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Skeletal muscle is a highly plastic tissue in the human body that undergoes

extensive adaptation in response to environmental cues, such as physical

activity, metabolic perturbation, and disease conditions. The endoplasmic

reticulum (ER) plays a pivotal role in protein folding and calcium home-

ostasis in many mammalian cell types, including skeletal muscle. However,

overload of misfolded or unfolded proteins in the ER lumen cause stress,

which results in the activation of a signaling network called the unfolded

protein response (UPR). The UPR is initiated by three ER transmembrane

sensors: protein kinase R-like endoplasmic reticulum kinase, inositol-

requiring protein 1a, and activating transcription factor 6. The UPR

restores ER homeostasis through modulating the rate of protein synthesis

and augmenting the gene expression of many ER chaperones and regula-

tory proteins. However, chronic heightened ER stress can also lead to

many pathological consequences including cell death. Accumulating evi-

dence suggests that ER stress-induced UPR pathways play pivotal roles in

the regulation of skeletal muscle mass and metabolic function in multiple

conditions. They have also been found to be activated in skeletal muscle

under catabolic states, degenerative muscle disorders, and various types of

myopathies. In this article, we have discussed the recent advancements

toward understanding the role and mechanisms through which ER stress

and individual arms of the UPR regulate skeletal muscle physiology and

pathology.

Introduction

Skeletal muscle is a highly dynamic tissue that repre-

sents approximately 40% of the total body weight.

The muscle tissue plays diverse roles, such as posture

maintenance, breathing, locomotion, whole body meta-

bolism, and it is a reservoir of amino acids that can

support protein synthesis or energy production in vital

tissues during starvation or extreme energy shortfalls.

Skeletal muscle is also a secretory organ that produces

and releases several growth factors, cytokines, and

peptides, referred to as myokines [1]. While the
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number of skeletal muscle fibers remain constant after

achieving adulthood, skeletal muscle mass is influenced

by various factors such as diet, genetics, hormones,

growth factors, and mechanical stimuli [2,3]. Loss of

skeletal muscle mass leads to debilitating consequences

causing permanent disability and mortality in many

conditions, including: cancer, chronic heart failure,

burn injury, chronic kidney disease, type 2 diabetes

(T2D), aging, immobilization, spinal cord injury,

inflammatory myopathies, and various genetic muscle

disorders such as muscular dystrophy [4].

The endoplasmic reticulum (ER) is a network of

branching ER tubules and flattened sacs that extends

from the nuclear membrane throughout the cytosol.

One of the major functions of the ER is to orchestrate

the synthesis, folding, and structural maturation of cel-

lular proteins. Most proteins that are translated on

ER membrane-associated ribosomes either get secreted

or become resident in the ER, Golgi apparatus, lyso-

somes, and plasma membrane [5–8]. The ER also con-

tains high levels of Ca2+ that are supported by the

active transport function of the sarco/ER calcium

ATPase. Indeed, several ER chaperone proteins and

enzymes require high levels of Ca2+ in the ER for

proper protein folding and maturation [9]. The protein

folding capacity of ER is disrupted in multiple physio-

logical or pathological insults including glucose depri-

vation, environmental toxins, viral infection,

alterations in Ca2+ levels, hypoxia, inflammatory chal-

lenges, oxidative stress, and limited or disproportion-

ate availability of nutrients [5]. To alleviate stress and

restore ER function, cells initiate a signaling cascade

commonly referred to as the unfolded protein response

(UPR). The UPR is mediated by three ER transmem-

brane sensors: protein kinase R (PKR)-like endoplas-

mic reticulum kinase (PERK), inositol-requiring

protein 1a (IRE1a), and activating transcription factor

6 (ATF6) [7,8,10].

