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Chapter 1: Introduction
1. Regulation of muscle mass by myostatin

1.1. Generalities
1.1.1. Discovery of myostatin

In an attempt to identify new members of the Tramging growth factor-beta (TGPB}
superfamily, McPherrort al. identified a new factor, Growth and differentiatiéactor 8
(GDF-8), which is specifically expressed in devahgpand adult skeletal muscle. The
function of GDF-8 in skeletal muscle was establistigough gene targetirgxperiments in
mice. The observation of a “double muscling” phgpetin GDF-8-null mice highlighted a
negative role of this new TGF-member in the regulation of muscle growth (1;1ig(Ea).
Based on the phenotype of GDF-8-null mice and igsué specificity of GDF-8 expression,
GDF-8 was then referred as myostatin (Mstn). Thenconcert with this observation, the
dramatic increase of muscle size in the BelgiareRlattle was demonstrated to be due to a
natural inactivating mutation of the Mstn gene J2Big 1b). Later, the role of Mstn on
muscle mass was confirmed by a transgenic mouselnmodrhich Mstn overexpression was

associated with lower muscle mass (4).

Fig 1a: Wild-type and Mstn-null mice, and their upper forelimb muscles

McPherron AC et al PNAS 94: 12457-12461, 1997



1.1.2. Myostatin gene and protein structure

Mstn gene has been mapped in several vertebrateespand is located on chromosome 2 in
humans, cattle and sheep, 1 in mice and 9 in 88.(In all vertebrates, the genomic
organisation includes three exons separated byirtvans (Fig 2). The mature Mstn peptide

Is encoded by the third exon (7).

Fig 2: The Mstn gene ' coding sequences)
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The Mstn sequence has been highly conserved threwgjation. Remarkably, the sequence

of mature Mstn peptide is identical in human, nabuse, pig, turkey and chicken (3).

The Mstn protein is synthesised as a prepropegdrdeursor containing 375 amino acids
(52kDa). After release of the N-terminal signal g (24 amino acids), the precursor
undergoes catalytic cleavage by a furin-like endtgnase resulting in a 40kDa N-terminal
propeptide (LAP, latency associated peptide) ai@.8kDa C-terminal peptide (109 amino
acids). A disulfide bond between two C-terminal figs leads to the formation of the active
homodimeric signalling molecule, the mature Mstiptjke (26kDa, 218 amino acids) (8).
Once secreted from the cell, Mstn is held in anctime conformation via noncovalent
interactions with two propeptides (LAP) in a tetemm complex that is disassembled

following proteolytic cleavage by a BMP1/Tolloidnfdly enzyme (9-11).

Fig 3: The Mstn protein synthesis
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1.1.3. Tissue expression

Mstn is predominantly expressed in skeletal mutaleughout lifefrom the early stages of

embryogenesis to late adulthood. At early stagesdefelopment, Mstn expression is
restricted to developing somites of the myotome mamment (1). At later stages of

development and in adult animals, Mstn is expresdemst exclusively in skeletal muscle
(1). Remarkably, there is a positive correlati@tween fast type Il fiber content and Mstn
MRNA abundance in several skeletal muscles (12)ctwbuggest that fast-twitch muscles
could be more sensitive than slow-twitch musclesh@anges in the Mstn expression.

In muscle cell culture, myogenesis is associatetl am induction of Mstn mRNA. Indeed,

Mstn expression seems undetectable during prdiiferapeaks at the onset of fusion and
decreases during terminal differentiation (13).

Finally, besides skeletal muscle, adipose tissud, (lheart tissue (cardiomyocytes and

Purkinje fibers) (14) and lactating mammary glabf)(also express Mstn.

1.1.4. Myostatin binding proteins

The availability of bioactive Mstn is tightly regied through protein sequestration. In serum,
Mstn circulates as a latent complex containing Mastl other proteins including the N-
terminal propeptide (LAP) that results from thetpadytic processing of Mstn precursor (8).
Two molecules of propeptide monomer bind and irhthe biological activity of one
molecule of Mstn homodimer. The inhibitory domaihtbe propeptide is located in the
region between amino acids 42 and 115 (16). Thergédon of mice carrying a mutation of
the Mstn propeptide has showed that the proteotjtiavage of the propeptide by the BMP-
1/Tolloid proteases plays a critical role in theiation of latent Mstnin vivo (11). Other
proteins can also bind and inhibit Mstn activitgluding Follistatin (FS) (8), Follistatin-Like
Related Gene (FLRG; also known as Follistatin L3ké-STL-3, and Follistatin-Like Related
Peptide or FLRP) (17), and Growth and differenbiatfactor-Associated Serum Protein 1
(GASP-1) which binds directly not only Mstn, busalits propeptide (18). Recently a matrix-
associated protein called decorin has been desdcribleind Mstn with relatively high affinity

and to prevent Mstn receptor binding and activatii$20).

1.1.5. Myostatin receptor and signalling pathway

Mstn signals into the cell via a receptor complexnposed of two type Il and two type |

receptors (21). Accumulating evidence indicates Msin shares its pair of receptors with



activin specifically Activin Receptor(ActR)IIB andctRIIA. The Mstn initiates signalling
through ActRIIB(A) which possess a constitutivettige kinase domairBinding of Mstn to
ActRIIs recruits the corresponding type | recedtdetivin-like kinase-5 and 4 or ALK5/4)
(21), forming an activated heterotetrameric receptonplex, which transphosphorylates the
type | receptor on a Gly/Ser motif called the G&ar. The activated receptor complex then
phosphorylates the receptor-regulated Smad2/3 ipsothat oligomerize with a common
mediator Smad or co-Smad termed Smad4. The Smaglexrmanslocates into the nucleus
where it interacts with cofactors to regulate targene transcription (22;23). These Smad
binding partners regulate, in a cell type-spegaii@nner, subsets of genes that are target genes
of Mstn signalling. Another Smad, Smad7, stimulabtgd Mstn serves to abrogate Mstn
signalling by establishing an autoinhibitory feeck#op (23;24). First, Smad7 inhibits Mstn
gene expression (24). Second, Smad7 inhibits SiBadBbsphorylation by the type |
receptors (23). Third, Smad7 interferes with thenfation of a Smad 2/3 - Smad4 complex
resulting in the inhibition of Mstn signalling (23)

Fig 4: The Mstn signalling pathway
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1.2. General biological effects of myostatin
1.2.1. Muscle anti-anabolic action
1.2.1.1. Inhibition of satellite cell activation;gdiferation and self-renewal

