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Duchenne muscular dystrophy is the most common and severe of the muscular

dystrophies, a group of inherited myopathies caused by different genetic

mutations leading to aberrant expression or complete absence of cytoskeletal

proteins. Dystrophic muscles are prone to injury, and regenerate poorly after

damage. Remorseless cycles of muscle fibre breakdown and incomplete

repair lead to progressive and severe muscle wasting, weakness and premature

death. Many other conditions are similarly characterized by muscle wasting,

including sarcopenia, cancer cachexia, sepsis, denervation, burns, and chronic

obstructive pulmonary disease. Muscle trauma and loss of mass and physical

capacity can significantly compromise quality of life for patients. Exercise

and nutritional interventions are unlikely to halt or reverse the conditions,

and strategies promoting muscle anabolism have limited clinical acceptance.

Heat shock proteins (HSPs) are molecular chaperones that help proteins fold

back to their original conformation and restore function. Since many muscle

wasting conditions have pathophysiologies where inflammation, atrophy and

weakness are indicated, increasing HSP expression in skeletal muscle may

have therapeutic potential. This review will provide evidence supporting

HSP induction for muscular dystrophy and other muscle wasting conditions.

This article is part of the theme issue ‘Heat shock proteins as modulators

and therapeutic targets of chronic disease: an integrated perspective’.
1. Introduction
Muscle wasting is an urgent and unmet health risk associated with many dis-

eases and conditions, including: ageing and frailty; cancer cachexia; sepsis and

other forms of catabolic stress; denervation after nerve injury; disuse atrophy

with plaster casting (unloading), inactivity and microgravity; burns; HIV–

acquired immunodeficiency syndrome (AIDS); chronic kidney or heart failure;

chronic obstructive pulmonary disease; inflammatory myopathies and the mus-

cular dystrophies, especially Duchenne muscular dystrophy (DMD). These

conditions are linked by the inflammation, atrophy and weakness common to

their pathophysiology.

The consequences of muscle wasting can be devastating and include profound

weakness, impaired mobility and fatigue, reduced functional independence, and

in the worst cases, death from respiratory (diaphragm) or cardiac muscle (heart)

failure. In many of these conditions there is the complication of an increased sus-

ceptibility to muscle injury and impaired regeneration that compromises healing;

e.g. muscles can be injured during sudden falls (especially in the elderly), in the

workplace, on the sports field, during recreational pursuits, or as a consequence

of surgeries where tourniquet application leads to ischaemia and reperfusion

damage. Muscle trauma and loss of mass and physical capacity can impact sig-

nificantly on the quality of life of patients. Successfully attenuating the loss of

muscle mass and improving repair and regeneration can determine the extent

of functional recovery [1]. Exercise and nutritional interventions may slow the

progression of muscle wasting and weakness in some conditions, but are difficult

or impossible for severely ill patients. Several hormonal treatments including
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growth hormone, insulin-like growth factor-1, testosterone,

anabolic steroids, selective androgenic receptor modulators,

and b-adrenoceptor agonists have been proposed to enhance

muscle growth and function [2,3] but have had limited clinical

acceptance owing to serious side effects, highlighting the

urgent need to identify non-hormonal treatments for these

devastating conditions, especially DMD [4]. Modulation of

the stress response by manipulation of the heat shock protein

(HSP) family is well known to protect cells, including skeletal

muscle fibres, from various sources of cell stress [3,5]. Thera-

peutic induction of HSPs for muscle wasting conditions is the

focus of this review, particularly whether increased expression

of HSPs can confer protection in skeletal muscle diseases,

including DMD.

DMD is the most common and severe form of muscular

dystrophy, affecting 1 in 3500–6000 live born males [6]. It is

caused by a variety of mutations and deletions in the dystro-

phin (DMD) gene on chromosome Xp21, leading to a lack of

expression or a non-functional corresponding (dystrophin)

protein in muscle. DMD patients exhibit severe and progress-

ive muscle wasting and weakness, and are usually

dependent on a wheelchair before their teens. Although early

and sustained interventions with corticosteroids and advances

in medical care have extended lifespan, affected patients still

die prematurely, often from respiratory and/or heart failure

[7]. There remains a profound need for interventions that can

cure or ameliorate the dystrophic pathology and improve

quality of life for patients.

While a cure for DMD will most likely come from gene and

cell therapies that can replace the defective or absent dystrophin

protein, there are still significant hurdles that plague these

approaches [8,9]. It is essential that alternative therapies be

developed that can ameliorate the muscle pathology and

improve patient lifespan so that they may be able to take

advantage of gene or cell therapies when they become available.

