)??
to starvation.’ uremia?? denervation, immobilizatiohALS,'® cancet® and statin theraplf. As such these atrophy
genes are often collectively referred to as “atneg8. Previousn vitro andin vivo rodent studies have consistently
shown that under catabolic conditions the atrogand MuRF-1 genes are regulated by pathways wltithate the
Forkhead family of transcription factors (FoX®Y. One study has also shown that MuRF-1 is regulayettie NF-
KB transcription factof* FoXO1 has been shown not to directly increasegatrd levels, but instead blocks the
IGF-1 inhibition of atrogin-1 up-regulation in catalic conditions such as dexamethasone treatmefX)®
FoXO3a has been shown to directly bind to the @trdgpromoter in mouse muscle and increase itstrgotion?’
This was confirmed by the observation that blockiokO3a activity with a dominant-negative FoXO douet, in
mouse myotubes or by RNAIi in mouse musnlgivo prevented the atrogin-1 induction normally obsdrgiaring
starvation or following treatment with DER Recently it was shown that FoXO4 is responsibietfe increase in
atrogin-1 following treatment with TNFin mouse myotube®.In contrast to previous observations, the GNF
activation of the FoXO transcription of atrogin-hswparalleled by an increase in Akt activity; thigedr generally
believed to inhibit the FoXO/atrogin-1 pathwaglearly, the various FoXO family members are ratpdvia

differing catabolic and anabolic signals.

The regulation of atrogin-1 and MuRF1 in human meaé atrophy

Previous work in human muscle has shown that atrdgind MuRF1 are not always regulated in the sarms/o
models as observed in rodents. For example, tastareases atrogin-1 in miééput has no effect in huma#.
Paraplegia induced muscle atrophy in rats resutted change in atrogin-1, but increased MuRF1,wineasured
10 weeks post injur§? In contrast, atrogin-1 and MuRF1 are increasdtliman paraplegic patients as early as 2-5
days post-traunfd and is transient, with both atrogin-1 and MuRFdueed in paraplegic patients when measured
as late as 3 months post-trauthZhis transient increase in atrogin-1 and MuRFIgssts that they might be

important in the early skeletal muscle remodeltimgt occurs in conditions such as paraplegia. 8sugie required



to determine whether atrogin-1 and MuRF1 have rolekeletal muscle, other than enhancing protegradation
during catabolic conditions. Differences in thesaes have also been observed between rodent arahhuodels
of ageing, with atrogin-1 and MuRF1lincreased inralé$2 but no change in these genes was observed in enuscl
from elderly human&2 In human muscle, atrogin-1 mRNA and protein ad a®MuRF1 mRNA are increased in
human atrophy conditions, such as in patients aitlyotrophic lateral sclerosis (ALS) Additionally, atrogin-1
mRNA is increased in chronic obstructive pulmondisease (COPD)guadriplegic myopattyand following limb
immobilization32 Identifying the atrophy conditions which are asatsx with changes in atrogin-1 and MuRF1
MRNA is important, but does not provide informatretating to their activity or their functions. @niheasuring
atrogin-1 and MuRF1 mRNA may also be misleadindexaonstrated by the observation that although MuRF1
MRNA levels do change in paraplegic rats, the MuRfetein increases suggesting post transcriptional
modifications?® This finding highlights the need to measure atregand MuRF1 protein as well as mRNA levels.
At present, studies in humans have not supportedaile of FOXO transcription factors in the regigatof atrogin-

1 and MuRF1 in human models of muscle atrophyuitiolg; ALS!® COPD! ageing®and spinal cord injury*
Others have also demonstrated a similar discordiante regulation of FoXO, atrogin-1 and MuRFIiman
skeletal muscle following runnint:36 Clearly investigations are required to determheettanscriptional regulators

of human atrogin-1 and MuRF1.