Several observations indicate that Mstn inhibitssalel growth by different mechanisms.
Mstn has been reported to maintain the quiesceliceatllite cells. Satellite cells are
mononuclear muscle stem cells that are intercala¢étgdeen the basal lamina and the plasma
membrane of myofibers (25). Although typically qggent in normal adult muscle, they
become activated and recruited to the cell cyclerwthere is a requirement to increase
myonuclear number in growth, adaptation and regeioer. Satellite cells are the only source
of proliferative muscle precursors and myonucleinormal growing muscle The descendants
of activated satellite cells, called myoblasts, engd multiple rounds of division prior to
terminal differentiation and fusion to form multeieated myofibers (25). Satellite cells
isolated from skeletal muscle are characterizelobagg the gene expression profile: Pax-7+,
CD34+, CD45-, Scal- (25). The Mstn gene deleticassociated with an increased activation
of the muscle satellite cells (26). Mstn is alsoimnibitor of myogenic cell proliferation.
Indeed, myoblasts derived from double-muscledeatith absence of functional Mstn have a
higher ability to proliferate than myoblasts dedvieom normal-muscled cattle (27). Mstn
prevents the proliferation of satellite cells angoinasts by inhibiting cell cycle progression
from the G1- to S-phase. First, Mstn has been showp-regulate p21, decreasing therefore
the levels and activity of Cdk2, resulting in thecamulation of hypophophorylated pRb
which sequesters some transcription factors nege$sathe S phase (26;28-30) (Fig 5).
Secondly,Mstn repress the muscle cell proliferation by stating the cyclin D1 protein
degradation through the ubiquitin-proteasome sy&ihn The Mstn-induced downregulation
of cyclin D1 is mediated through inhibition of tH3K/Akt/GSK-33 signaling cascade.
Indeed, the effectsf Mstn on cyclin D1 and cell proliferatiazan be reversed by treatment
with IGF-1. Third, the upregulation of the IGF bind proteins (IGFBP) 3 and 5 could
contribute also to the inhibitory effect of Mstn oruscle cell proliferation. Actually, Mstn is
able to increase the expression of IGFBP-3 antv® |GF binding proteins which have been
shown to suppress cell proliferation (32). FinaMstn inhibits the self-renewal of satellite

cells (26), an effect mediated by decreased expres$ Pax-7 (33).



1.2.1.2. Inhibition of cell differentiation

In addition to inhibiting proliferationMstn also impairs myogenic cell differentiation
(30;34,35). Several mechanisms could explain tihbitory effect of Mstn on myogenesis.
First, Mstn downregulates the expression of myageegulatory factors (MRFs) including
Pax-3 (36;37), Myf-5 (34;36), myogenin (29;30;3dhd MyoD (27;29;34,;36;37) which are
directly responsible for muscle differentiationdf). Second, Mstn also inhibits the activity
of MyoD (34), a crucial MRF for differentiation. deed, Smad3 activated by Mstn signalling
is able to interact with MyoD and to prevent itanslocation into the nucleus (34). Third,
Mstn has been found to activate the Effkcascade, a pathway known to suppress the
myogenic cell differentiation, suggesting the cimittion of ERK in the inhibitory effect of
Mstn on myogenesis. Finally, Mstn could exert ggative effect on myogenesis through the
activation of the c-Jun N-terminal kinase (JNK)rgilling pathway. In fact, blocking the JNK

activation prevents the Mstn’s ability to inhibiffdrentiation (38).

Fig 5: A model for the role of Mstn during muscle gowth and differentiation
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1.2.1.3. Inhibition of protein synthesis

A third mechanism by which Mstn inhibits muscle \tb is the downregulation of the
protein synthesis (39). Accordingly, a higher pmoteate synthesis has been observed in
muscles of Mstn KO mice compared to their contitkimates (40). Furthermore, the
postnatal inhibition of Mstn activity by anti-Msamtibodies (JA16) or the binding protein FS
stimulates the myofibrillar protein synthesis ahd phosphorylation of p70 S6 kinase (S6K)
and ribosomal protein S6 (rpS6), two factors inedlvin the regulation of the protein
synthesis (41;42). In concert with these resulteecent study has provided further insights
into the mechanisms by which Mstn negatively regsarotein synthesis. In this study, the

muscle atrophy induced by Mstn overexpression waso@ated with a decreased



phosphorylation of Akt and two of its downstreamg#ts: S6 and 4E-binding protein-1 (4E-
BP1) (43). The data support therefore the conclusibat the down-regulation of
Akt/mTOR/p70S6K signalling could mediate the negatieffect of Mstn on protein

synthesis.

Fig 6: A model for the role of Mstn in the regulaton of protein synthesis
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1.2.2. Muscle catabolic action

Muscle overexpression of Mstn either in transgesmémals or after gene electrotransfer
results in skeletal muscle atrophy (4;44). Howetlee, mechanism involved in the catabolic
effect of Mstn is not well described. In additianibhibit protein synthesis, Mstn might also
stimulate muscle proteolysis. Indeed, treatmer@6f, myotubes with recombinant Mstn is
associated with an upregulation of genes involvedhe ubiquitin-proteasome pathway
including Atrogin-1, MuRF-1 and EZpa (37). The regulation of these atrogens by Mstn
could be mediated by an inhibition of the Akt pa#iywncreasing the expression of atrophy-
related genes through FOXO1 activation (37). Howetlee Mstn-induced muscle atrophy
seems not to be systematically associated withpregulation of atrogens. In fact, a study
conducted on human myotubes shows that Mstn tredtatelower concentrations causes a
decrease in myotube diameter together with a deabih Atrogin-1 and MuRF-1 mRNA
levels (45). In the same way, Mstn overexpressiomuscle by gene electrotransfer does not
alter the ubiquitin-proteasome pathway despite theuseight loss (43)Based on these
inconsistent results, further works will be necegda demonstrate an effect of Mstn on

muscle proteolysis. Although it has been demorstrétat systemic administration of Mstn



induces cachexia in animals (37;46), the relevantethese observations for human
physiology is questionable since the concentratioinsirculating Mstn are much lower in

humans than in rodents (47).