In the unstressed ER lumen, an ER chaperone pro-

tein, GRP78 (BiP), binds to PERK, IRE1a and ATF6

to inhibit their oligomerization and phosphorylation

(Fig. 1). During ER stress, GRP78 disassociates from

these receptors and binds to misfolded proteins. Fol-

lowing ER stress, PERK undergoes oligomerization

and autophosphorylation leading to its activation.

Activated PERK phosphorylates eukaryotic transla-

tion initiation factor 2a (eIF2a) on serine 51 that inte-

grates general translation repression, while selectively

increasing the translation of activating transcription

factor-4 (ATF4) and expression of stress-responsive

genes such as C/EBP homologous protein (CHOP),

and BiP [7,11,12]. The PERK/eIF2a signaling axis also

inhibits the UPR through inducing gene expression of

growth arrest and DNA damage-inducible protein,

GADD34 that promotes dephosphorylation of eIF2a
leading to recovery from translational inhibition

[13,14]. IRE1a is also activated through homodimer-

ization and autophosphorylation during ER stress.

IRE1a has both kinase and endonuclease activity.

Through its endonuclease activity, IRE1a promotes

splicing of a 26-base intron from X-box binding pro-

tein 1 (XBP1) mRNA [15]. Spliced XBP1 (sXBP1) acts

as a transcription factor to increase gene expression of

a number of ER chaperones involved in restoring pro-

tein folding or ER-associated degradation (ERAD)

[16]. However, prolonged ER stress increases IRE1a
kinase activity, which leads to activation of c-Jun N-

terminal kinase (JNK) and nuclear factor-kappa B

(NF-jB) pathways [7]. Finally, in response to ER

stress, ATF6 moves from the ER to the Golgi appara-

tus to be cleaved by site 1 protease (S1P) and S2P [17].

The cleaved N-terminal fragment of ATF6 is then

transported to the nucleus where it cooperates with

sXBP1 to increase gene expression of proteins that

function to alleviate ER stress [7,11,12,15].

Genetic studies have provided strong evidence that

the UPR plays a critical role in cell survival and home-

ostasis of distinct organs especially the liver, pancreas,

and antibody-secreting B cells [5,7]. For example,

while Perk1-deficient mice are normal at birth, they

die during the postnatal period due to b-cell degenera-
tion in the pancreas resulting in diabetes mellitus,

reduced secretion of digestive enzymes, and impair-

ment in bone formation [18–21]. Similarly, homozy-

gous Eif2aS51A-mutant mice die within 24 h after

birth by severe hypoglycemia, potentially due to

impairments in glycogen synthesis and gluconeogenesis

[22]. Both Ire1�/� and Xbp1�/� mice are embryonically

lethal due to liver failure, defects in the placenta, and

anemia [23,24]. Single knockout of ATF6a or ATF6b
does not cause any developmental defects. However,

double deficiency of ATF6a and ATF6b is embryoni-

cally lethal [25]. Moreover, ATF6a�/� produce lethal-

ity when challenged with ER stress agents, possibly

due to liver dysfunction [26]. Studies using tissue-speci-

fic knockout mice and cultured cells showed that in

addition to restoring ER function, the UPR regulates

autophagy, mitochondrial biogenesis and function, and

the expression of various antioxidant molecules to pro-

tect mammalian cells under stressed conditions [27,28].

Recent studies have also provided evidence that the

components of the UPR have fundamental roles in

other physiological processes beyond controlling pro-

tein folding. For example, agonists of Toll-like recep-

tors (TLRs) activate the IRE1a-XBP1 axis to induce

the expression of proinflammatory cytokines, such as
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interleukin-6, to regulate innate immune responses in

macrophages [29]. The phosphorylation of IRE1a is

also regulated in response to fluctuations in glucose

levels, which may be a mechanism to control insulin

levels [6]. The UPR also plays a pivotal role in the sur-

vival, self-renewal, differentiation, and dedifferentia-

tion of cells in various organs [7,30,31]. Although the

main function of the UPR is to promote cell survival,

Fig. 1. Activation and mode of action of the unfolded protein response (UPR) in physiological processes. In the absence of stress, ER

