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Abstract

Purpose of review—To understand mechanisms of muscle wasting and how inhibiting
myostatin signaling affects them.

Recent findings—Myostatin signaling is critical for understanding the pathogenesis of muscle
wasting since blocking it mitigates muscle losses in rodent models of catabolic diseases including
cancer, chronic kidney or heart failure.

Summary—Muscle wasting increases the risks of morbidity and mortality. But, the reliability of
estimates of the degree of muscle wasting is controversial as are definitions of terms like cachexia.
Much has been learned about the pathophysiology of muscle wasting, including the major role of
the ubiquitin-proteasome system (UPS) which along with other proteases degrades protein and
limits protein synthesis. In contrast, few successful strategies for reversing muscle loss have been
tested.

Several catabolic conditions are characterized by inflammation, increased glucocorticoid
production and impaired intracellular signaling in response to insulin and IGF-1. These
characteristics lead to activation of the UPS and other proteases producing muscle wasting.
Another potential initiator of muscle wasting is myostatin and its expression is increased in
muscles of animal models and patients with certain catabolic conditions. Myostatin is a member of
the TGF-B family; it suppresses muscle growth and its absence stimulates muscle growth
substantially. Recently, pharmacologic suppression of myostatin was found to counteract
inflammation, increased glucocorticoids and impaired insulin/IGF-1 signaling and most
importantly, prevents muscle wasting in rodent models of cancer and kidney failure. Myostatin
antagonism as a therapy for patients with muscle wasting should become a topic of clinical
investigation.
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Introduction

Epidemiologic and clinical reports document that muscle wasting increases the risk of
mortality/morbidity in elderly patients as well as those with cancer, heart failure or kidney
disease [1-4]. This association is believed to occur for two reasons: first, muscle loss leads to
inactivity which by itself causes loss of muscle proteins. Secondly, a decrease in muscle
mass reflects losses of proteins that regulate cellular metabolism and renewal. But a major
problem in assigning cause-effect relationships for this problem is the confusion surrounding
definitions of muscle wasting plus difficulties encountered in measuring protein stores
reliably plus. For example, the International Society of Renal Nutrition and Metabolism
proposed that low values of serum albumin, prealbumin and cholesterol and abnormalities in
body weight and anthropometry identifies patients with chronic kidney disease (CKD) who
have low protein stores. They suggested a new term, protein-energy wasting or PEW, be
used to classify such patients [5]. This was not an idle exercise: a new term was needed
because CKD patients are frequently categorized as being malnourished but this diagnosis is
incorrect: malnutrition is defined as abnormalities due to an inadequate or unbalanced diet
and hence, the abnormalities should be corrected by simply changing the diet [6]. But,
dietary changes rarely accomplish so much. Other popular diagnoses were excluded for
different reasons: the term sarcopenia was discarded because it generally describes the loss
of muscle due to aging. Cachexia was discarded because it implies a more severe state of
protein depletion: a separate consensus conference concluded that cachexia should be
reserved to describe a complex metabolic syndrome due to illnesses causing loss of muscle
with or without loss of fat mass [7]. They proposed that a 5% loss of edema-free body
weight within 12 months plus anthropometric evidence of muscle wasting and evidence of
inflammation and hypoalbuminemia can be used to diagnose cachexia. Obviously, there are
elements of imprecision and confusion surrounding the different diagnoses of protein
wasting. Another problem is the diagnostic difficulties in documenting changes in protein
stores. One approach relies on measuring muscle mass by dual energy xray absorptiometry
(DEXA) or magnetic resonance imaging (MRI) but distinguishing between tissue and fluid
can be difficult with DEXA or bioelectrical impedance measurements while MRI
assessments are expensive. Alternative methods would be to seek “signs” of protein wasting
such as high levels of the 14 kDa actin fragment or myostatin in muscle biopsies (see
below). More experience with these measurements is needed before they can be
recommended.