A lack of dystrophin in the muscles of DMD patients and

well-characterized murine models of DMD renders muscle

fibres fragile and prone to injury, and results in significant per-

turbation in Ca2þ homeostasis. The prolonged elevation of

intracellular [Ca2þ] triggers chronic inflammation, repeated

cycles of degeneration with progressively ineffective regener-

ation that eventually lead to the loss of muscle fibres, and

infiltration of fibrotic and other non-contractile material [10].

Several factors have been implicated in the influx of Ca2þ

into dystrophic muscle fibres, including membrane tears,

stretch-activated channels and Ca2þ leak channels [11–13].

Improving the function of the sarco-/endoplasmic reticulum

Ca2þ-ATPase (SERCA) pump in dystrophic muscles has

therefore been suggested as a viable therapeutic target for

improving Ca2þ homeostasis and ameliorating the pathol-

ogy of DMD. Increasing SERCA pump expression and/or

activity within dystrophic muscles in transgenic mice or

through viral-mediated delivery improves Ca2þ-handling

and suppresses the pathological cascade of events [14–16].

The role of inflammation in the dystrophic pathology is

also well known, particularly that of the pro-inflammatory

cytokine tumour necrosis factor-a (TNF-a). TNF-a activates

the nuclear factor-kappa B (NFkB) and c-Jun N-terminal

kinase (JNK) signalling pathways [17–19]. Identifying

ways to maintain Ca2þ homeostasis and regulate inflam-

mation could better protect dystrophic muscle fibres from

degeneration and enhance regenerative mechanisms that

help maintain muscle mass.
2. Skeletal muscle injury and repair
Skeletal muscle repair is a complex process that involves

myofibre degeneration, inflammation and activation of

muscle resident stem cells (MuSCs), termed ‘satellite cells’

[20,21], which in healthy uninjured muscle reside in a quies-

cent state between the sarcolemma of the myofibre and the

basal lamina [22].

Severe trauma or direct physical damage disrupts the

sarcolemma, resulting in a rapid influx of Ca2þ into the

damaged myofibre. If this sudden increase in intracellular

Ca2þ is not buffered adequately, calpains and other Ca2þ-

dependent proteases are activated, which mediate myofibre

proteolysis by cleaving various myofibrillar, cytoskeletal and

membrane proteins [20]. Muscle degeneration triggers a com-

plex inflammatory response, involving non-resident immune

cells (neutrophils and macrophages), which is critical for clear-

ance of necrotic debris and initiation of muscle repair through

MuSC activation [21,23]. Upon activation, MuSCs re-enter the

cell cycle and undergo several bouts of proliferation and differ-

entiation before fusing with pre-existing multinucleated

myofibres or forming new myofibres. Importantly, a subset

of MuSCs undergo asymmetric division and self-renewal to

reconstitute their pool [20,21]. Each stage of myogenesis is pri-

marily controlled by the basic helix–loop–helix myogenic

regulatory factors (MRFs) MyoD, Myf5, myogenin (MyoG)

and MRF4.
3. Heat shock proteins in skeletal muscle health
Heat shock proteins are a family of highly conserved proteins

that are induced by various stressors including heat, ischae-

mia, hypoxia, UV irradiation, heavy metals, oxidative stress

and infection, to provide protection against cellular damage

[24]. HSPs act predominantly as molecular chaperones that

maintain cellular proteostasis by regulating protein biosyn-

thesis and folding, transport of polypeptides, assembly of

protein complexes and preventing stress-induced protein

unfolding and aggregation [25]. In addition to the intracellu-

lar functions of HSPs, there is increasing evidence to suggest

that HSPs released into the extracellular space following

stress or damage are involved in activation of immune cell

responses [26–28].

HSPs are classified into different families based on their

molecular weight: small HSPs (�34 kDa), HSP40 (35–

54 kDa), HSP60 (55–65 kDa), HSP70 (65–80 kDa), HSP90

(81–99 kDa) and high MW HSPs (�100 kDa) [24]. The impor-

tant characteristics of the main members of these HSP families

are summarized in table 1. Several HSPs are expressed in skel-

etal muscle and have important roles in muscle development

and regeneration.

(a) Muscle development
Small HSPs, HSP27 and aB-crystallin, are expressed during

differentiation of multiple mammalian cell types. Ito et al. [31]

detected increased levels of Hsp27 and aB-crystallin during

differentiation of murine C2C12 myoblasts into myotubes.