chaperone protein, BiP/GRP78, binds to the UPR sensors: protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK), inositol-requiring

protein 1a (IRE1a), and ATF6 to keep them inactive. Upon ER stress, BiP disassociates from these sensors and preferentially binds to the

misfolded proteins in the ER lumen. Upon release from BiP, PERK undergoes dimerization and autophosphorylation leading to a cascade of

signals including phosphorylation of eIF2a, inhibition of protein synthesis, and selective upregulation of translation of ATF4, a potent

transcription factor. The PERK arm of the UPR also regulates mitochondrial biogenesis, antioxidant response, and gene expression of

CHOP, growth arrest and DNA damage-inducible protein 34 (GADD34), FGF21, and enzymes involved in amino acid metabolism. IRE1a also

becomes activated by dimerization and autophosphorylation during ER stress. Through its endonuclease activity, IRE1a processes the

mRNA encoding unspliced XBP1 (uXBP1) to produce an active transcription factor, spliced XBP1 (sXBP1). The sXBP1 controls the

transcription of genes encoding ER chaperones, ERAD, and protein quality control and phospholipid synthesis. Through interacting with

adaptor proteins, such as TNF receptor-associated protein 2 (TRAF2), IRE1a activates JNK and potentially nuclear factor-kappa B (NF-jB)

pathways to regulate cell fate. Upon ER stress, ATF6 is transported to the Golgi apparatus, where it is processed by site 1 protease (S1P)

and S2P, releasing its cytosolic domain fragment which translocate to the nucleus to induce gene expression of components of ERAD as

well as XBP1. Studies using genetic mouse models have revealed that individual arm of the UPR may regulate common or distinct

physiological response as depicted here.
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chronic unmitigated ER stress can also lead to cell

death [7]. Moreover, it is now increasingly clear that

each arm may have a distinct role in the regulation of

cell fate in na€ıve and diseased states [7,8,10].

Although skeletal muscle contains an extensive net-

work of ER, also known as the sarcoplasmic reticu-

lum, the role of ER stress and the UPR in the

regulation of skeletal muscle physiology and diseases

remains less understood. Recent studies using pharma-

cological interventions and genetic mouse models sug-

gest that the activation of the UPR can produce both

beneficial and deleterious consequences in skeletal

muscle [32,33]. In the following sections, we provide a

succinct review of available literature about the role

and mechanisms of action of the UPR in skeletal mus-

cle adaptation and myopathies.

Skeletal muscle remodeling

Skeletal muscle is a dynamic tissue of the human body

that responds adaptively to both intrinsic and extrinsic

stimuli. The remodeling responses involve activation of

multiple intracellular signaling pathways and genetic

reprogramming, resulting in amendments of skeletal

muscle mass, contractile properties, and metabolic

states. Some cascade of events that result in muscle

remodeling are also thought to be initiated by muscle

damage. For example, repeated bouts of resistance

exercise training lead to muscle injury that ultimately

results in compensatory growth (hypertrophy) of skele-

tal muscle. Several studies have suggested that ER

stress and the UPR pathways may regulate not only

skeletal muscle adaptation in response to physiological

stimuli, but also their formation during embryonic

development and regeneration of myofibers in adults

[6,32,34]. In the following sections, we describe the role

of ER stress and the UPR in various aspects of skele-

tal muscle remodeling and metabolic function (Fig. 2).

Skeletal myogenesis

The process of skeletal muscle formation during embry-

onic development or postnatal life is called myogenesis.