On a more positive note, a great deal has been learned about the pathophysiology of muscle
wasting. In all organs, intracellular proteins are continually being degraded and replaced by
new synthesis. These processes must be highly selective to avoid terminating the protein’s
actions since this could interfere with critical cellular functions. For example, precise timing
of the removal of proteins regulating transcription or metabolic pathways is required to
avoid jeopardizing the organism’s survival. Thus, it is surprising that most intracellular
proteins are degraded by the same ATP-dependent, ubiquitin-proteasome system (UPS) but
it is now known that UPS-mediated degradation of specific proteins is regulated at several
steps. First, proteins are marked by a conjugation to ubiquitin (Ub) via an ATP-dependent
process requiring three enzymatic reactions (Figure 1) [8]. The first two reactions are
catalyzed by a single, E1 Ub-activating enzyme and one of about 20 E2 Ub-carrier proteins.
The third reaction is catalyzed by one of more than 1000 E3 ubiquitin ligases which can
identify proteins to be degraded and then transfer the activated Ub to a lysine in the substrate
protein (or to lysines present in Ub). These reactions form a Ub chain and the Ub-marked
proteins are recognized and degraded by the very large complex of proteins known as the
26S proteasome [9*,10].
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In muscle, the UPS is the major protease that degrades muscle proteins. It is activated when
intracellular insulin/IGF-1 signaling is impaired leading to low levels of phosphorylated-Akt
(p-Akt) [11,12]. The activation of the UPS generally requires glucocorticoids because they
mediate a non-genomic pathway that stimulates muscle protein degradation [13]. The UPS is
also activated by inflammation, angiotensin Il or cancer and in each case, the mechanism
involves depression of insulin and IGF-1 intracellular signaling [13-18].

Muscle wasting in catabolic conditions depends on increased expression of specific two E3
ligases, Atrogin-1 (also called MAFbx) and MuRF1 (for muscle ring finger type) because
they recognize specific muscle proteins [19-21]. Not surprisingly, therefore, there is an
increase in Atrogin-1/MAFbx and MuRF1 expression in many catabolic conditions
including cancer, diabetes, chronic kidney disease, starvation and denervation [22,23].
Consequently, increased expression of these E3 ligases is often considered synonymous with
activation of the UPS.

Other proteases involved in muscle protein degradation include caspase-3. It exerts two
functions. First, it catalyzes an initial cleavage of the complex structure of muscle proteins
to provide substrates for the UPS. Second, activated caspase-3 cleaves specific subunits of
the proteasome which increases its proteolytic activity. This response provides a “feed-
forward” augmentation of muscle protein degradation. Notably, there is evidence for such
responses including activation of the UPS and caspase-3 in humans with catabolic
conditions, including kidney failure or cancer [24,25].

Another factor influencing the loss of muscle protein is impaired activation and proliferation
of muscle progenitor or satellite cells. These cells respond to muscle injury and participate in
its repair and are involved in the maintenance of muscle protein stores. There is evidence
that satellite cell function is impaired by CKD and cancer [26,27]. These reports document
major hormonal and metabolic responses in catabolic conditions that activate muscle
wasting. They also raise the question: can such a variety of abnormalities be blocked or
suppressed by a single treatment strategy? Recent reports indicate a positive response:
experimentally, inhibition of myostatin signaling blocks muscle protein losses and interferes
with inflammatory processes while improving intracellular insulin/IGF-1 signaling.

Therapeutic rationale for targeting myostatin pathway

Myostatin Signaling

Myostatin is a member of the TGF- family of secreted proteins but unlike TGF-p, it is
predominantly expressed in skeletal muscle (cardiac muscle and adipose tissue have low
levels of myostatin). In skeletal muscle, myostatin is produced as a prepromyostatin and is
processed to promyostatin, consisting of a propeptide and myostatin. The propeptide binds
to myostatin to produce an inactive, “latent complex”. This complex is activated by
proteolysis or by the action of free radicals or a decrease in pH yielding “free” myostatin
which binds to ActRIIB, the high-affinity type-2 activin receptor, on muscle membranes
[28]. Myostatin-ActRI1IB binding results in the activation of type-1 activin receptor serine
kinases, ALK4 or ALKS5, which phosphorylate Smads 2/3 to exert changes in gene
transcription (Figure 2). Notably, other TGF-f family members (e.g., activin A and GDF11)
can bind to ActRIIB and stimulate the same intracellular signaling pathway.

