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The molecular regulation of skeletal muscle mass
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Summary These tagets will be discussed with particular emphasis on

) the contrasting conditions of disease axef@se.
1. The maintenance of skeletal muscle mass is

determined by a fine balance between protein synthesis &kt signalling

protein dgradation. Skletal mass is increased when there ) . ) )
is a net gin in protein synthesis which can occur faling ~Studies employing pharmacological and genetic
progressie execise training. In contrast, eletal muscle manipulation in cellular anq rodent modeIS/dﬂé_xjentmed _
mass is lost when degradation occurs more rapidly th&}ft (also caIIed_PKB; F_’rot_em Kinase B), a serine/threonine
synthesis and is observed in numerous conditions includijiase, as a potal point in the hpertroply,® and more
neuromuscular disease, chronic disease, ageing, as well€g&ntly in the atropy signalling pathvays® Akt is

following limb immobilization, or prolonged bed rest due t&ctvated via phosphorylation following a series  of
injury or trauma. intracellular signalling cascades vatving insulin-like

2. Understanding the molecular pathways thagrowth factor 1 (IGF-1) and phosphatidylinositol 3-kinase
regulate skeletal muscle protein synthesis and protefR!3K)° A downstream target of Akt is glycogen synthase
degradation is vital for identifying potential therapeutickinase-B (GSK-3). The phosphorylation of GSK{3 by

targets that can attenuate muscle atgoglring disease and Akt releases its inhibition of the translation initiati@ctor
disuse. elF2B10 Akt also phosphorylates and aetes the

3. The rgulation of skeletal mass is complend mammalian target of rapamycin (@R)2 with the latter

involves the precise co-ordination ofveeal intracellular Phosphorylating and awtting p7G* as well as
signalling pathwys. This reiew will focus on the role and phosphorylatlngl and releasing the |nh|b|toryK effect of
regulation of pathways imlving Akt, atrogin-1 and PHAS-1/4E-BP!  Phosphorylation of p7® and

MURF1 (atrogenes), PGQxland SARS, with eercise PHAS-1/4E-BP1 leads to the aetion of pathvays

and disease. promoting protein synthesis and translation initiation,
respectiely. Hence the Akt/GSKf8 and Akt/mTOR
Introduction pathways are important for muscle hypertpigure 1).

The control of skeletal muscle size is tightlyAkt activation and hypertrophy
regulated by the syngy between muscle gnth ) ]
(hypertroply) and muscle loss (atroph Humanskeletal Compensatory ypertroply of the plantaris muscle in
muscle lypertroply occurs with an increase in functional@ts, induced by the rewa of the soleus, medial
demand as seen with resistance training (fcievesee Fry gas_tro.c.nemlu.s and Iatgraagtrocnemlus muscles, results in
2003), and with functional electrical stimulation after® Sgnificant increase in total and phosphorylated Akt, as
spinal cord injury? In contrast, skeletal muscle atrgpis a  Well as the phosphorylation and inhibition of GSE-and
devastating condition and a hallmark of neuromusculgictivation of p7_§GK and PHAS-1/4E-BP1 as early as 7 days
disorders such as Duchenne muscular dysyro{@iMD) post mtgrentlon? The pharmacologlcall inhibition of
and amyotrophic lateral sclerosis (ALS}Lis also seen in a MTOR with rapamycin, blunts the Akt agition of D7GGK
sequelae of other chronic diseases such as Calneant and PHAS-1/4E-BP1 and attenuates the increase in muscle
disease, chronic obstrue¢i pulmonary disease (COPD), hypertropry.g These observations shdhat the AKUmDR
sepsis and AIDS, immobilization following acute injuriesPathvay is irvolved in load-induced stetal muscle
as well as in critical illness, myopgthand ageind:’ growth. Similarly it has been demonstrateq in human
Muscle atropl secondary to these diseases is increasingfj€letal muscle that 8 weeks of resistance trainkeycese
encountered in clinical practice and seen as one of the mgtults in muscle ypertroply which is associated with
limiting ~ factors  afecting  treatment  Eieng. Increasesin phosphorylated Akt, GSR-3nd mTOR??
Understanding the molecular and physiological coutoits
to human skeletal muscle atrgpits a pgerequisite for the
development of therapeutic strategies to imgrodinical As increased lels of Akt actiity are associated
outcomes and reduce the burden on health care systems.with skeletal muscle\lpertroply, sudies hae investigated