During embryonic development, the multipotential

mesodermal cells differentiate into myogenic lineages

giving rise to myoblasts. Myoblasts then exit from the

cell cycle, differentiate, and fuse with each other to gen-

erate multinucleated myotubes, which then mature as

myofibers [35]. Myogenesis is a highly regulated process

that involves the sequential expression of a number of

transcription factors including paired box (Pax) 3 and

Pax7 followed by the expression of myogenic regulatory

factors (MRFs) such as Myf5, MyoD, myogenin, and

MRF4. While myofibers are terminally differentiated

cells, skeletal muscle retains regenerative capacity attrib-

uted to the presence of muscle stem cells, also called

satellite cells. In undamaged tissue, satellite cells reside

between the sarcolemma and the basal lamina in a

Fig. 2. Involvement of ER stress and the

UPR in skeletal muscle remodeling. Many

physiological stimuli and disease states lead

to the activation of ER stress-induced UPR

pathways. Although genetic evidence is still

sparse, the UPR can improve or deteriorate

skeletal muscle mass and function.

Adaptive UPR generally improves skeletal

muscle formation and metabolic function

and promotes maintenance of skeletal

muscle mass during exercise and other

perturbation. Adaptive UPR also inhibits ER

stress through improving protein folding and

restoring Ca2+ homeostasis in ER. Chronic

activation of UPR can lead to skeletal

muscle wasting through repressing the rate

of protein synthesis, activation of proteolytic

pathways, inflammation, and development

of insulin resistance.
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relatively quiescent state. Upon muscle injury, these cells

become activated, undergo several rounds of cell divi-

sion, and eventually differentiate into myoblasts/my-

ocytes, which then fuse with injured myofibers [36,37].

A vast majority of activated satellite cells differentiate

into the myogenic lineage and participate in the repair

of damaged myofibers. However, a small fraction of

them undergoes self-renewal and return to a quiescent

state to participate in future rounds of muscle injury

and repair. It has been found that Pax7 transcription

factor is essential not only for the self-renewal of satel-

lite cells, but also for the maintenance of their myogenic

potential [35,38]. Several steps of satellite cell homeosta-

sis and myogenesis can be studied in vitro using isolated

myofibers, primary myoblasts from animals, or using

established cell lines such as mouse C2C12 or rat L6

myoblasts [35,38].

Accumulating evidence suggests that ER stress-

induced UPR pathways may regulate various aspects

of myogenesis (Table 1). Skeletal muscle formation

involves selective elimination of differentiation-incom-

petent myoblasts through apoptosis [39,40]. One of the

consequences of increased ER stress is cell death. Pro-

longed ER stress activates caspase-12, which leads to

the downstream activation of caspase-9 and caspase-3,

and eventually results in apoptosis. A few studies have

suggested that ER stress is induced during myogenesis.

Specifically, levels of ER stress-related proteins such as

ATF6, CHOP, and GRP74, and the activity of cas-

pase-12 are increased in myoblasts undergoing apopto-

sis during myogenic differentiation [41]. Heightened

ER stress seems to be essential for proper progression

of myogenesis because inhibition of ATF6 or caspase-

12 reduced the formation of multinucleated myotubes.

An increase in caspase-12 activity is also observed dur-

ing embryonic development of skeletal muscle suggest-

ing that the ATF6 arm of the UPR is required for the

removal of a subpopulation of myoblasts that may not

be able to sustain cellular stress [41]. The role of ER

stress in myogenesis is also supported by the findings

that forced activation of ER stress improves myotube

formation [42]. ER stressors, such as tunicamycin and

thapsigargin, increase cell death in C2C12 myoblast

cultures after induction of differentiation. However,

the surviving myoblasts more efficiently differentiate

into functional myotubes further suggesting that

ER stress is a mechanism to remove differentiation-

incompetent myoblasts during myogenesis [42].

The ER stress-induced UPR pathways may also

play a role in fine-tuning myogenic differentiation. It

has been reported that the phosphorylation of PERK

and eIF2a and levels of CHOP are transiently

increased in a subset of myoblasts after incubation in

differentiation medium. CHOP inhibits myogenic dif-

ferentiation through repressing the expression of tran-

scription factor MyoD, which could be a mechanism

to prevent premature differentiation of myoblasts [43].