Myostatin genetics

Myostatin plays a pivotal role in regulating skeletal muscle mass and function. Genetic
evidence demonstrates this conclusively since deletion or knockout of the myostatin gene
produces mice with a phenotype exhibiting a dramatic increase in the size and number of
skeletal muscle fibers [29]. Transgenic mice overexpressing a dominant negative myostatin
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receptor, a propeptide or other proteins that sequester myostatin yield phenotyes with a
dramatic increase in muscle mass [30]. Besides mouse models, cattle, sheep, dogs and a
human with a loss-of-function myostatin mutation exhibit enormous muscles [31-34].
Mosher et al (2007) quantitatively linked such myostatin mutations to athletic performance:
in competitive racing events, whippet dogs bearing a single copy of the myostatin mutation
are among the fastest. But, whippets with two copies of the same mutation are overmuscled
and win no races Myostatin polymorphism in elite thoroughbred horses also reveal a strong
association with racing outcomes in [35,36]. Clearly, myostatin deficiency can produce
muscle hypertrophy and improved physical performance.

Myostatin pathway activation in catabolic states

Myostatin protein and the myostatin/activin signaling pathway are upregulated in disease
states causing muscle wasting. Increased levels of myostatin in muscle are found in aging
subjects [37] or in response to prolonged bed rest [38,39]. Myostatin is also increased in
muscles of patients with AIDS [40], renal failure [41] or heart failure [42, 43*, 44]. Similar
results occur in rodent models of cancer cachexia [45,46**], chronic kidney disease [47**],
glucocorticoid administration [48,49], burn injury [48], mechanical unloading and space
flight [50-52]. Serum levels of Activin A, which shares myostatin receptor, rise in response
to cancer [46**,53-55], kidney failure [56] and heart failure [57,58]. Experimentally, mice
given either myostatin [59] or activin A [46**] experienced ~30% decrease in muscle mass.
These responses document that both myostatin and activin A influence muscle size. The
question is: can their influence be overcome by an acceptable treatment strategy?

Techniques for inhibiting myostatin

Beneficial

Antibodies, including a peptibody (a genetically engineered myostatin-neutralizing peptide
fused to Fc), or administration of the myostatin propeptide, follistatin or soluble ActRIIB
receptors have been evaluated for their ability to increase muscle mass in animals. These
myostatin inhibitor strategies increase muscle mass in normal animals: cynomolgus
monkeys were treated using an adenovirus strategy to express follistatin-isoform FS344, a
myostatin-sequestering protein; the treatment increased muscle mass and strength [60]. We
find that the muscle wasting induced by different forms of cancer or CKD is blocked by
inhibiting myostatin [46**,47**].

responses to blocking myostatin pathway in cancer models

Cancer is a “poster child” of muscle wasting since as many as 80% of patients with
advanced cancers develop muscle wasting and 25% of cancer-related deaths are ascribed to
cachexia. The main mechanism causing loss of muscle mass is acceleration of protein
degradation by the UPS which is initiated by suppression of intracellular p-Akt signaling,
presumably related to hormonal abnormalities or cytokines. When p-Akt is low, forkhead
transcription factors stimulate the expression of the muscle-specific ubiquitin E3 ligases,
Atrogin-1/MAFbx and MuRF1. The low p-Akt also activates the UPS and caspase-3 to
increase muscle protein breakdown (see above). On the other hand, cancers that activate NF-
kB or Smads could also contribute to muscle wasting by raising autophagy and the
breakdown of muscle proteins [20,46**,61*]. At least in mouse models of cancer, the
myostatin/activin signaling pathway also plays a major role in the cancer-induced
pathogenesis of muscle wasting [46**,62*]. For example, blocking the ActRIIB signaling
pathway protects against muscle wasting in various tumor-bearing mice [46**,62*,63*].

These findings have been extended yielding evidence of improved survival of mice despite
the presence of cancer. Zhou et al (2010) administered the ActRIIB decoy receptor to mice
with different cancers including CDF1 mice implanted with colon-26 adenocarcinoma, nude
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mice transplanted with human TOV-21G ovarian carcinoma or human G361 melanoma and
inhibin-deficient mice that spontaneously develop gonadal tumors. In each case, the muscle
wasting was prevented and the protection was associated with a significant increase in
survival. In mice bearing the colon-26 adenocarcinoma, muscle wasting was prevented even
though the tumor continued to grow.

