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a  b  s  t  r  a  c  t

Over  the  last  two  decades,  new  insights  into  the etiology  of skeletal  muscle  wasting/atrophy  under
diverse  clinical  settings  including  denervation,  AIDS,  cancer,  diabetes,  and  chronic  heart  failure  have  been
reported  in  the  literature.  However,  the  treatment  of skeletal  muscle  wasting  remains  an  unresolved  chal-
lenge to this  day. About  nineteen  potential  drugs  that  can  regulate  loss  of  muscle  mass  have  been  reported
in  the  literature.  This paper  reviews  the  mechanisms  of  action  of  all these  drugs  by  broadly  classifying
them  into  six different  categories.  Mechanistic  data  of  these  drugs  illustrate  that  they  regulate  skeletal
muscle  loss  either  by  down-regulating  myostatin,  cyclooxygenase2,  pro-inflammatory  cytokines  medi-
ated catabolic  wasting  or by up-regulating  cyclic  AMP,  peroxisome  proliferator-activated  receptor  gamma
coactivator-1�, growth  hormone/insulin-like  growth  factor1,  phosphatidylinositide  3-kinases/protein
kinase  B(Akt)  mediated  anabolic  pathways.  So far,  five  major  proteolytic  systems  that  regulate  loss  of
muscle  mass  have  been  identified,  but the  majority  of  these  drugs  control  only  two  or  three  proteolytic
systems.  In  addition  to their  beneficial  effect  on restoring  the  muscle  loss,  many  of these  drugs  show  some
level of toxicity  and  unwanted  side  effects  such  as  dizziness,  hypertension,  and  constipation.  Therefore,
further  research  is  needed  to understand  and  develop  treatment  strategies  for muscle  wasting.  For  suc-
cessful  management  of  skeletal  muscle  wasting  either  therapeutic  agent  which  regulates  all  five known
proteolytic  systems  or new  molecular  targets/proteolytic  systems  must  be  Q2identified.

© 2015  Elsevier  Ltd. All  rights  reserved.
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1. Introduction

In the current literature, three factors that can initiate loss ofQ3
skeletal muscle mass have been identified. They are (1) chronic
diseases (cachexia) like diabetes, cancer, chronic obstructive pul-
monary disease (COPD), acquired immune deficiency syndrome
(AIDS), and renal/cardiac failure, (2) disuse conditions (atrophy)
like denervation, immobolization, and microgravity (3) aging
(sarcopenia). These factors gradually lead to distinct phenotypic
changes in the skeletal muscle by accelerating protein degrada-
tion [1–5]. Muscle wasting and weakness generated in each of
these conditions (cachexia, atrophy, and sarcopenia) is a complex
and highly regulated phenomenon, characterized by substantial
decrease in muscle fiber cross-sectional area, myonuclear number,
protein content and muscle strength while increasing in fatigabil-
ity and resistance to insulin [2,6–8]. In addition, it is also associated
with an increased risk of death.

Beyond a reduced survival rate, wasting is also linked to poor
functional status and quality of life. Up to one-third of all can-
cer patients die due to direct consequences of cachexia and
not from cancer, while in AIDS, more than 5% weight loss over
a period of 4-months are associated with an increased risk of
death and opportunistic infections. Studies have revealed that
different types of molecular triggers/catabolic players such as
myostatin, pro-inflammatory cytokines i.e. tumor necrosis fac-
tor alpha (TNF�), interleukin-1 beta (IL-1�), interleukin-6 (IL-6),
TNF-like weak inducer of apoptosis (TWEAK), interferon gamma
(IFN�) are involved in muscle wasting under above mentioned
clinical settings [7,9,10]. These cytokines on binding to their
respective receptor results in activation of the NF�B, a common
transcription factor in most of the protein catabolic pathways
leading to proteolysis in skeletal muscles (Supplementary Fig.Q4
1). This makes nuclear factor kappa B (NF�B) an attractive
pharmaceutical target for therapeutic interventions. Other impor-
tant targets include anabolic pathways (phosphatidylinositide

3-kinases/protein kinase B; PI3K/Akt) and five major proteoly-
tic machineries like Ca2+-dependent calpain, Ca2+-independent
cathepsin L, autophagy, ubiquitin (Ub)–proteasome system and the
caspase system [3,11,12]. Caspases are critical not only for mus-
cle atrophy but also for the apoptotic process. The majority of the
muscles wasting studies have demonstrated that autophagy sys-
tem uses lysosomal enzymes (like cathepsin L) for the processing of
damaged cellular components [12]. There are some studies which
have reported enhanced cathepsin L activity without any change
in the level of autophagy related markers under atrophic condi-
tions [13–15]. These studies highlight the possibility of cathepsin
L dependent and independent autophagy systems. Moreover, sev-
eral reports in literature indicate that cathepsin L may  be present
in extracellular compartment independent to lysosomal fraction
which further illustrates the probable special role of this protease
during atrophy [16,17].

Supplementary material related to this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.phrs.2015.05.010

In spite of many promising therapeutic targets for treating mus-
cle wasting, not even a single drug is clinically proven to be safe. In
this review, we  classify nineteen potential drugs (that are in use at
laboratory/preclinical level of investigation using different atrophic
models) into six categories and then discuss their mechanism of
action (Fig. 1). Q5

2. Classification and mechanisms of actions of drugs

2.1. Natural compounds

The mechanisms of action of four natural compounds are dis-
cussed in this section. These compounds are (A) eicosapentanoic
acid, (B) �-hydroxy-�-methylbutyrate, (C) resveratrol, and (D)
ghrelin and its receptor agonists.
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