Although the authors proposed that the increases in these pro-

teins were dependent on different protein kinase pathways, the

mechanism was unclear. Previously, it was reported that the

aB-crystallin gene (hspb5) contains an MRF binding site,

which is occupied by MyoD or MyoG during C2C12 cell



Table 1. Characteristics of main members of different HSP families.

HSP cellular location characteristics proposed functions references

HSP10 mitochondria forms complex with

HSP60; also has HSP60-

independent functions

protein folding, refolding; prevents aggregation

of denatured proteins

[29,30]

small HSPs:

Hsp25

(murine),

HSP27

(human),

aB-crystallin

cytosol; migrates to

nucleus with stress

stress inducible; ATP-

independent; form

oligomers

prevents protein aggregation; microfilament

stabilization; anti-apoptotic; cell

differentiation

[31 – 37]

HSP40 cytosol essential co-chaperone

activity with HSP72

binds unfolded proteins; modulates ATPase

activity of HSP72

[38]

HSP60 mitochondria constitutively expressed;

forms complex with

HSP10

chaperone functions in mitochondrial matrix;

pro-apoptotic and anti-apoptotic roles

[30,39]

HSP72 cytosol; migrates to

nucleus and

nucleolus with

stress

highly inducible; protects;

cells against further

stress

protein folding, transport, complex assembly;

prevents stress-induced protein unfolding and

aggregation; cytoprotective; anti-apoptotic;

anti-inflammatory; maintenance of Ca2þ

homeostasis

[14,25,40 – 42]

HSC70 cytosol; migrates to

nucleus and

nucleolus with

stress

constitutively expressed;

only slightly inducible

molecular chaperone [43]

GRP75 (mHSP70) mitochondria induced by glucose

deprivation and Ca2þ
molecular chaperone [44]

GRP78 sarcoplasmic reticulum induced by glucose

deprivation and Ca2þ
cytoprotection; molecular chaperone [44]

HSP90 (HSP90a

and HSP90b

isoforms)

cytosol; sarcoplasmic

reticulum; nucleus

component of the steroid

receptor complex;

regulatory protein

regulation of steroid hormone receptors;

role in signal transduction

[45,46]

HSP110 cytosol; migrates to

nucleus with stress

constitutively expressed protein folding [35]
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differentiation and can activate hspb5 transcription [47]. It is

possible therefore that the protein kinase cascades operate via

MyoD or MyoG to increase transcription and protein synthesis

of Hsp27 and aB-crystallin during differentiation. Interestingly,

overexpression of aB-crystallin in proliferating C2C12 cells reci-

procally modulates MyoD levels in a negative feedback manner

by mediating increased protein degradation and reduced syn-

thesis, thus delaying differentiation [32]. Further to this

regulation of MyoD, Hsp27 and aB-crystallin associate with

actin microfilaments in developing myotubes and may have

roles in myofibril assembly during early differentiation [33].

In situ hybridization experiments demonstrated that during

mouse embryonic development aB-crystallin mRNA is

expressed in myotomes and developing skeletal muscles [34],

further supporting its role in differentiation. The involvement

of Hsp27 in embryonic myogenesis was directly tested by

knocking down the hspb1 gene in the zebrafish embryo using
antisense oligonucleotides, revealing an important role in

craniofacial muscle development [48]. Surprisingly, Hsp27

did not affect the determination and differentiation of myogenic

precursors or myofilament organization, but protected

myocytes against mechanical and oxidative stress [49].

Similar to aB-crystallin, HSP90 plays a pro-myogenic role

in skeletal muscle development. Using geldanamycin to

specifically inhibit HSP90 in differentiating C2C12 cells,

Wagatsuma and colleagues [50] detected decreased expression

of the myogenic markers MyoD, MyoG and sarcomeric myosin

heavy chain. This was linked to impaired myotube formation,

decreased mitogenic signalling and increased apoptosis [50].

These findings highlight both the pro-myogenic and pro-

survival roles of HSP90, but the exact mechanisms require

further investigation.

HSP90 has been suggested to play an important role in

zebrafish somitogenesis during development, with in situ
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hybridization of embryos showing co-expression of HSP90a and

MyoD mRNA in cells of the paraxial mesoderm; both genes were

downregulated in newly formed adult trunk muscles [51]. More-

over, embryos treated with geldanamycin had an abnormally

short trunk and tail, further demonstrating the requirement

of HSP90 for muscle formation [51,52]. A specific role of

HSP90a in the assembly of the thick filament during late

stages of myofibril formation has also been suggested [53].