Recent studies ke identified seeral signalling the regulation of Akt in conditions of muscle atrgpHind
cascades that regulate skeletal muscle including theb unloading, induced by suspending rats by their tail for
mechanisms for muscleypertroply or muscle atroph 14 days, results in muscle atrgpés well as an associated

Akt activity and muscle atrophy

Proceedings of the Australian Physiological Society (2@09) 85



Molecular regulation of skeletal muscle

decrease in total and phosphorylated Akt, reducedpamycin, suggesting an mTOR independent mechanism.
phosphorylation of p70°®€ and increased binding of Along similar lines, doxycycline inducible Akt in
PHAS-1 to elF4E. Other in vivo and in vitro rodent transgenic mice promotes tha&peession of utrophin and
models associated with muscle atrgphsuch as prevents sarcolemmal damage and muschesting inmdx
amyotrophic lateral sclerosis (AL%),sepsis induced by mice?° These observations shidhat Akt can potentially
lipopolysaccharide (LPS)-induced endotoxaéfhiaor attenuate the loss of muscle mass and function, at least in
denervatiod? as well treatments with Vastatin’® mdxmice.

dexamethasone and serum starvfgll result in reduced )

Akt activation. Inconditions of human muscle atropkt  Atrogin-1and MuRF1

activity is reduced in ALE and following de-training? In . Atrogin-1 and MuRF1 were discered in 2001
contrast, Akt is up-mgulated in atrophied muscle of Chron'cfollowing screening studies for genes upregulated in

obstructve pimonary disease (COPD) patieﬁia;ppssible different models of rodent muscle atrgghBased on their
attempt to try and reduce yafiurther muscle wasting. In

age-related muscleasting, or sarcopenia, total Akt, but no
phosphorylated Akt, is up-gelated in elderly compared
with young subjects, suggesting a reduceficiehgy or
capacity to actiate their Akt poolt® In the vast majority of
these situations, especially in rodents, the reduction in
is paralleled by increases in FoXO/atrogene pathw
(Figure 1) which will be discussed belo

sequence structure and results framvitro experiments
tth@/ were identified as Wing E3-ligase actities.
E3-ligase proteins areely components of the ubiquitin
proteasome pathay (UPP) which is one of the main

athways irvolved in sleletal muscle protein deadation.

hock-out of either atrogin-1 or MuRF1 in mice reduces
muscle loss following denervation by about 50%hese
obsenations highlighted atrogin-1 and MuRF1 as potential
targets for combating skeletal muscle atsoph

The equlation of atogin-1 and MuRFL1 in rodent models of
atrophy

Atrogin-1 and MuRF1 mRNAs e keen shown to
be increased in numeroirsvitro andin vivorodent models
of muscle atropjp These range from treatment with
dexamethasone (DEXJ and tumour necrosisaétora
l / \ ‘1, (TNFo)?!  to stanation}!’ uremia?? denervation,
B immobilization! ALS,'3 cancef® and statin therap® As
[ elF2B ] [ p7oseK<J> such these atroghgenes are often collevdly referred to
as “atrogenes”. Pvgousin vitro andin vivo rodent studies
have mnsistently shown that under catabolic conditions the
T Hypertrophy 1’ Atrophy atrogin-1 and MuRF-1 genes areguéated by pathays
which actvate the Brkhead family of transcriptiora€tors
(FoX0)217 One study has also sho that MuRF-1 is
Figure 1. Protein synthesis and degradation pathways regulated by the N&B transcription &ctor?* FoXO1 has
regulated by Akt and PGC-1a. Akt can phosphorylate e been shown not to directly increase atroginlel&e hut
eral targets whid results in their activation (@y oxes), as instead blocks the IGF-1 inhibition of atrogin-1 up-
for mTOR, or their inactivation (bldc boxes) as for regulation in catabolic conditions such ascamethasone
GSK- and FoXO. These signalling cascades result in thgeatment (DEXf. FoXO3a has been shown to directly bind
activation of proteins involved in protein synthesis and mug the atrogin-1 promoter in mouse muscle and increase its
cle hypertophy or inhibition of proteins involved ingiein  transcriptiont” This was confirmed by the observation that
degtadation and muscle Eﬂphy PGC-1a can also inhibit b|ocking FoX0O3a aoﬁty with a dominant-r@aive FoxO
the protein dgradation/atophy genes tlaugh a pathway construct, in mouse myotubes or by &Nh mouse muscle
also egulatedvia Akt. WhethePGC-1a regulates skletal in vivo prevented the atrogin-1 induction normally obsetv
muscle Akt has yet to be determined. during starvation or following treatment with DEX.
Recently it was shown that FoXO4 is responsible for the
increase in atrogin-1 following treatment with TNFn
mouse myotube¥. In contrast to préous observations, the
Increasing Akt actity is seen as a therapeutic | NFQ activation of the FoXO transcription of atrogin-lae