Fig 7: A model for the role of Mstn on the muscle mteolysis
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1.2.3. Modification of the muscle fiber phenotype

Several observations suggest that Mstn could inlaghe muscle fiber phenotype. Indeed,
the muscles of Mstn KO animals contain a largempprtoon of fast type Il fibers together
with reduced proportion of slow type | fibers caangd with wild-type animals (48-50).
Thus, the absence of Mstn leads to an overallfasteé more glycolytic muscle phenotype. It
has been recently proposed that Mstn could regfitade-type composition by regulating the
expression of myocyte enhancer factor 2 (MEF2) MigdD during myogenesis (50). Indeed,
the muscle of Mstn-null mice contains lower levEMEF2C, a transcription factor essential
for the formation of slow type | fibers and increddevel of MyoD, an factor important for
the transcription of MHCIIb gene, characteristictlog¢ fast type Il fibers. However the effect
of Mstn or its inhibition on the muscle phenotygdlikely a consequence of developmental
processes because Mstn inhibition in adult anirdaéss not cause a transformation to a more
fast and glycolytic phenotype. In fact, injectiooisMstn antibody to adult mice have been
shown to induce a muscle hypertrophy without angngje of the fiber phenotype after 12

weeks of treatment (49).
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1.2.4. Extra-muscular effects of myostatin
Cardiac muscle

Besides skeletal muscle, fetal and adult hearts algpress Mstn. In heart, Mstn might
function as a cardiac chalone. Indeed, Mstn expmess elevated in several models of
cardiac hypertrophyn vivo (Akt overexpression) (51) as well msvitro (cyclic stretch) (52).

In these models, Mstn is thought to provide a negdeedback mechanism to limit cardiac

muscle growth.

Adipose tissue

Mstn is expressed at low level in adipose tisstgerdle in adipogenesis is suggested by the
observation that the loss of Mstn function, in &iddi to increase muscle mass, also decreases
body fat mass (1;53;54). However, whether Mstn l&gs adipogenesis directly is unclear.
In vitro, Mstn has been shown to influence the cellulaspilggy of three different adipocyte
culture systems with conflicting results indicatitigat Mstn action is different during
determination and differentiation steps. Indeed,ileviMstn inhibits differentiation of
preadipocytes (55-58), it promotes adipogenesisa imultipotent mesenchymal cell line
(C3H10T1/2), suggesting that adipogenic determamathay be stimulated by Mstn, but not
differentiation. In concert with these data, whillstn gene deletion results in a decreased
body fat mass, the Mstyverexpression in adipose tissue results in smmatiature adipocytes
without any change in body fat mass (59). Furtheend has been recently shown that
decreased adiposity observed in Mstn-null mice isoasequence of alteration of skeletal
muscle metabolism rather than a direct effect efitthibition of Mstn signalling in adipose
tissue. Indeed, Mstn inhibition by overexpressiéra @nActRIIB in adipose tissue does not
induce a change in the body composition, by contt@she same deletion in the skeletal
muscle (60). This result suggests that the decrieaad@ipose tissue in Mstn-null mice is most

likely an indirect effect of the increased musclass

Bone

It has been shown that Mstn KO mice are chara&érizy a significant increase in bone
density compared to normal mice (61), and thahigaer mineral content is mainly localized
to regions where muscles attach (62). Althoughrectlirole of Mstn on bone formation has

not yet been clearly demonstrated, sameivo studies suggest that Mstn could inhibit the
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recruitment and proliferation of progenitor celisdathen regulate cell differentiation in the
early process of fracture healing (63;64).

1.3. Regulation of myostatin expression
1.3.1. Glucocorticoids

Dexamethasone, a glucocorticoid agonistiuces a dose-dependentirked induction of
muscle Mstn mRNA and protein expressionvitro asin vivo (65-67). This effect results
from an upregulation of Mstn gemranscription, possibly through a glucocorticoéteptor-
mediated pathway. Indeed, the effetidexamethasone on Mstn expression is prevented by
coincubation with the glucocorticoid receptor antagonist RU-4868). In vivo, the
upregulation of Mstn expression by dexamethasonauscle seems to be transient. In fact,
although the increase in Mstn protein content @punced after 5 days of treatment, it is not
sustained when treatmaatextended to 10 days (66). The stimulation ofNfstn expression

by glucocorticoids suggests that Mstn could contebto the muscle atrophic effect of

glucocorticoids.

1.3.2. Growth hormone

In vitro, Mstn expression appears to be sensitive to Gitedd, exposure of,C12 myotubes

to GH causes a dose-dependent reduction of the Msfression, suggesting that
downregulation of Mstn could contribute to the awlabaction of GH (69).In vivo, the
regulation of Mstn expression by GH is however mamntroversial. In GH-deficient
individuals, the muscle hypertrophy induced by GHmaistration is associated with
downregulation (human) (69) or no change (rat) @f0he Mstn mRNA levels. By contrast,
in healthy individuals, the muscle expression oftiMimcreases (rat) (70) or remains stable
(human) (71) following GH treatment. Further stisdége then necessary to clarify the role of
Mstn in the anabolic effect of GH on skeletal mascl

1.3.3. IGF-I

In skeletal muscle, IGF-I1 seems to have no effecMstn expression. First, the Mstn mRNA
and protein levels are similar in muscle of IGFdlinmice compared to their wild-type
controls, indicating that Mstn expression is ndluenced by the absence of IGF-1 (72).
Second, the muscle mass increase induced by IGFilerpression in gastrocnemius of

chicken embryos is not associated with changes stnMoncentrations (73). By contrast, in
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cardiac muscle, the Mstn expression seems to bdated by IGF-I. In fact, mechanical
stress increases the myocardial expression of N&krb2;74), suggesting that Mstn could
represent a negative feedback to limit the cardiascle growth. Interestingly, in this model,
IGF-I has been shown to mediate the stretch-indwgedgulation of Mstn (52). Altogether,
these observations indicate that the Mstn exprassodifferently regulated by IGF-I in

skeletal and cardiac muscles.

1.3.4. Sexual steroids

Androgens are strong positive effectors of skeletascle growth. For this reason, it has been
hypothesised that Mstn downregulation could medtihte anabolic effect of these sexual
steroids. In the levator ani muscle, which is pattrly sensitive to the anabolic action of
androgens, the Mstn mRNA and protein levels areressed following testosterone
deprivation (castration), supporting the possipilihat Mstn inhibition contributes to the
anabolic effect of testosterone (75). In the gasteanius muscle, however, the regulation of
Mstn expression by testosterone is less clear. dlgtureatment with testosterone induces a
downregulation of the muscle Mstn expression imdéhtut not in hypophysectomised rats
(70). In culture models, evidences do not sustanegative effect of androgens on the Mstn
expression. Indeed, the treatment of bovine stetlells with various concentrations of
trenbolone, a synthetic androgen, does not affestntMnRNA levels (76). Furthermore,
dihydrotestosterone has been shown to increaseisogby the Mstn mRNA levels in £
myoblasts, despite a stimulation of cell prolifeat (77). In conclusion, the effect of
androgens on Mstn expression is controversial haddsults obtained seem to be dependent
on the molecule used, the type of muscle studietl the differentiation state of the cell

culture models.