Although the stress adapting functions of HSP72 (the indu-

cible form of HSP70) in skeletal muscle are widely established,

there is a paucity of knowledge regarding the roles of HSP72 in

muscle development [5,54]. Ogata et al. [55] detected Hsp72 in

both soleus and plantaris muscles at embryonic day 22 (e22),

specifically in slow type I fibres. The authors also compared

expression profiles of Hsp72 and Hsc70 (heat shock cognate

70; constitutively expressed member of Hsp70 family). While

Hsp72 levels increased concomitantly with the increasing pro-

portion of soleus type I fibres, Hsc70 levels were unchanged

after postnatal day 3 [55]. Taken together, these data demon-

strate an overall pro-myogenic role for HSPs, which act to

promote differentiation. However, the mechanisms underlying

the actions for each HSP appear distinct and the interactions

between them is likely complex.
(b) Muscle regeneration
Maintenance of MuSC quiescence is crucial since premature

activation of MuSCs can lead to their exhaustion and thus

impair regenerative potential [56]. Furthermore, MuSCs must

be kept free of oxidative damage and metabolic and biomecha-

nical stresses [56,57]. Following MuSC activation, dramatic

changes occur in cell morphology, metabolism and motility

which challenge proteostasis [58]. Chaperones such as HSPs

play important roles in limiting cellular stresses, maintaining

proteostasis and stabilizing signalling complexes, but whether

HSPs are specifically involved in MuSC quiescence and

activation is not well understood.

Fluorescence-activated cell sorting (FACS) together with

advances in microarray technology and whole transcriptome

sequencing have facilitated investigations of the molecular sig-

natures of pure populations of stem cells including MuSCs

[59–62]. Analysis of extensive whole transcriptome datasets

of quiescent and proliferating MuSCs has revealed differential

expression of various HSP encoding genes (table 2). In the data-

set by Ryall and colleagues [59] in MuSCs cultured ex vivo for

48 h, the expression of hspa1a was reduced 64-fold; dnajb1
and hspb1 decreased nine- and sixfold, while hspa9, hspd1
and hspe1 increased fourfold, threefold and fourfold, respect-

ively. Similar changes in the HSP genes were identified in

two other studies using ex vivo MuSCs [60,62], although

hspa1a was downregulated 159-fold in MuSCs cultured for

72 h [62]. Two further studies using in vivo activated MuSCs

also revealed similar changes but of lesser magnitude [61,62].

Furthermore, in muscles of mdx dystrophic mice hspa1a and

hspa1b decreased fivefold and threefold, respectively; hspa9
and hspe1 each decreased twofold, while other HSP genes

were unchanged compared with muscles of C57BL/10 mice

[63]. These data provide strong preliminary evidence that

HSPs play differential roles in quiescent and activated

MuSCs and are thus vital for muscle regeneration.

Senf and colleagues [64] provided the first evidence that

Hsp72 is necessary for muscle regeneration and recovery fol-

lowing acute muscle injury. They showed that following
induction of muscle injury with cardiotoxin, mice with deletion

of the Hsp72 encoding hspa1a and hspa1b genes (Hsp722/ –

mice) had a severely delayed inflammatory response, which

was associated with deficient regeneration, persistent necrosis,

inflammatory lesions, fibrosis and Ca2þ deposits, for up to 42

days post-injury [64]. By conducting rescue experiments in

which an Hsp72 plasmid was reintroduced specifically in the

muscles of Hsp722/2 mice 4 days after injury, they confirmed

a role for muscle-derived Hsp72 in muscle fibre regrowth

during regeneration [64]. Furthermore, when Hsp72 was re-

introduced into the muscle prior to injury, it prevented the

sustained inflammatory lesions and persistent necrotic

muscle fibres in Hsp722/2 mice [64], indicating a critical role

for Hsp72 in the first 4 days after injury. Hsp72 is released

into the extracellular microenvironment after tissue injury

[26,27] and can interact with immune cell receptors to regulate

neutrophil [28] and macrophage [27] activation and chemo-

taxis. Hence, it is plausible that Hsp72 released from skeletal

muscle might regulate the early inflammatory response. In

support of this notion, simulated release of Hsp72 at the

onset of injury through direct injection of recombinant Hsp72

completely restored immune cell infiltration into the muscles

of Hsp722/2 mice [64]. Overall, these findings indicate that

intracellularly and extracellularly localized HSP72 have diver-

gent functions in facilitating efficient muscle repair. Combined

therapeutic strategies that differentially target intracellular and

extracellular HSP72 could optimally promote regeneration and

restoration of muscle function and are thus relevant for treating

conditions associated with increased susceptibility to muscle

injury such as muscular dystrophy and sarcopenia.
4. Therapeutic potential of heat shock proteins
for muscular dystrophy

The most widely studied HSP in skeletal muscle is HSP72.