The regulation of atrogin-1 and MuRF1 following eoise

As atrogin-1 and MuRF1 have been shown to increksketal muscle atrophy, it was expected that tasie
exercise, an intervention known to increase netefmosynthesisg’ would reduce the expression of these atrophy
genes. However, we have shown previously in hurtteatfollowing 8-weeks of hypertrophy-inducing itaince
training, performed at 85-95% of maximum, atrogiarid MURF1 mRNA and protein levels are increased in
hypertrophied muscl.In contrast, performing acute moderate-intensitgekextension exercise, consisting of 3-8
sets of 10 repetitions at 60-80% of 1 maximal caiéelift, results in a decrease in atrogin-1 mRstA
approximately 4-24 h post-exercise and an incraaBuRF1 mRNA 1-4 h post exercise in human quaghsce
muscle3*38:3%n contrast, performing 8 5 maximal effort leg extensions reduced atrogl70% (not

significant) in endurance trained subjects, but aeffect in strength trained subjects. Exerdis¢he form of



stepping-up (concentric contractions) onto a bemithh one leg and stepping-down (eccentric contoasj with the
other leg, resulted in an increase in MuRF1 3 h prercise during the concentric phase and a deeiieaatrogin-1
mRNA from 3-24 h during the eccentric ph4%é! However, since the amount of concentric and ecicenbrk

was not equal and the effect of combined systenfiagénces not considered, these observations Hieuttito

interpret. Running for 30 min at a moderate-higkmsity of 75% olO,max results in an increase in both atrogin-1

and MuRF1 mRNA 1-4 h post exerci&&Similarly, cycling at 70% oYO, peak for 60 min increased atrogin-1

mRNA by two-fold in endurance trained subjects @ntifold in strength trained subjeétdt appears that the
regulation of atrogin-1 and MuRF1 depends on thderand intensity of exercise as well as the trgimistory of
the subjects. To date none of these acute exesitidees have established the transcriptional mestmsregulating
atrogin-1 and MuRF1 gene expression nor have fiietein levels been measured. No rationale has jpegrosed
to explain the opposing regulation of atrogin-1 dwuRF1 with these differing intensities of musc@ntraction.
Furthermore, the extracellular signals, or thaigéareceptors and downstream intracellular sigmapathways that
control transcriptional and translational regulatad atrogin-1 and MuRF1 in various human catabatid anabolic
situations, have not been well defined. Understamttie signalling mechanisms by which exercise omyand/or
down-regulate atrogin-1 and MuRF1 is vital for omderstanding of how these key genes regulatetaketeiscle
mass. This knowledge will have implications fonaal rehabilitation and the future development of

pharmacological interventions.

Peroxisome proliferator activated receptor-y (PPARY) co-activator-1la (PGC-1a)

Peroxisome proliferator activated receptor-gamni®A({R/) co-activator-&r (PGC-1n), a transcriptional co-
activator, was first identified as a functionaligator of the PPAR receptor in brown adipose tisstfeSince then
PGC-1u has been identified in other mitochondria-ricluiss including skeletal muscle and heart as wétl as
kidney, liver and brain (reviewed in Finck & Kell2006). PGC-1n interacts with numerous nuclear transcription
factors including the PPAR family membexs3/ & andy, as well as nuclear respiratory factor-1 and -RfNL and
NRF-2), estrogen-related receptofERRu) as well as non nuclear receptors such as myecytancer factor-2
(MEF2), forkhead boxO1 (FoXO1) and SREBP1 (reviewedetail in Finck & Kelly, 2006 Knutti & Kralli,

20052 and Russell, 20d9). In skeletal muscle PGGCalhas been shown to control the transcriptional gnmgof



genes which regulate mitochondrial biogenesis asbh?34"48adult skeletal muscle phenotyffeglucose
transport® and lipid utilization?* PGC-1n is also rapidly and transiently up-regulated imian skeletal muscle
following low and high intensity endurance cyclif§?as well as following endurance traintdgnd in rodent

muscle following swimming and treadmill exercide.