stratgy to attenuate shetal muscle atroph Using par'alleled by a.n.increase in Akt anity the latter generally
Tamoxifen inducible transgenesis in mice to watét Akt, Delieved to inhibit the FoXO/atrogin-1 pathay® Clearly,
prevented the muscle damage caused by eccentffde various FoXO family members areguéated via
contractions in dystrophimdxmice and force lesls were differing catabolic and anabolic signals.

maintained to a similarx¢ent as those observed in muscles

from wild type micet® This effect is not correlated with

increased muscle ypertropty nor is it blocked by

Akt activation as a therapeutic strategy
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The equlation of atogin-1 and MuRF1 in human models ofperforming acute moderate-intensity kneexteasion
atrophy exacise, consisting of 3-8 sets of 10 repetitions at 60-80%
) _ of 1 maximal concentric lift, results in a decrease in
Previous work in human muscle has 8o that  a4r0gin-1 mRM at approximately 4-24 h postercise and
atrogin-1 and MuRF1 are notedys regulated in the same g increase in MURF1 mRN1-4 h post Bercise in human
in vivomodels as obseed in rodents.For example, &sting quadriceps muscRé:38:39 In contrast, performing & 5
increases atrogin-1 in miééput has no ct in humans® 1 ayima effort Ig extensions reduced atrogin-1 by 70%
Paaplegia induced muscle atrophin rats resulted in N0 (not significant) in endurance trained subjects; liad no
change in atrogin-1, but increased MuRF1, when measurgght in strength trained subjects. Exercise, in the form of
10 weeks post injurf’ In contrast, atrogin-1 and MuRF1 gtenning-up (concentric contractions) onto a bench with one
are increased in human paraiéepatients as early as 2-Sjeq and stepping-down (eccentric contractions) with the
days post-trauntdand is transient, with both atrogin-1 andyer lg, resulted in an increase in MUuRF1 3 h post
MuRF1 reduced in paragle patients when measured asygcise during the concentric phase and a decrease in
late as 3 months post-trauftaThis transient increase in atrogin-1 mRM from 3-24 h during the eccentric
atrogin-1 and MuRF1 suggests thatytihaght be important phase'®4l However, since the amount of concentric and
in the early sletal muscle remodelling that occurs iNgccentric work was not equal and the effect of combined
conditions such as paragle. Studies are required {0 gystemic influences not considered, these observations are
determine whether atrogin-1 and MuRFlvéaoles in ifficult to interpret. Running for 30 min at a moderate-high
skeletal muscle, other than enhancing proteigra@ation jntensity of 75% ofVO,max results in an increase in both
during catabolic conditions.Differences in these geneSairogin-1 and MuRF1 mRAl 1-4 h post eercise3
have dso been obseed between rodent and human modelg;milarly, cycling at 70% oVO, peak for 60 min increased
of ageing, with atrogin-1 and MuRF1lincreased in old*®atsyr0gin.-1 mRM by two-fold in endurance trained subjects
but no change in these genesasvobserved in muscle from 4 0.4-fold in strength trained subjetst appears that
elderly humans? In human muscle, atrogin-1 mRNand  he regulation of atrogin-1 and MuRF1 depends on the
protein as well as MuRF1 mRNare increased in human mode and intensity of xercise as well as the training
atroply conditions, such as in patients with amyotrophig,isiory of the subjects.oTdate none of these acuteeesise
lateral sclerosis (ALS)? Additionally, arogin-1 mRM\is  gdies hee established the transcriptional mechanisms
increased in chronic obstrugti pulmonary disease yeqylating atrogin-1 and MuRF1 gene expression nee ha
(COPD)/ quadriplgic myopathy® and following limb iheir protein lgels been measured. No rationale has been
|mmob|I|zapon.33 Identifying the atropj conditions which lproposed to explain the opposing regulation of atrogin-1