HSP72 inhibits inflammatory mediators including p-JNK,

TNF-a, and the NFkB pathway, and binds and preserves

SERCA function under conditions of cellular stress

[40,41,65,66]. While some studies have shown HSP72 to be

elevated in muscles of DMD patients [67], there is little con-

sensus since expression data for young patients are variable

and sourcing age-matched controls is problematic. Never-

theless, the endogenous heat shock response in DMD is

insufficient to be protective [14].

To investigate whether elevating HSP72 could protect the

dystrophic pathology, our laboratory bred dystrophin-null

mdx dystrophic mice with transgenic (TG) mice over-expressing

Hsp72 to produce mdxTG(þ) mice and mdx littermate controls.

Serum levels of the muscle damage marker creatine kinase

(CK) were reduced in mdxTG(þ) mice compared with littermate

control mice lacking the transgene (designated ‘mdxTG(2)’), and

these mice had improved whole body strength and endurance

as well as improved markers of diaphragm muscle pathophysi-

ology, including reduced Evans blue dye (EBD) infiltration

(another indicator of damaged muscle fibres), reduced collagen

infiltration, and improved normalized force production. The

improvements in diaphragm structure and function are particu-

larly important because respiratory failure is the cause of death

in up to 90% of DMD patients, and diaphragm function is an

accurate predictor of respiratory insufficiency.

There is a vast body of evidence to suggest that intracellular

[Ca2þ] is elevated in dystrophin-deficient muscle fibres
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[11,68,69]. Impaired SERCA function potentially contributes to

the loss of Ca2þ homeostasis. Findings from our laboratory

have demonstrated that in dystrophic mdx muscle homogenates,

not only is the maximal SERCA activity compromised but also

the sensitivity of the pumps to cytosolic [Ca2þ] is reduced

(higher mean [Ca2þ]50) [14]. These observations are consistent

with increased susceptibility of SERCA pumps to inactivating

modifications during stress conditions owing to the presence

of a high number of cysteine residues [70]. Indeed, inactivating

post-translational modifications of SERCA have been identified

during ageing, hyperthermia, strenuous exercise and neuro-

muscular diseases [66,71,72], all conditions characterized by

excessive reactive oxygen species (ROS) or reactive nitrogen

species (RNS) production. Interestingly, Hsp72 has been

found to bind SERCA and protect it from functional inactivation

[66]. In agreement with this, we observed that maximal SERCA

activity of muscle homogenates (and in single muscle fibres)

was increased in mdxTG(þ) compared with mdxTG(2) mice [14].

Preservation of SERCA function through Hsp72 induction has

important therapeutic implications, since attenuating the Ca2þ

overload could delay disease progression and ameliorate the

dystrophic pathophysiology.

To determine whether pharmacological induction of Hsp72

could produce similar effects, mdx and more severely dys-

trophic dko (dystrophin : utrophin null; dys : utrn2/2) mice

were treated with BGP-15, a co-inducer of HSP72, previously

shown to protect against obesity-induced insulin resistance

[40,73]. BGP-15 treatment increased Hsp72 protein expression

in the diaphragm, reduced CK levels and reduced EBD infiltra-

tion in muscles of dystrophic mice. BGP-15-treated dystrophic

mice had improved overall strength and endurance, reduced

fibrosis and increased maximal SERCA activity in diaphragm

muscle homogenates, similar to that in transgenic mice with

elevated muscle levels of Hsp72. In dys : utrn2/2 mice treated

from 3–4 weeks until 10 weeks of age, BGP-15 treatment mark-

edly reduced kyphosis (spinal curvature), reduced serum

CK levels and collagen infiltration in the diaphragm, and

improved force producing capacity of diaphragm muscle

strips and intact limb (tibialis anterior; TA) muscles. Lifelong

treatment of dys : utrn2/2 mice with BGP-15 extended survi-

val, with a 27% increase in median lifespan; this is especially

relevant to DMD [14]. Taken together, these results indicated

that HSP72 induction could be an important and novel thera-

peutic approach to improve the dystrophic pathology and

attenuate disease progression to allow many patients to benefit

from perfected gene- or cell-based treatments.