Other benefits of these remarkable responses to myostatin/activin pathway blockade include
virtual elimination of cancer-induced cardiac atrophy [46**]. Secondly, there was an
increase in muscle levels of p-Akt and p-FoxO3a that would explain the suppressed
transcription of Atrogin-1/MAFbx and MuRF1 genes and hence, the reduced ubiquitin
conjugation to muscle proteins (see above; also see Figure 2). Thirdly, there was an
improvement in the function of muscle progenitor or satellite cells, including an increase in
their ability to proliferate (see above). Together, these results in several models of cancer
could contribute to the rapid reversal of muscle atrophy following inhibition of ActRIIB
signaling. Finally, reversal of muscle atrophy occurred even though circulating levels of
TNF-a, IL-1B and IL-6 in mice bearing colon-26 cancer were not suppressed suggesting that
inflammation would not interfere with the ability of the ActRIIB decoy receptor to block
myostatin/activin signaling in muscle.

responses to blocking myostatin in chronic kidney disease

CKD is among a group of disorders (e.g., diabetes, starvation and some forms of cancer)
characterized by increased levels of circulating markers of inflammation, increased
glucocorticoid production, impaired insulin/IGF-1 signaling and muscle protein wasting.
These disorders also exhibit similar patterns of gene expression in muscles (see above).
Notably, these characteristics can be detected even when CKD is relatively mild (i.e., serum
creatinine < 3 mg/dL). The pathophysiology of CKD-induced muscle wasting includes a
decrease in p-Akt leading to increased expression of Atrogin-1/MAFbx and accelerated
muscle proteolysis via the UPS and caspase-3 (see above). In addition, CKD impairs
satellite cell function and myostatin is activated in muscle [47**,64*]. Reliable treatments to
block these abnormalities are not available.

To evaluate whether myostatin stimulates muscle wasting in CKD, Zhang et al (2011)
studied a mouse model of CKD (subtotal nephrectomy plus a high protein diet). Mice with
BUN values >80 mg/dL were paired for BUN and age and pair-fed for 4 weeks [47**]. In
each pair, one mouse with CKD received subcutaneous injection of an anti-myostatin
peptibody every other day while the paired mouse was injected with the diluent. With
peptibody treatment, myostatin was suppressed in muscle and the loss of body weight was
reversed while weights of individual muscles increased. Muscle atrophy was prevented by
both an increase in the rate of protein synthesis and a decrease in protein degradation; there
also were improvements in satellite cell function.

Unlike responses to administering the decoy ActRIIB receptor to mouse models of cancer,
myostatin inhibition with the peptibody decreased the circulating levels of inflammatory
cytokines and especially, IL-6. Determining how the inhibition of myostatin suppresses
inflammatory cytokines was a priority because earlier studies had demonstrated that
inflammation can lead to an increase in circulating IL-6 and serum amyloid A. This cytokine
and acute phase protein combined to suppress intracellular IGF-1 signaling resulting in a
decrease in the muscle level of p-Akt. The result was activation of muscle protein
degradation in the UPS (see above). These studies also identified the link between myostatin
and IL-6. Cultured muscle cells treated with TNF-a produced more myostatin. Secondly,
treatment of muscle cells with myostatin produced more IL-6. Thus the high TNF-a
commonly present in CKD patients acts to increase myostatin production in muscle cells and
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this response stimulates muscle to produce I1L-6 [47**]. This is relevant because an increase
in IL-6 reduces p-Akt in muscle leading to activation of the UPS and caspase-3 and
ultimately, muscle atrophy.