are associated with changes in atrogin-1 and MuRRh4 MuRF1 with these differing intensities of muscle
mRNA is important, but does not pide information  conraction. Furthermore, theteacellular signals, or their
relating to their acuty or their functions. Only measuring (amet receptors and downstream intracellular signalling
atrogin-1 and MuRF1 mRAImay also be misleading as pathways that control transcriptional and translational
demonstrated by the observation that although MuR régulation of atrogin-1 and MuRF1 inasious human
mRNA leves do change in paraplegic rats, the MuRFlatanolic and anabolic situations, vearot been well
protein increases  suggesting  post  transcriptiongkfined. Understanding the signalling mechanisms by
modifications® This finding highlights the need to measurgyhich ecercise may up- and/or dm-regulate atrogin-1 and
atrogin-1 and MuRF1 protein as well as mRNves. At \uRF1 is vital for our understanding of wcthese ky
present, studies in humansvearot supported the role of genes regulate skeletal muscle mass. Thisviedge will
FoXO ftranscription &ctors in the regulation of atrogin-14/e implications for clinical rehabilitation and the future
and MuRF1 in human models of muscle atygphcluding; development of pharmacological interventions.
ALS,*® COPD! ageing® and spinal cord injury* Others
have dso demonstrated a similar discordance in thBeroxisome proliferator activated receptor-y (PPARY)
regulation of FoXO, atrogin-1 and MuRF1 in humanco-activator-1la (PGC-1a)
skeletal muscle following  runningf-3¢  Clearly . _ .
investigations are required to determine the transcriptional  Peroxisome proliferator awtted receptogamma
regulators of human atrogin-1 and MuRF1. (PPARY) co-actvator-la (PGC-Tn), a transcriptional co-
activator, was first identified as a functional aetor of the
The equlation of atogin-1 and MuRF1 following exercise PPARy receptor in bran adipose tissu®. Since then
] PGC-In has been identified in other mitochondria-rich
_ As atrogin-1 and MuRFl ke keen shown to sqyes including skeletal muscle and heart as well as in
increase skeletal muscle atrgpht was expected that kidney, liver and brain (reiewed in Finck & Kelly, 2006).
resistance xercise, an intervention known to increase nebgc-iy interacts with numerous nuclear transcription
protein synthesi&/ would reduce the >€pressior_1 of thgse factors including the PPAR family membeas B/ 5 andy,
atroply genes. Hwever, we have shavn previously in 45 \well as nuclear respiratorgctorl and -2 (NRF-1 and
humans that follwing 8-weeks of Wpertrophy-inducing NRF-2), estrogen-related receptofERRn) as well as non
resistance training, performed at 85-95% of maximumy,ciear receptors such as mytc enhancer actor-2

atrogin-1 and MuRF1 mRA and protein lgels are (\gr2), forkhead boxO1 (XO1) and SREBP1 (viewed
increased in hypertrophied muséfe. In  contrast,
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in detail in Finck & Kelly, 200644 Knutti & Kralli, 2005#> mice that were 3 months of age, whereas Mairal 5 used

and Russell, 20d5). In skeletal muscle PGCellhas been mice that were 6 months of age, suggesting that long-term
shavn to control the transcriptional program of genestable oer-expression of PGCd might be toxic. This
which regulate mitochondrial biogenesis and fusféf’® possibility athough not validated »g@erimentally has
adult skeletal muscle phenotyffeglucose transpott and implications for potential pharmacological or gene
lipid utilization>* PGC-Tn is also rapidly and transiently therapies for increasing PG@+1to rescue or maintain
up-rggulated in human skeletal muscle followingvleand muscle mass during catabolic conditiors.would be of
high intensity enduranceyding*®°2 as well as follwing interest to test the fefctiveness of transient induction of
endurance traini§ and in rodent muscle folldng PGC-Ix in skeletal muscle during catabolic stress.
swimming and treadmilbercise>