Although these results were exciting, it should be noted

that Hsp72 induction was beneficial in attenuating the

progression of the dystrophic pathophysiology when mice

were treated from a very young age. In a follow-up study,

our laboratory investigated some of the more clinically relevant

questions regarding Hsp72 upregulation for muscular dystro-

phy, especially whether initiating BGP-15 treatment in older

dystrophic mice (at a later stage in the pathology) would

confer similar improvements in muscle structure and function

[74]. We also investigated whether this therapeutic approach

would benefit the heart since cardiomyopathy and dysfunc-

tion is evident in many DMD patients and in mdx and

especially dys : utrn2/2 dystrophic mice. Treatments that can

ameliorate cardiomyopathy will therefore improve quality of

life for DMD patients and improve lifespan.

Later stage treatment of mdx or dys : utrn2/2 mice with

BGP-15 did not improve maximal force of TA muscles
(in situ) or diaphragm muscle strips (in vitro). Fibrosis was

reduced in TA muscles of BGP-15-treated dys : utrn2/2

mice but unchanged in TA muscles of treated mdx mice and

diaphragm of treated mdx and dys : utrn2/2 mice. In young

dys : utrn2/2 mice BGP-15 treatment ameliorated aspects of

the cardiac pathology, with reduced collagen deposition

and improved membrane integrity and systolic function.

Although BGP-15 could improve aspects of the dystrophic

pathology, it did so with differing efficacies in heart and

skeletal muscles and at different stages of the disease pro-

gression, highlighting the notion of a therapeutic ‘window

of opportunity’ for HSP72 induction for muscular dystrophy.

Treating early in the pathology would likely produce maxi-

mal benefits in skeletal muscles and although these effects

were less pronounced when treatment commenced later,

the heart remained responsive with favourable effects on car-

diac muscle structure and function with later induction.

Taken together, these findings support a role for HSP72

induction among a suite of pharmacological therapies

attempting to ameliorate the pathology in DMD and related

muscle disorders (figure 1).

Since its discovery, the importance of dystrophin in force

transmission has been studied extensively. However, what (if

any) role dystrophin may play in MuSCs is less clear [75]. In

one of the first studies to document a role for dystrophin in

MuSCs (and regeneration of dystrophic muscle), Dumont

et al. [76] demonstrated that dystrophin played a vital role

in regulating asymmetric cell division and the commitment

of MuSCs to the myogenic lineage. In this study, the authors

used extensive immunofluorescence experiments to show

that cultured ex vivo MuSCs exhibited high levels of dystro-

phin protein, with the protein becoming polarized to one

side of the cell immediately prior to cell division. These

results strongly support a role for dystrophin in the process

of polarization as in its absence MuSCs were unable to

undergo successful cell polarization and asymmetric div-

ision, which typically allows both expansion of committed

muscle progenitors and self-renewal of the MuSC pool.

Finally, the authors linked the decrease in asymmetric

MuSC division to a depletion of committed muscle progeni-

tor number (and a concomitant expansion of MuSC

numbers), leading to the observed impairment in skeletal

muscle regeneration.

The results from Dumont et al. [76] have important impli-

cations for the development of future therapies for DMD

because they suggest that any successful therapy must

target both skeletal muscle and the endogenous population

of MuSCs. While our laboratory has previously demonstrated

that induction of Hsp72 in skeletal muscle can improve the

dystrophic phenotype in mice, no study to date has

thoroughly investigated the effect of targeting HSP72 in

MuSCs. As several whole transcriptome studies have

shown a significant reduction in Hsp72 gene expression in

activated MuSCs (up to 159-fold in some cases, table 2), an

intriguing hypothesis surrounds the role of HSP72 in MuSC

activation and self-renewal. Whether targeting HSP72 can

also overcome the defects in dystrophic MuSCs has yet to

be investigated.

In addition to HSP72, the expression of other HSPs has been

documented to change in DMD. Proteomic profiling and sub-

sequent immunostaining of muscles from mdx mice showed

expression of Hsp20, Grp75 and Hsp90 was decreased,

Hsp25, Hsp60 and Hsp72 unchanged, and cvHsp and
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Figure 1. Known expression levels and functions of heat shock proteins in muscular dystrophy. The absence of the dystrophin glycoprotein complex (DGC) renders
dystrophic muscle fibres fragile and prone to damage, resulting in membrane tears and an influx of extracellular Ca2þ. Compromised SERCA function contributes to
an inability to buffer the increased intracellular [Ca2þ], triggering inflammatory pathways that lead to muscle fibre degeneration. Although muscle stem cells (MuSC)
can regenerate damaged fibres during the early stages of the pathology, remorseless cycles of injury/repair during the disease progression eventually overwhelm the
regenerative capacity because of MuSC dysfunction, disrupted sarcomere assembly, impaired regeneration, and accumulation of connective tissue and fat. The heat
shock proteins are carefully regulated both temporally and spatially during these processes. Our work and that of others suggest that modulation of HSP expression,
particularly HSP72, has therapeutic potential for treating muscular dystrophy by ameliorating the dystrophic pathophysiology.
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Hsp110 dramatically increased, in muscle fibres of the dia-