Studies have also investigated the regulation dhMgpression by estrogens. Estrogens have
been shown to induce a transient and muscle spepfiegulation of Mstn. In fact, estrogens
replacement in ovariectomised rats attenuates mggolwth and increases the Mstn protein
levels in the slow soleus muscle but not in thet fastensor digitorum longus and

gastrocnemius muscles (78). The interpretatiomesé observations remains difficult.
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1.3.5. Muscle un/up-loading

Several groups have investigated whether the muatiephy caused by disuse is
accompanied by increased levels of Mstn. In humdissise atrophy is associated with an
induction of Mstn mRNA in the vastus lateralis mes@9). In rodents, hindlimb suspension
and microgravity environment have been shown taigeda transient induction of Mstn
expression. In fact, the muscle atrophy inducedrdgading is associated with an increase of
the Mstn mRNA and protein levels in the tibialistexior, biceps femoris, quadriceps,
gastrocnemius and plantaris muscles but surprihsingt in the soleus muscle, the most
sensitive muscle to disuse atrophy (12;80;81). dlbsence of Mstn induction in the soleus
muscle could be explain by its lower content intfage Il fibers which have been
demonstrated to express higher level of Mstn costpdo the slow type | fibers (12).
Furthermore, disuse atrophy is not prevented byatteence of Mstn (82). Taken together,
these two observations suggest that Mstn doeslapiagmajor role in muscle disuse atrophy.

Conversely, the muscle weight gain induced by @astlis coupled with lower Mstn mRNA
and protein levels in the muscle of rodents (83;8¥ljogether these data support the
hypothesis that muscle loading is associated witdutation of the Mstn expression in
skeletal muscle.

1.3.6. Muscle denervation

Several studies have investigated the Mstn expmegwmiofile following muscle denervation.
The increase of Mstn expression levels in denedvateiscle compared to control muscle
suggests a possible role of Mstn in the denervatidaced muscle atrophy (85-89). The time
course of the Mstn induction has been mostly stuitheesponse to sciatic nerve crush. This
model of denervation causes a quick and transmghiction of Mstn. The peak of Mstn
expression has been observed at days 3 (88), 140(8Z28 (86), depending on the study.
Although different Mstn expression profiles haveetalescribed, most authors have found a

negative linear correlation between muscle Mstrtearnand muscle atrophy degree (86;87).

1.3.7. Muscle regeneration

Since Mstn is known to play a role in myogenesssgkpression is expected to change during
the muscle regeneration process. Indeed, the Mgiteip is present at high level in the

necrotic fibers and connective tissue after injuvigjle a decreased Mstn content is observed
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in survivor fibers (90). When measured in the whuolascle, the Mstn expression has been
reported to decrease in the first 3 days afteryn{84;91;92). In almost all studies, the Mstn
protein level seems to be correlated with the MsBRNA transcript content. Only in the work
of Mendler L et al an increased Mstn protein lelras been observed in damaged muscle

despite a decrease in the corresponding mRNA (&18]

1.3.8. Aging

The aging process is associated with a progresseaine in muscle mass also called
sarcopenia. It has been hypothesised that a Mstgulation could contribute to the age-
related sarcopenia but studies have led to comifjgesults. In human males, although Welle
S et al failed to highlight any change in the Mstn mustgiBNA content during aging (93),
the recent work of Leger Bt al described an increase of the Mstn mRNA and prdeials

in the muscle of old men compared to young subj@zts In rodents, no change in the Mstn
protein level has been reported in the muscle ekrduring aging (95) by contrast to studies
conducted in rats that have described a decreagistof mMRNA and protein in the muscle of
aged animals (85;96). In conclusion, the regulatbMstn during aging is controversial and
studies available do not allow to assign a rol®lefn in sarcopenia.

1.3.9. Exercise

Several studies have investigated the modulatiokblsifi expression in response to exercise
training. The data suggest an inverse correlatetwéen exercise training and Mstn mRNA
levels in a variety of exercise regimens. Firstemse running exercise has been reported to
decrease the muscle Mstn levels in humans (97)prsechort-term endurance training is
able to cause a muscle-specific downregulatiomefMstn expression. In fact, the data show
a reduction of the Mstn mRNA content in the gastemnius and vastus lateralis muscles but
not in soleus (98). Third, resistance training hasn shown to also repress Mstn expression.
In humans as in rodents, both long-term (99;10@) acute resistance training (101-103)
inhibit the Mstn expression in muscle. Only onedgthas observed opposited results. In this
work, authors have observed an increase of the M&NA and protein levels in the muscle
of young men after resistance training (104). Tkplanation for these conflicting data is
uncertain. In conclusion, the regulation of the IMsxpression after exercise training suggests

a role of Mstn in remodelling of skeletal muscle@sponse to training.
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1.3.10. Sepsis and burning

The Mstn expression has been measured followingyinjo determine whether its muscle
content was altered by burning or infection. Naitiee injection of endotoxin nor the
induction of peritonitis significantly alter the MsmRNA level in the muscle of adult rats
(65). In contrast, the abundance of Mstn mRNA heenbshown to increase in muscle after a
30% total body surface area burn injury. The buwmduced increase in Mstn is probably
mediated by the enhanced endogenous secretionuocbajirticoids because glucocorticoid

receptor antagonist RU486 is able to prevent thiegipation of Mstn mRNA after burn (65).

1.3.11. Cancer

Cancer is associated with a cachexia syndrome ciesized by profound skeletal muscle
wasting and protein hypercatabolism. It has be@nwshthat Mstn expression is increased in
the skeletal muscle of tumour-bearing rodents ssigyg that the Mstn upregulation could be
involved in the pathogenesis of experimental canaehexia wasting syndrome (105;106).