PGC-lo and its role in egulating muscle mass [ e ] [ MyoD ]
Skeletal muscle PGCelmRNA levds are decreased N %4
in several rodent models of muscle atrgphincluding

diabetes, cancer cacti@, uremia, starvation denetion STARS
and heartdilure?>55>5|t has also been st that PGC-t
mMRNA is downregulated in human models of reduced
muscle mass including COPDjnsulin-resistancd->8 and
ageing® suggesting that PGCal might play a role in G-actin
regulating skeletal muscle mass. As mentionedipusly,
these disease conditions are also associated with
perturbations in Akt and /or atrogin-1lvés, suggesting a
potential link between PGCal Akt and atrogin-1 (Figure

1).

MRTF-A

PGC-Iu has been shen to regulate factors wolved
in skeletal muscle protein breakdown and as a consequence,
reduce muscle atrogh Mice genetically modified tover-
express PGCA in their sleletal muscle® were protected
against denervation or station induced muscle atropf® ‘1’
This sparing of muscle mass is associated with an
attenuated increase in atrogin-1 due to P@Urhibiting
binding of F©XO3a to the atrogin-1 promoter (Figure 1);

MuRF1 mRM upregulation was also attenuated bypiqre 2. Signalling pathway regulated via STARS. The
PGC-Tn. PGC-Ia inhibits the activity of a constitMly  y anscriptional egulation of STARS isia a MEF2 and

active FXO3a, a mutant which cannot be phosphorylateghy o STARS can increase SRF transcriptional activity
and inacwated by Akt. This suggests that PG@-thay not  y5gh reducing G-actin levels and increasing MRTF-A
actvia the Akt signalling pathay. Howeve, this is yet to | jear translocation.

be demonstrated. PGGrlhas also been shown to rescue

the lovastatin-induced damage and atrgpbf skeletal

muscle in zebrafish with an associated reduction ®riated activator of Rho signalling (STARS)/serum
atrogin-1'6 In C2C12 myotubes, PGQxlattenuated the responsefactor (SRF) signalling

lovastatin-induced increase in atrogin-1, again by

attenuating the FoXO3a aetion of the atrogin-1 The adaptation of sketal muscle to ¢ernal
promotert The mechanisms through which PGE-1 mechanical stress, such as increased loading or muscle

attenuated protein degradation occur were not establishé@ntractions, requires sensing of the stress, vieitbby the
however, inhibiton of proteasomal and |y3050ma|transduction of this stress into signals that will generate the
mechanisms are likely candidates since these process 8RRropriate physiological response. STARS, aehactin-

be rgulated via FOXO actiity.° In contrast to these binding protein specifically expressed in cardiac and
protective dfects of PGC-&, Muira et al. demonstrated Skeletal musclé364 binds to the I-band of the sarcomere
that genetic wer-expression of PGC4 resulted in séletal and to actin filaments. STARS, in part collaboration with
muscle atropypy especially in muscles with a higherRhOA: stimulates the binding of free G-actin to F-actin
proportion of type 2B fibre® These mice also had filaments, resulting in enhanced or stabilized actin
decreased {els of ATP, a perturbation caused by impaired Polymerisatior?® The reduction in the pool of free G-actin
mitochondrial dysfunction in various inherited and acquirefMes its inhibition of the transcriptional co-agitor
human diseases, such as cardiomyogpateuromuscular myocardin-related transcriptioadtorA (MRTF-A).%° This
disorders and diabetf%. The diferences between the Permits the nuclear translocation of MRTF-A where it
studies by Sandet al?® and Miuraet al®! may be related increases the transcriptional ai§f of serum response
to the age of the mice. For example, Samdral? used factor (SRFJ°® (Figure 2). SRRS mRMA is upregulated in