phragm [77]. Similar studies in limb muscles showed

reduced Hsp25 expression in TA muscles from old mdx
mice [78], and reduced Hsp25, Hsp40 and Hsp60 expression

in hearts of mdx mice compared with control [79,80]. In

muscles of DMD patients, HSP65, HSP72 and HSP72/73

were specifically increased in hypercontracted muscle

fibres, whereas HSP90 was specifically upregulated in

regenerating muscle fibres [67].

Altered HSP expression has been similarly observed in

other muscle diseases. A localization study showed selective

HSP90 upregulation in inflammatory cells in polymyositis

and inclusion body myositis (IBM), indicating selective
inhibition of HSP90 as a potential therapeutic strategy for

these diseases [81]. In the laminin-deficient dy/dy mouse

model of congenital muscular dystrophy, the abundances of

aB-crystallin, Hsp25 and p20 were all increased in fast-twitch

TA muscles and decreased in slow-twitch soleus muscles

[82]. HSP47 was increased in both the fibrotic tissue and the

muscle membrane in DMD and in active inflammatory myo-

pathy [83]. In addition to HSP72, increased expression of

aB-crystallin [84], HSP65 [85] and HSP90 [67] were shown in

sporadic inclusion body myositis (sIBM). Together these

studies demonstrate that changes in expression of specific

HSPs occur in many muscle diseases but their expression is

dependent on the severity of the pathology.
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In general, the main involvement of HSPs in skeletal

muscle disease involves increased or decreased expression in

affected muscle, but evidence for their direct role in disease

aetiology comes from mutations in the DnaJ heat shock protein

family (HSP40) member B6 (DNAJB6), directly responsible

for a severe early-onset limb girdle muscular dystrophy [86].

These mutations are hypothesized to disrupt the sarcoplasmic

function of DNAJB6, suggesting that DNAJB6 plays a key role

in Z-disc organization and stress granule kinetics [87].

Mutations within the aB-crystallin protein are similarly

linked to a small number of cases of myofibrillar myopathies

[88,89]. The tight regulation of these HSPs is therefore required

for the maintenance of skeletal muscle health.

5. Therapeutic potential of heat shock proteins
for other muscle wasting conditions

Age-related muscle wasting (sarcopenia) is characterized by a

progressive loss of muscle mass, a gradual decline in muscle

force generation, and an increased susceptibility to contrac-

tion-induced injury with impaired recovery [90]. These

deficits in functional performance could be explained, in

part, by the diminished capacity of old individuals and rodents

to induce HSPs in skeletal muscles after contractile activity

[91,92]. Therapeutic strategies that preserve the stress response

during ageing could conceivably improve quality of life for

the elderly.

McArdle et al. [93] showed that transgenic overexpression

of Hsp72 ameliorated functional deficits in old mice following a

protocol of severe lengthening contractions. Extensor digi-

torum longus (EDL) muscles of adult and old transgenic

mice had a reduced force deficit at day 3 post-injury relative

to their wild-type (WT) counterparts, indicating protection

from secondary damage after injury. EDL muscles of trans-

genic mice recovered by day 14 post-injury, whereas muscles

from old WT mice had a persistent force deficit even at

28 days post-injury. In agreement with these findings,

pharmacological induction of Hsp72 with the Hsp90 inhibi-

tor 17-(allylamino)-17-demethoxygeldanamycin (17AAG)

restored maximal force in muscles of old WT mice compared

with DMSO-treated controls [94]. Neither Hsp72 overexpres-

sion nor 17AAG treatment prevented the age-related decline

in muscle cross-sectional area but Hsp72 overexpression main-

tained specific force in muscles of old mice [93,94]. Although the

mechanisms responsible for functional improvements in old

Hsp72 transgenic mice are not completely understood, preven-

tion of age-related accumulation of oxidative species has been

proposed as a potential explanation [95]. In support of this,

Hsp72 overexpression reduced markers of oxidative damage,

normalized levels of antioxidant enzymes and preserved

NFkB-mediated transcriptional activity in muscles of old mice

[95]. These findings highlight the therapeutic potential of

HSP72 induction to preserve muscle function and enhance

functional recovery after injury, especially during ageing.