Emerging role of myostatin in heart failure-induced muscle wasting

Patients with congestive heart failure (CHF) develop loss of body weight and muscle mass
plus extreme fatigue and weakness and shortened survival, a complication known as cardiac
cachexia [65,66]. The etiology of cardiac cachexia may involve neurohormonal
abnormalities, inflammation and metabolic disturbances but as with cancer or CKD,
myostatin signaling could be involved in the pathogenesis of cardiac cachexia. In animal
models of heart failure it has been reported that myostatin expression occurs in the peri-
infarct zone and in the ventricular muscle in response to cardiac overload [67,68]. In a
mouse model of aortic pressure overload, heart failure is accompanied by muscle wasting
and this response is attenuated by administration of an anti-myostatin antibody [69**].
Remarkably, Heineke et al (2010) demonstrated that a cardiac muscle-specific knockout of
myostatin prevented skeletal muscle atrophy in this model of heart failure The interpretation
of these results in mice is that myostatin actions in cardiomyocytes might extend to
influencing skeletal muscle mass. On the other hand, CHF (or inactivity) by itself can induce
myostatin expression in skeletal muscles and this can produce muscle wasting [70,71].
Which interpretation is correct is unsettled but CHF like cancer or kidney failure could be
another muscle wasting condition ultimately related to responses induced by myostatin.

Conclusion

Cancer and disorders like CKD that are characterized by inflammation, impaired insulin/
IGF-1 signaling, increased glucocorticoid production and muscle protein wasting are
associated with an increased risk of morbidity and mortality. The physiologic and molecular
mechanisms that cause muscle protein wasting have been uncovered but despite these
advances, there are no reliable therapies that prevent or reverse the muscle atrophy in these
disorders. Recent reports suggest we are entering a new therapeutic era because blocking
myostatin signaling can not only prevent a loss of muscle mass but also can improve
survival from catabolic conditions. The potential for developing a treatment strategy is
exciting in part, because it is not necessary to manipulate genes to block myostatin
signaling. As noted, myostatin signaling in muscle can be blocked pharmacologically.
Although much information is needed before embarking on therapy for patients, we are
entering an era of treatment and no longer stuck at devising new definitions for the degree of
muscle wasting.
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Figure 1.

The ubiquitin-proteasome system (UPS) of protein degradation. Proteins destined for
degradation are conjugated to Ub by an ATP-dependent process that involves three
enzymes: E1, E2, and E3. Selectivity of the protein substrates for degradation principally
depends on recognition of the protein by specific E3 ligases. When a chain of five Ub
proteins is attached to the protein substrate, the complex can be recognized by the 26S
proteasome. This leads to release of the Ub chain, which is cleaved to individual Ubs, and
unfolding of the protein substrate for injection into the proteasome and digestion to peptides.
Peptidases in the cytoplasm degrade peptides into amino acids. In catabolic states, a similar
process degrades muscle proteins. (Ub = ubiquitin). From Lecker, SH, Goldberg, AL and
Mitch, WE; reproduced with permission from Journal of the American Society of
Nephrology volume 17, pages 1807-1819, 2006.

Curr Opin Support Palliat Care. Author manuscript; available in PMC 2012 December 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 13

Myostatin Activin

© ©
——

ﬁActRIIB

ALK4 []"I I"H ALK5

Y (P

\> / v
I

ypews
v
(grews ,°
(gpews);

Nucleus

A
4—@4—(0x0f)4—e<—

SBE
OO il

/ \
'@ @D

Gene Ubq
Transcription
Changes _)

Muscle Ublqumnatlon
protein

Proteasome- medlated
protein degradation

V

Muscle Wasting
Cachexia

Figure 2.

Myostatin and activin signaling in muscle. Myostatin or activin binds to type 1B activin
receptor (ActRIIB) on muscle membrane to cause its dimerization, which leads to
recruitment and activation of type | activin receptor transmembrane kinase ALK4 or ALKS5.
This in turn causes phosphorylation of Smad2 and Smad3 and the recruitment of Smad4 into
a Smad complex. The Smad complex translocates into the nucleus to elicit transcription
changes of downstream genes, which result in muscle wasting. Myostatin/activin binding to
the receptor also reduces AKT activity and consequently diminishes FOXO
phosphorylation. Dephosphrylated FOXO enters the nucleus to activate transcription of
atrophy-specific E3 ligases MuRF1 and Atroginl, which cause muscle protein uniquitination
and degradation by the proteasome. (SBE = S mad binding element; Ub = Ubiquitin).
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