1.4. Interest of myostatin inhibition in the treatment of muscle atrophy
1.4.1. Myostatin gene invalidation

Mice carrying a targeted deletion of the Mstn gbage a dramatic and widespread increase
in skeletal muscle mass (1). Similarly, naturallgcarring mutations in the Mstn gene in
cattle, sheep, dogs, swine and humans also leachygermuscular phenotype (47;107-109)
(Fig 8). Remarkably, postnatal inactivation of Mstn gene also leads to muscle hypertrophy
demonstrating the role of Mstn on muscle growth ooty during embryogenesis but
throughout development (7;110). Interestingly, tingscle weight gain induced by Mstn gene
deletion is due to muscle fiber hyperplasia andgpertrophy (1;7). The ability of Mstn
inhibition to lead to muscle fiber hypertrophy seeto be dependent of the time of
inactivation and the muscle type. Indeed, whentgieof the Mstn gene occurs prenatally,
the muscle weight gain is mainly due to fiber hyp&sia (1), while postnatal inactivation of
the Mstn gene results exclusively in fiber hypeastry (7). Furthermore, in constitutive Mstn
KO mice, the amplitude of increase in fiber crosstional area is higher in gastrocnemius
(+49%) than in tibialis cranialis (+14%) muscle.(1)

16



Fig 8: Naturally occurring null mutations in the Mstn gene of human and whippets dogs
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Schuelke M et al, N Engl J Med 2004 Mosher DS et al, PLoS Genet 2007

The muscle hypertrophy resulting from Mstn geneetleh is associated with increased
muscle strength. Whippet dogs carrying at least mogant Mstn allele display enhanced
racing performance, confirming a functional bentgitoss of Mstn (111). Additionally, Mstn
gene deletion has been shown to be potentially flogslein aging muscle. In fact, the
prolonged absence of Mstn in mice reduces the Ab@phy associated with aging (112;113)
and improves muscle healing after acute injurynemesenescent muscle (112-114). Finally,
the Mstn loss of function leads to functional imyEment in muscle degenerative diseases.
Indeed,mdxmice, which represent a genetic model of Duchenascular dystrophy, crossed
with Mstn-null mice have dramatic improvement in sole mass, integrity and function
compared with theimdxcounterparts (115;116). Similarly, Mstn gene defetn mice scgd

, a model of limb-girdle muscular dystrophy, impesvmuscle mass, regeneration, and
reduced fibrosis (117). However, the positive @8eaf Mstn inhibition seem to be limited in
more severe diseases. Actually, crossing/dly’ mice, a laminina2-deficient model of
muscle dystrophy, with Mstn-nulls fails to prevemtsevere disease state despite elevated

muscle regeneration (117).

1.4.2. Myostatin interfering RNA

Short interfering RNAs targeting Mstn administratedally in mouse skeletal muscles or
intravenously cause a marked increase in the musasswithin a few weeks after
application (118;119). These data suggest that Mstn silenomay provide a therapeutic

approach toncrease muscle mass.
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1.4.3. Myostatin antibodies

Mstn inhibition may also be achieved by neutraligamtibodies. Injection of Mstn antibodies
leads to increased muscle mass and function ittterewild-type ormdxmice (116;120-122).

In mdx mice, long-term administration of Mstn antibodiest only enhances myofiber
regeneration, but also reduces the muscle fibsserved in these animals (116). However,
mitigated results obtained in models of limb-girdteuscular dystrophy andmyotrophic
lateral sclerosis suggest that Mstn blockade iresdy affected or late-stage disease may be
ineffective (117;123;124).

1.4.4. Myostatin propeptide and truncated form ofFRIB receptor

Mstn blockade using Mstn propeptigereases muscle mass in wild-type mice emproves
pathophysiology inmdx mice (10;125). Furthermore, functional benefitsjdenced by
specific force improvement, exceed those obtainiga Mistn antibodies (116).
Similarly, a soluble form of the ActRIIB receptoart cause significant increase in muscle
mass when injected to wild-type mice. In additibeatment with soluble ActRIIB improves
function in a mouse model of amyotrophic lateraésasis, by increasing the muscle weight
and strength (126). Besides muscle weight gain,tridwesgenic expression of a dominant-
negative form of ActRIIB has further beneficial et inmdxmice, as it improves the success
of myoblast transplantation, resulting in more atamt and bigger dystrophin positive fibers
in the muscle of these animals (127).

Fig 9:
Increased muscling in mice overexpressing a domin&negative form of ActRIIB or FS

DOMINANT NEGATIVE
CONTROL ACTRIIB FOLLISTATIN

Lee SJ et al, PNAS 31; 98(16): 9306-11, 2001
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1.4.5. Myostatin binding proteins

In addition to propeptide, other binding proteime able to regulate Mstn activity and then
muscle growth. Indeed, postnatal intramuscularciiga of adeno-associated virus (AAV)
encoding Mstn-inhibitor-proteins (FS, FLRG, GASPr&3ults in long-term improvement of
muscle size and strength in wild-type animals (1B&prestingly, the most dramatic effect on
muscle mass is obtained by using the FS consti8)(suggesting that FS is the most
efficient Mstn-inhibitor-protein to stimulate musclgrowth. The next chapter covers this

interesting Mstn binding protein.

Fig 10:
Skeletal muscle hypertrophy induced by gene admintisation of Mstn-inhibitor-proteins
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Finally, the gene transfer of decorin, another Mbinding protein, has been shown to

promote skeletal muscle regeneration and accetenatescle healing after injury (129).

Altogether, these data suggest that Mstn inhibittepresents a novel strategy for the
treatment of muscle-wasting disorders such as ntarsdystrophy, cachexia and sarcopenia.
Among Mstn blockers, FS seems to be the most piogiigrget, because of its powerful

effects on skeletal muscle.
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2. Regulation of muscle mass by follistatin

FS was originally identified as a single chain palgtide able to suppress the follicle-
stimulating hormone (FSH) secretion from anterigtuipary cells (130). Later, it was
established that this inhibitory effect resultsnfrahe binding by FS of Activin, a strong

hormonal stimulus of FSH secretion (131-133).

2.1. The follistatin gene and protein structure

The FS gene is composed of six exons each encatigtiopct functional regions of the
protein: a signal peptide, a N-terminal domaingéh=S domains (FSI, I, Ill) and a C-
terminal extremity (134;135). Through an alternatsplicing, two mRNAs are produced that
encode for a preprotein of 317 or 344 amino acide removal of the signal peptide (29
amino acids) results in polypeptides of 288 or 2mBino acids with a molecular weight
ranging from 31 to 42 kDa (136) (Fig 11). In addiiti some evidence suggests that the FS315
can be cleavet vivo at the C-terminal to give an intermediate isofahB03 amino acids
which may be the predominant form present in falke fluid (137). The two major isoforms
of FS (FS288 and 315) differ in their C-terminatjgsences (138) and in their ability to bind
heparin sulphates (HS). The binding site for H®dated in the FSI domain, at residues 72-
86, which is a region rich in basic amino acids9(130). In the longest form FS315, the
acidic tail hides the basic region of the FSI damand makes the FS unable to bind HS (Fig
12). FS315 is therefore the primary soluble FS faiserved in serum. By contrast, the
shortest form, FS288, locates to cellular surfatteenks to its binding to HS of the
extracellular matrix (35;138;141).