The roles of other HSPs in age-related muscle dysfunction

have also been considered. Transgenic overexpression of

Hsp10 in muscles of old mice prevented the decline in maximal

force, preserved muscle cross-sectional area and protected

from contraction-induced damage [96]. These improvements

were hypothesized to be related to Hsp10 preserving mito-

chondrial function. Defective mitochondria (with mutations

in key components of the electron transport chain) accumulate

in muscle fibres during ageing, resulting in aberrant ROS
production and damage to mitochondrial proteins and mem-

branes [97]. Lifelong overexpression of Hsp10 resulted in a

threefold increase in Hsp10 levels in the mitochondria, associ-

ated with a reduction in accumulated oxidized proteins

presumably due to targeting of abnormal proteins for degra-

dation [96]. Thus, increased levels of HSP10 can preserve

mitochondrial function and prevent aberrant ROS production,

implicating it as a potential therapeutic target for attenuating

age-related muscle wasting and weakness.

Skeletal muscle atrophy also occurs in response to disuse

associated with limb unloading, immobilization, denervation

and space flight [98]. Loss of muscle mass is primarily the

consequence of increased protein degradation through the

ubiquitin–proteasome pathway, which is regulated, in part,

by NFkB and FOXO signalling and the downstream muscle-

specific E3 ubiquitin ligases atrogin-1 and MuRF1 [99,100].

Several studies have reported that gene and protein expression

of HSPs is downregulated with muscle disuse and inactivity

[65,101–103], suggesting a potential link between HSP levels

and the regulation of muscle mass.

Plasmid-mediated overexpression of Hsp72 in the soleus

muscles of rats via electroporation prevented muscle fibre atro-

phy induced by 7 days of bilateral hindlimb immobilization

[65,101,103]. This was associated with reduced NFkB and

FOXO3a transcriptional activities and downregulation of the

ubiquitin ligases atrogin-1 and MuRF1 [65]. A later study

showed that Hsp72 maintained muscle mass during immobil-

ization by blocking FOXO3a-dependent transcription of

atrogin-1 [103]. Furthermore, Dodd et al. [101] showed in

both young and old rats that Hsp72 overexpression suppressed

NFkB activity by preventing the decline in IkBa expression

after immobilization. Miyabara and colleagues [104] later

examined the effect of transgenic overexpression of Hsp72 in

mice using a model of unilateral limb immobilization and

observed that Hsp72 overexpression enhanced structural and

functional recovery by maintaining the MuSC pool [104].

Since immobilization reduces MuSC number [105], any strat-

egy that can maintain the number and function of MuSCs is

relevant for retaining skeletal muscle mass.

Plasmid-mediated overexpression of Hsp27 in the soleus

muscles of rats had similar effects to Hsp72. It prevented

muscle fibre atrophy, reduced expression of atrogin-1 and

MuRF1 and suppressed NFkB transcriptional activity, but

had no effect on FOXO activity after bilateral hindlimb immo-

bilization [102]. Together, these findings suggest that Hsp72 or

Hsp27 overexpression is sufficient to preserve muscle mass and

strength in disuse atrophy. Future studies should investigate

pharmacological approaches that upregulate these HSPs

in vivo and determine whether dual upregulation of HSP72

and HSP27 have additive benefits for preserving muscle

mass and strength.

6. Conclusion
Muscle wasting and weakness are consequences of many dis-

eases, most notably the devastating muscular dystrophies,

but also with many cancers, frailty in ageing, disuse and

other conditions. Effective treatments that can attenuate the

severity of muscle trauma and wasting, hasten muscle repair,

and restore muscle function, would help reduce the economic

burden of healthcare/rehabilitation and the costs for govern-

ment-sponsored return-to-work schemes, but especially

alleviate the personal suffering and financial hardship of
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affected patients. Hormonal (and related) treatments for

muscle wasting disorders have had limited efficacy and accep-

tance clinically because of side effects, highlighting the need for

non-hormonal treatment options for these devastating con-

ditions. HSPs are essential for proteostasis by helping to

maintain normal protein structure and function. The capacity

for treatments to induce specific HSPs to levels sufficient to

confer protection to affected muscles in DMD and other wast-

ing disorders would represent a major clinical advance. Such

treatments would have the potential to delay progression of

the dystrophic pathology, enabling patients to live longer and

with a better quality of life until such time that a clinically

viable cure is identified.
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