SRF

T Muscle remodelling / growth genes
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Figure 3. A scheme depicting the potential crosstalk between Akt, PGC-1a and STARS signalling. This model highlights
PGC-1a as a potential upstream activator of proteinstsas At and SARS. Activatiorof Akt and STARS would result in

the transmission of signals to increase muscle growth and funetégomTOR and GSK-Bregulated protein synthesis, as
well as muscleamodellingyvia SRF gene transcription. In addition, muscle growth and function may be further enhanced
via the PGC-Ir and Akt inhibition of the FoXO anscription of the atrgenes (atogin-1 and MuRF1); genes involved in
muscle atophy Establishing the precise level of cross-talk between the P&@¥t and STARS axigquires further
investigation.

rat during pressureverload® while forced wer-expression several SRF taget genes; the structural proteiractin,®
of STARS in mouse heantja adenwiral infection, resulted the motor protein myosin heavy chain type Illa (MHC Tia),
in increased sensitivity to verload and cardiac and the insulin-lie gowth factorl (IGF-1)’8 Importantly,
hypertroply.8” STARS has therefore been suggested tfollowing 8 weeks of de-training and concomitant muscle
provide an important link between the transduction oétropty, the increases in the 8RS signalling pathay, as
external stress to intracellular signalling and controllingvell the SRF target genes, returned to base-line. Similarly
genes imolved in the maintenance oftoskeletal intgrity STARS, MRTF-A and SRF are reduced irekkal muscles
and muscle function. The transcriptionalgutation of from aged 24-month-old mic€,suggesting a role for the
STARS has been shown to bda both MEF2®” and STARS signalling pathway in aged-induced skeletal muscle
MyoD,%8 two transcription factors co-awtited by Akf® atroply. The regulation of STARS signalling in chronic
and PGC-.*%70 Although speculati, it is possible that conditions of muscle wastingwaits further irvestigation
Akt, PGC-Xn and STARS may form a complgathway and these studies will prile valuable insights into the role
which regulates muscle growth,gemeration and function of this novel pathway.
(Figure 3). )

Several targets downstream of 8RS, including €onclusion
RhoA and SRfhavebeen linked pre.V|oust with elet.al The regulation of skeletal mass is a vital mechanism
muscle deelopment and remodeling after func'uonalfor ensuring good heath ver the entire life span.

overload anghmdhmp suspension in rafé.SRF AW pertyrhations in the mechanismgukating skeletal muscle
and expression are mzcreased dgurmg Ioad-|r!duced musﬁlﬁss, either through genetic or chronic disease and/or
hypeytropty in roosters” and rats’ Qene dgletlon studies situations such as ageing, immobilization and sedentary
in mice hae dso revealed th'at SRF is required foredetal lifestyles, can result in gere muscle wasting and increases
muscle growth and maturafih. the risk of death or the onset of other diseases. Our
Work from our Iaboratory.has. recgntly shown thahnderstanding of the molecular factors pwsii regulating
STARS, as well as members of its signalling pativmay skeletal muscle mass throughxeecise, nutrition and

play a role in human skeletal musclgpkrtroply and h . . . : .
75 X i . pharmacological interventions, or gavely regulating
atroply.™ Fdlowing 8 weeks of ypertrophy-stimulating skeletal muscle mass during disease and disuse, has been

reg;t:mce trallllnlng,Rﬁ\‘IiS, '\QRTF'EA’ MSR;EB apq 3RF improved dgnificantly over the past decade. Identifying the
m as Well as RhoA and nuciear PrOl€IVES * interactions between el signalling pathays has
were all increased. This was associated with increases in
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highlighted the complexity of the mechanisms controlling
skeletal muscle mass. M our society ageing and
becoming increasingly sedentafyealth issues irolving
skeletal muscle mass and function highlight the need for

more mechanistic and clinically rebnt research to 10.

understand the regulation of skeletal muscle quantity and
quality.

11.
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