20



Fig 11: The FS gene @ coding sequencesyl gmotein
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Fig 12: The acidic tail of the FS315 inhibits the inding of FSI to heparin sulphate
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Remarkably, the FS protein sequence is highly agegein mammals. As an example, the

sequence of the human FS protein has 98% homoldgythve mouse sequence.
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2.2. Tissue expression of follistatin

FS was first identified in ovarian follicular flui@l42). In fact, FS expression is broadly
distributed in adult tissues and is not confinelélyao those associated with reproduction. In
the muscular system, FS is abundantly expresselldletal muscle and in a lesser extent in
heart (143). Remarkably, the majority of FS foundhe circulation is likely secreted from

the walls of blood vessels (133).

Table 1: Tissue expression (MRNA) of FS in human & tissues

Neural tissues

Cerebrum +

Cerebellum ++

Spinal cord +
Muscular tissues

Heart +

Skeletal muscle +++

Stomach (smooth m.) +

Hemopoetic tissues
Bone marrow -
Spleen -
Thymus -

Exocrine glandular tissues
Kidney +++

Salivary +
Pancreas -
Liver +++

Steroidogenic tissues

Adrenal +
Testis n.d.
Ovary n.d.

+++, strong expression
++, moderate expression
+, weak expression

-, NO expression

n.d., not detected

Tuuri T et al, J Clin Endocrinol Metab, 1994
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2.3. Regulation of follistatin expression in skelel muscle
2.3.1. Histone deacetylase inhibitors

It has been demonstrated that histone deacetyldBAQ) inhibitors like trichostatin A,
valproic acid and sodium butyrate, are able to gylege FS expression in a tissue-specific
manner. In fact, these drugs activate FS expressibnin skeletal muscle cells (Fig 13). For
this reason, it is thought that some of the muséliects of these drugs are mediated by the
stimulation of FS production (144;145).

Fig 13:

FS expression is upregulated by trichostatin A (TSAspecifically in skeletal muscle cells

Follistatin I I ]
GarpH S I 1 2 1 1 ]

TSA - 4+ - + = + - + - +

Mineti GC et al, Nat Med 12(10): 1147-50, 2006

Indeed, the administration of HDAC inhibitors h&aewn beneficial effects on muscle growth
and pathophysiology of dystrophic muscles. In faetix and a-sarcoglycan-deficient mice
treated with trichostatin A have been reported igpldy muscle mass enhancement and

functional improvement attributed to FS upregulat{®45).

2.3.2. Testosterone

Androgens are known to promote myogenic differ¢imna It has been hypothesized that
modulation of FS expression by androgens couldrimrie to their muscle anabolic effect. In
agreement with this hypothesis, the myogenic dfféation induced by testosterone in
mesenchymal multipotent C3H 10T1/2 cells is assediavith an upregulation of the FS
expression (146). Furthermore, the testosteroneed upregulation of MyoD and MHCII
proteins in the C3H 10T1/2 cells is abolished byudtaneous addition of anti-FS antibody
(146). In the same way, testosterone supplementatioastrated mice upregulates FS mRNA

expression in androgen responsilevator ani muscle (146). Conversely, lowering of
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testosterone levels in mice by orchiectomy leada ®gnificant decrease in FS expression
(146). Altogether, these data suggest that FS roagisaa mediator of the testosterone effects

on myogenic differentiation.

2.3.3. Nitric oxide

Recent data have demonstrated that Nitric oxide)(N€heration is required for myoblast
fusion both in embryonic myoblasts and in sateliédls, and that FS upregulation mediates

the action of NO on myogenesis (147).

2.3.4. Muscle regeneration

As FS promotes muscle development, it has beenestied) that FS upregulation could
contribute to the differentiation process in regating muscle. Actually, FS transcript is
detected in activated satellite cells as earlyhadfitst stages of regeneration after cardiotoxin
injury, and is transiently expressed in forming ruwjaes (148). These results suggest that FS

could contribute to the differentiation processstiated by regeneration.

2.3.5. Sepsis and inflammation

Inflammatory reaction as observed in patients wgiipticaemia (149;150) or as induced in
animals by endotoxin injection is associated witprafound and long-lasting increase of
circulating FS concentrations (151-154). Howewe origin of FS production during
inflammation has not yet been established.

2.4. Biological actions on skeletal muscle

Up to date, there is no evidence for the existerfca FS receptor. Indeed, the only known
biological activity of FS is the neutralization DGF{3 superfamily ligands.

FS binds Activin (Act) A with a very high affinit(s0 pM), the closely related ActB isoform

with 10 fold lower affinity (500 pM), and many BMRZ, 4, 6, 7, and 15) with lower

affinities ranging from 200 to 80.000 pM. FS binalso Mstn and GDF-11, with affinities

intermediate between ActA and BMP ligands (500 @BB6;132;155-157). Since FS can
bind to Mstn with a higher affinity than its receptActRIIB, FS is proposed to block Mstn

signalling and action (8;35).
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To better understand the functional role of FS, s@®anetically modified mice models have
been developed. First, FS-null mice exhibit grovdtardation and defects in skeletal muscle
development causing death by asphyxia shortly aftén (156;158). This model pinpoints an
important role for FS on skeletal muscle developm&econd, FS transgenic and gene
transfection animal models are characterized bymdt& increase in muscle mass,
establishing FS as a potent inducer of muscle drdaee above) (8;128). Remarkably, the
muscle hypertrophy observed in FS transgenic ngaeven greater than observed in Mstn-
null animals, suggesting that at least part of F$ effect results from impact on another
ligand independent of Mstn inhibition. This hypdtleeis reinforced by the observation of a
quadrupling of muscle mass in Mstn-null mice cargya FS transgene, compared with the
doubling of muscle mass induced by lack of Mstmal{159).