PGC-1a and its role in regulating muscle mass

Skeletal muscle PGCelmRNA levels are decreased in several rodent madetsiscle atrophy including diabetes,
cancer cachexia, uremia, starvation denervatiorhaad failure?>5%5|t has also been shown that PGE+hRNA

is downregulated in human models of reduced musales including COPE,insulin-resistancé-*¢and agein®}
suggesting that PGCalmight play a role in regulating skeletal musclesmaAs mentioned previously, these
disease conditions are also associated with periors in Akt and /or atrogin-1 levels, suggestngotential link

between PGCd, Akt and atrogin-1 (Figure 1).

PGC-Io has been shown to regulate factors involved itet&demuscle protein breakdown and as a consequence
reduce muscle atrophy. Mice genetically modifiedver-express PGCalin their skeletal musclédwere

protected against denervation or starvation inducesicle atrophy® This sparing of muscle mass is associated with
an attenuated increase in atrogin-1 due to P@@Hiibiting binding of FoXO3a to the atrogin-1 protar (Figure

1); MuRF1 mRNA upregulation was also attenuate®@®C-1o. PGC-1n inhibits the activity of a constitutively
active FoX0O3a, a mutant which cannot be phosphtagland inactivated by Akt. This suggests that P@@ray

not actvia the Akt signalling pathway. However, this is yetie demonstrated. PG@has also been shown to
rescue the lovastatin-induced damage and atrophliadétal muscle in zebrafish with an associatddagon in
atrogin-116 In C2C12 myotubes, PGGxlattenuated the lovastatin-induced increase irgatd, again by
attenuating the FoXO3a activation of the atrogiprdmotert® The mechanisms through which PG@-dttenuated
protein degradation occur were not established glvew inhibition of proteasomal and lysosomal medras are
likely candidates since these process can be fegivia FoXO activity® In contrast to these protective effects of
PGC-1n, Muiraet al. demonstrated that genetic over-expression of PG@4ulted in skeletal muscle atrophy,

especially in muscles with a higher proportionygfet 2B fibres! These mice also had decreased levels of ATP, a



perturbation caused by impaired mitochondrial dgsfion in various inherited and acquired humanatiss, such

as cardiomyopathy, neuromuscular disorders ancetiigt? The differences between the studies by Saetcal 2

and Miuraet al®! may be related to the age of the mice. For exan§aladriet al?® used mice that were 3 months
of age, whereas Miuret al®! used mice that were 6 months of age, suggestatdahg-term stable over-expression
of PGC-In might be toxic. This possibility, although not idated experimentally, has implications for potehti
pharmacological or gene therapies for increasinG-R6 to rescue or maintain muscle mass during catabolic
conditions. It would be of interest to test th&eefiveness of transient induction of PGE-h skeletal muscle

during catabolic stress.

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

The adaptation of skeletal muscle to external meichhstress, such as increased loading or musdigactions,
requires sensing of the stress, followed by thesttaction of this stress into signals that will gexte the
appropriate physiological response. STARS, a nagth-binding protein specifically expressed indiac and
skeletal musclé3%4binds to the I-band of the sarcomere and to dithiments. STARS, in part collaboration with
RhoA, stimulates the binding of free G-actin tod&afilaments, resulting in enhanced or stabilizetin
polymerisatiorf® The reduction in the pool of free G-actin remoigsnhibition of the transcriptional co-activator
myocardin-related transcription factor-A (MRTF-®)This permits the nuclear translocation of MRTF-Aeke it
increases the transcriptional activity of serunpoese factor (SREJ (Figure 2). STARS mRNA is upregulated in
rat during pressure overlo&tiwhile forced over-expression of STARS in mouserhe& adenoviral infection,
resulted in increased sensitivity to overload aadliac hypertroph§’ STARS has therefore been suggested to
provide an important link between the transductibaxternal stress to intracellular signalling aoatrolling genes
involved in the maintenance of cytoskeletal intggaind muscle function. The transcriptional regalabf STARS
has been shown to lvéa both MEF27 and MyoD®8 two transcription factors co-activated by #ktand PGC-
10.4970 Although speculative, it is possible that Akt, G and STARS may form a complex pathway which

regulates muscle growth, regeneration and fungtagure 3).