The mechanism by which FS promotes skeletal mugaeth includes at least a stimulation
of the protein synthesis. In fact, it has been destrated that FS infusion stimulates protein
synthesis in skeletal muscle of neonatal rats lyremsing the phosphorylation of the
translation initiation factors, S6K1 and rpS6 (443. Mstn has been shown to inhibit muscle
protein synthesis (39), these data are consistéht twe notion that FS blocks the Mstn
signalling. Furthermore, FS has been shown to eefoel muscle differentiation inhibited by
Mstn. In chick limb bud, FS prevents the Mstn-méstiadownregulation of Pax-3 and MyoD,
two regulators of myogenesis (35), and in a mesgneahcell culture model, FS antagonises
the inhibitory effect of Mstn on myogenic differ@tton (35). Finally,in vitro, FS promotes
muscle development as measured by an increase af¢iatine phosphokinase activity and a
higher number of nuclei found in MHC-immunoreactoadls (160).

The data obtained in Mstn KO mice overexpressingh&S highlighted a potential role of
other FS ligands which could regulate the skelataiscle size in concert with Mstn.
However, further studies will be necessary to detee the ligands involved in the anabolic
effect of FS.

2.5. High affinity follistatin ligands
2.5.1. Activin/Inhibin

Act and Inhibin are structurally related and forndistinct group of the TGB-superfamily.
Inhibin is a heterodimer composed o &ubunit linked to 8 subunit A or BB), whereas
Act is a dimer off chains (161;162) (Fig 14). FS binds with highratfi to thep-subunits
and neutralizes the activity of Act and, in a lessdent, Inhibin (153).
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Fig 14: Structure of the Act and Inhibin proteins

Activin A Activin AB Activin B
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Inhibin is secreted by granulosa cells of ovaryhie female and Sertoli cells of the testes in

the male. The role of Inhibin is to regulate themgéogenesis via a negative feedback
mechanism on the production of follicle stimulatimgrmone (FSH) by the pituitary gland. It

has also a local paracrine action in the gonad3)(Ioreover, Inhibin acts also as negative
regulator of Act activity, by binding to betaglycand reducing the capacity of Act to bind its
receptor ActRII (164).

By contrast, Act is a positive regulator of the FS&tretion by the pituitary gland (130;165).
Unlike Inhibin, Act is expressed in a wide varietiytissues, extending its biological roles to
the regulation of developmental decisions for maeyl types. In fact, Act influences
reproduction (163), wound healing (166), bone fdram(167), immune responses (168) and
pancreati@-cell proliferation (169). Its role in skeletal nolss has not been clearly described,
but its expression has been detected in skeletati®143) and soma vitro data suggest a
negative effect of Act on muscle growth. IndeediAAmhibits the differentiation of limb
muscle precursors of chick embryos (170) and bldbksdevelopment of muscle cells in

primary cell culture (160).

The best characterized Act is ActA, which is comgabsf twof3A subunits. In addition to its

role in modulating FSH release from the pituitafgtA has been shown to be involved in
erythroid differentiation, mesoderm induction, rmursurvival and plasmacytoma cell
inhibition (164;171). These functions indicate thsttA has widespread actions beyond

reproduction.
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2.5.2. GDF-11

GDF-11 is a TGH family member closely related to Mstn with 90% amiacid identity.
Like Act and Mstn, GDF-11 (or BMP-11) can bind A& (172). GDF-11-null mice present
dramatic abnormalities of the axial skeleton, kigdgenesis, and an increase in progenitor
cell number in several tissues (173). But, in casttrto Mstn, the GDF-11 gene global
deletion does not affect muscle mass (174). Thésergations suggest that despite a high
degree of sequence identity with Mstn, GDF-11 d#fedistinct biological processes.
Nevertheless, some data support a role of GDF-lthearregulation of myogenesis. Indeed,
GDF-11 has been shown to inhibit the myogenic délerentiation in the developing chick
limb (175), and in a &,, model (172). However, it has been recently denratesd that gene
deletion of GDF-11 specifically in skeletal musdieges not affect muscle size, fiber number,
or fiber type (176).

2.6. Interest of follistatin mutants

Because Act has a variety of functions in tissubgrothan skeletal muscle, its inhibition by
FS could lead to potentially diverse effects inahgdon reproductive performance and
fertility. Consequently, FS mutants displaying miai Act-inhibiting activities have been
developed. In fact, key residues for Act binding &yund in the second FS domain, while
Mstn binding is more dependent on FSI domain (178)1The deletion of FSII domain has
then created Mstn antagonists with greatly reduget binding (179;180) (Fig 15). The
results obtained with the FS mutants containing tepies of FSI domain (FSI-1) indicate
that Mstnblockade by FSI-I has a therapeutic potential fasahke wasting. Indeed, transgenic
expression of FSI-I have been shown to increaseclmusass and strength in healthy as in
mdxanimals (179).

Fig 15: Structure of FSI-I compared with FS288
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3. Mechanisms of glucocorticoid-induced muscle atphy
3.1. Generalities

Glucocorticoids are known to cause skeletal muatiephy. Indeed, administration of high
doses of glucocorticoids induces decreased musa$s @mnd strength, attributed to a decrease
protein synthesis and a stimulation of muscle migss (181;182). Furthermore,
hypercortisolism has been shown to play a maja nolskeletal muscle atrophy associated
with several catabolic conditions (183;184). Typicaskeletal muscle atrophy caused by
glucocorticoids is characterized by a decreaséhénsize of fast-twitch, or type I, muscle
fibers (particularly lix and 1lb) with little to nampact observed in type | fibers (185). As a
result, fast-twitch, glycolytic muscles (i.e., @lis anterior) are more susceptible than

oxidative muscles (i.e., soleus) to glucocorticmideiced muscle atrophy.

3.2. Mechanisms of the glucocorticoid-induced muselatrophy
3.2.1. Anti-anabolic action of glucocorticoids
3.2.1.1. Inhibition of protein synthesis

Glucocorticoids exert an inhibitory effect on priatesynthesis. First, glucocorticoids inhibit
the transport of amino acids into the muscle, limgitprotein synthesis (186). Second,
glucocorticoids prevent the stimulatory actionmgulin, IGF-I and amino acids (in particular,
leucine) on the phosphorylation of the elF4E-bigdiprotein 1 (4E-BP1) and the p70
ribosomal protein S6 kinase (p70S6K), two key fegtthat control the initiation step of
MRNA translation (187-189). The inhibition of prmtesynthesis by glucocorticoids results
primarily from the inhibition of mMTOR, the kinasesponsible for the phosphorylation of 4E-
BP1 and p70S6K. Repression of mTOR signaling resala reduction in the initiation phase

of mMRNA translation with downregulation of proteignthesis.
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Fig 16:
Glucocorticoids inhibit muscle protein synthesis though downregulation of mMTOR
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3.2.1.2. Inhibition of cell differentiation

There is also some evidence that glucocorticoids c@use muscle atrophy by inhibiting
myogenesis. Indeed, glucocorticoids decrease theession of Myogenin (190) and increase
the degradation of MyoD (191), two transcriptiorctéas required for differentiation of

satellite cells into muscle fibers.

3.2.2. Catabolic action of glucocorticoids
3.2.2.1. Stimulation of proteolysis

The stimulation of muscle protein degradation hycgktorticoids is mainlynediated by the
activation of the ubiquitin-proteasome and lysosipaghways. In particular, glucocorticoids
stimulate the expression of several componenti@iibiquitin-proteasome system including
the muscle-specific E3-ligases, Atrogiriid muscle ring finger 1 (MuRF1) (192) and several
subunits of the proteasome (193). This leads tmeneased rate of protein ubiquitination and
increased proteolytic activities of the proteasoii®4). Furthermore, glucocorticoids
upregulate the expression of the lysosomal enzyatbepsirL, which has been shown to be
the earliest mediator of skeletal muscle proteslysduced by glucocorticoids (195). In
addition to these proteolytic pathways, the calcuependent system (calpain) could be
involved in the glucocorticoids catabolic effedis.fact, since the proteasome is not able to
degrade intact myofibrills, it is thought that mjyaments need to be dissociated, probably by
calpains, before they can be degraded by the ubiguioteasome system (196). Finally,

somein vivo data suggest that caspase-3 might be implicatethenmuscle proteolysis
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induced by glucocorticoids. Indeed, in glucocoriiedependent muscle-wasting models such
as insulinopenia and chronic renal failure, the paas-3 activity is stimulated by

glucocorticoids, and its inhibition suppresses tuxelerated muscle proteolysis (197).
However, the role of glucocorticoids in the upregigdn of caspase-3 has not yet been

explored in these catabolic models.

Fig 17: The major proteolytic systems implicated irmuscle atrophy
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Several intracellular pathways mediate the stinmatof these proteolytic systems by
glucocorticoids. The transcription factor FOXO isnsidered as one of them for several
reasons. First, the FOXO expression is increaseohyntubes exposed to glucocorticoids
(198). Secondin vitro as wellin vivo, FOXO overexpression causes muscle cell atrophy
(199;200) associated with an induction of sevetagenes such as Atrogin-1, MuRF-1 and
Cathepsin-L (199;201). Finally, overexpression ofd@minant negative form of FOXO
prevents the muscle cell atrophy and the inductbi\trogin-1 caused by glucocorticoids
(199). Since FOXO, but not Atrogin-1, overexpress® sufficient to induce muscle atrophy,

it is thought that FOXO activates several genesddition to Atrogin-1, that lead to atrophy.
Altogether, these data indicate that upregulatioR@XO by glucocorticoids activates a gene

transcriptional program responsible for triggermgscle atrophy.
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Fig 18: Glucocorticoids stimulate muscle proteolysithrough FOXO upregulation
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In addition to FOXO, the glycogen synthase kingB€@SK-33) may also be involved in the
catabolic effect of glucocorticoids. Indeed, vitro data show that GSKB3inhibition by
overexpression of a dominant negative form or bwrptacologic inhibitors prevents the
muscle proteolysis and cell atrophy caused by gaodeoids (202-205) Furthermore,
overexpression of a dominant negative G3Kpgevents the glucocorticoid-induced muscle
atrophy in vivo (206). The mechanism by which GSR-3nhibition prevents the muscle
protein degradation caused by glucocorticoids is kriown. However, the inhibition of
muscle proteolysis by GSKB3inhibitors is associated with blockade of the gptation of
several atrogenes such as Atrogin-1 and MuRF-1gesiong that this reduction in muscle
proteolysis is mediated, at least in part, by iitldh of the ubiquitin-proteasome system
(205). Alternatively, one of the targets of GSR;3P-catenin, which is down-regulated by
glucocorticoids and reversed by dnGSR-@verexpression might also be responsible for the
anti-atrophic effect of GSK{B inhibition, as its overexpression is sufficient tgelf to

prevent glucocorticoid-induced muscle atropmyivo (206).

3.2.2.2. Stimulation of apoptosis

Glucocorticoids can promote apoptotic cell deatlitierentiated skeletal muscle. This effect
is mediated through the stimulation of the casg@agwoapoptotic protein (207) and the
decrease in the muscle expression of IGF-1, anapuptotic factor towards skeletal muscle
(208).
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3.2.3. Regulation of local growth factors

Finally, some evidence pinpoints the role of logabwth factors in the glucocorticoids-
induced skeletal muscle atrophy. First, glucocortis decrease the expression of IGF-I. The
reduced IGF-I levels in the muscle could contribtibe the muscle atrophy caused by
glucocorticoids. Indeed, it has been demonstrdiat dctivation of the phosphatidylinositol-
3-kinase/Akt pathway by IGF-I is able to preverg tflucocorticoid-induced muscle atrophy
(206). Second, glucocorticoids stimulate the préidacof Mstn in the muscle (66;68). As
Mstn overexpression is known to cause muscle ayéph), the upregulation of Mstn could
contribute to the muscle loss induced by glucocoitis. However, the role of Mstn
upregulation in the glucocorticoid-induced musdl®phy has not yet been demonstrated.

Fig 19:
Glucocorticoids regulate the muscle expression oGIF-1 and Mstn, two growth factors
exhibiting opposite effects on muscle development
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Fig 20: Signalling pathways involved in the glucoaticoid-induced muscle atrophy
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3.3. Role of glucocorticoids in muscle atrophy inatabolic states

In many catabolic conditions (sepsis, cachexiayvaten, metabolic acidosis, severe

insulinopenia, etc), the muscle atrophy is assediawith increased circulating levels of

glucocorticoids (209), suggesting that these hoesonould trigger the muscle atrophy
observed in these situations. Accordingly, adrestafay or treatment with a glucocorticoid

receptor antagonist (RU-486) attenuate the mustlgplay observed in sepsis, cachexia,
starvation and severe insulinopenia, indicating ghacocorticoids are in part responsible for
this muscle loss. In addition to glucocorticoid ess, other factors including poor nutrition,

cytokines and bed resting may contribute to musttephy observed in these wasting
conditions (183;209). In contrast, glucocorticogs®em not to be required for disuse atrophy
(210) but may clearly exacerbate the deleteriofscef of disuse on skeletal muscle mass
(211). Therefore, glucocorticoids are involved he tmuscle atrophy observed in many
clinical situations.
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