Several targets downstream of STARS, including Raod SRF, have been linked previously with skelstascle



development and remodeling after functional ovetl@nd hindlimb suspension in rdtsSRF activity and
expression are increased during load-induced mirgglertrophy in roostef$and rats? Gene deletion studies in

mice have also revealed that SRF is required feletkl muscle growth and maturatith.

Work from our laboratory has recently shown thaABS, as well as members of its signalling pathvwagy play a
role in human skeletal muscle hypertrophy and &tydp Following 8 weeks of hypertrophy-stimulating réaisce
training, STARS, MRTF-A, MRTF-B and SRF mRNA as lad RhoA and nuclear SRF protein levels were all
increased. This was associated with increases/eraeSRF target genes; the structural proteactin,’® the motor
protein myosin heavy chain type lla (MHC Ii)and the insulin-like growth factor-1 (IGF-1Importantly,
following 8 weeks of de-training and concomitantstie atrophy, the increases in the STARS signajiaitpway,
as well the SRF target genes, returned to baseSin@larly, STARS, MRTF-A and SRF are reducedkalstal
muscles from aged 24-month-old mféesuggesting a role for the STARS signalling pathwegged-induced
skeletal muscle atrophy. The regulation of STARBalling in chronic conditions of muscle wastingaats further

investigation and these studies will provide valaabsights into the role of this novel pathway.

Conclusion

The regulation of skeletal mass is a vital mecharfty ensuring good heath over the entire life sfparturbations
in the mechanisms regulating skeletal muscle nadtéger through genetic or chronic disease andfoasons such
as ageing, immobilization and sedentary lifestytas) result in severe muscle wasting and increhsessk of
death or the onset of other diseases. Our unddistanf the molecular factors positively regulatsigeletal muscle
mass through exercise, nutrition and pharmacolbgitarventions, or negatively regulating skeletalscle mass
during disease and disuse, has been improvedisimify over the past decade. Identifying the iat¢ions between
several signalling pathways has highlighted the glexity of the mechanisms controlling skeletal mesuoass.
With our society ageing and becoming increasingjesitary, health issues involving skeletal musa@ssrand
function highlight the need for more mechanistid afinically relevant research to understand tlyeilaion of

skeletal muscle quantity and quality.
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Legendsto figures

Figurel. Protein synthesis and degradation pathwaysregulated by Akt and PGC-1a. Akt can phosphorylate
several targets which results in their activatigrey boxes), as for mTOR, or their inactivatioraftd boxes) as for
GSK-3B and FoXO. These signalling cascades result imthigation of proteins involved in protein syntrseand
muscle hypertrophy or inhibition of proteins invet/in protein degradation and muscle atrophy. P@€ah also
inhibit the protein degradation/atrophy genes tgtoa pathway also regulatei Akt. Whether PGC-d regulates

skeletal muscle Akt has yet to be determined.

Figure 2. Signalling pathway regulated via STARS. The transcriptional regulation of STARSvia a MEF2 and
MyoD. STARS can increase SRF transcriptional aistitirough reducing G-actin levels and increasingé-A

nuclear translocation.



Figure 3. A scheme depicting the potential crosstalk between Akt, PGC-1a and STARS signalling. This model
highlights PGC-it as a potential upstream activator of proteins siscAkt and STARS. Activation of Akt and
STARS would result in the transmission of signaléntrease muscle growth and functioa mTOR and GSK-8
regulated protein synthesis, as well as muscle deifting, via SRF gene transcription. In addition, muscle growth
and function may be further enhancéathe PGC-t& and Akt inhibition of the FoXO transcription ofetfatrogenes
(atrogin-1 and MuRF1); genes involved in muscletyy. Establishing the precise level of crosk-bedtween the

PGC-1n, Akt and STARS axis requires further investigation
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