IRE1a has an endonuclease activity that mediates the

unconventional splicing of XBP1 mRNA [7]. Spliced

XBP1 (sXBP1) is a powerful transcription factor that

induces UPR target genes, especially those encoding

chaperones and the components of ERAD [8]. In myo-

genic cells, the expression of Xbp1 is regulated by

MyoD and myogenin [44]. Intriguingly, genome-wide

gene expression analysis has shown that XBP1 controls

the expression of a large subset of genes in myogenic

cells including those involved in maintenance of ER

function, growth, and DNA damage and repair path-

ways [45]. Forced expression of sXBP1 inhibits myo-

genic differentiation leading to the formation of

smaller myotubes in C2C12 cultures after induction of

differentiation. In this regard, it was found that XBP1

upregulates transcription factor, Mist1, a negative reg-

ulator of MyoD activity [45].

The role of individual arms of the UPR in the regu-

lation of satellite cell homeostasis and function was

recently investigated [46,47]. Using reporter mouse

Table 1. Role and mechanisms of action of different components

of the UPR during myogenesis.

UPR

component Role in myogenesis

PERK Promotes quiescence and self-renewal of satellite

cells [46]

Improves survival and differentiation of satellite cells

during regenerative myogenesis through inhibiting

precocious activation of p38 MAPK [47]

Improves survival of cultured myoblasts during

myogenesis [47]

Improves myogenesis in response to low-intensity

extracorporeal shock wave therapy [48]

eIF2a Promotes satellite cell quiescence through

repression of general translation [46]

Improves survival and differentiation of cultured

myoblasts [43]

CHOP Inhibits premature myogenic differentiation through

repressing MyoD levels [43]

XBP1 Regulates gene expression of ER chaperones and

the components of DNA damage and repair

pathways [45]

Inhibits myotube formation through upregulation of

Mist1 [45]

No role in satellite cell-mediated skeletal muscle

regeneration [47]

ATF6a Activates caspase-12 to eliminate differentiation-

incompetent myoblasts during myogenic

differentiation [41,42]
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models, Zismanov et al. showed that PERK and eIF2a
are constitutively phosphorylated in quiescent satellite

cells. Activation of the PERK/eIF2a arm of the UPR

may be a mechanism for maintaining satellite cells in a

quiescent state through repression of general transla-

tion [46]. The study also showed that targeted induci-

ble expression of a phosphorylation resistant mutant

of eIF2a (i.e., eIF2aS51A) or deletion of PERK leads

to the activation of satellite cells. Remarkably,

eIF2aS51A-expressing satellite cells are capable of

undergoing differentiation and progress through myo-

genic lineage. Similarly, it was reported that blocking

eIF2a dephosphorylation using Sal003 promotes self-

renewal of satellite cells on myofiber explants [46]. Our

group used a slightly different approach to investigate

the role of PERK in satellite cell homeostasis. We gen-

erated mice in which PERK was ablated in satellite

cells of adult mice using a tamoxifen-inducible Pax7-

Cre line. Surprisingly, we could not find any significant

difference in the number of quiescent satellite cells in

skeletal muscle of control and satellite cell-specific

PERK-knockout (i.e. scPERK-KO) mice. We also

found that PERK is required for the survival of satel-

lite cells and regeneration of myofibers upon injury

[47]. Our cell culture studies also showed that deletion

of PERK causes satellite cell death during myogenesis,

which could be attributed to precocious activation of

p38 mitogen-activated protein kinase (MAPK). Phar-

macological inhibition of p38 MAPK prevents cell

death and improves myotube formation in PERK�/�

satellite cell cultures, and augments the regeneration of

myofibers in scPERK-KO mice [47]. Consistent with

our findings, there is another study which demon-

strated that overexpression of eIF2aS51A causes cell

death and diminishes the differentiation of cultured

myoblasts [43]. More recently, it was shown that low-

intensity extracorporeal shock wave therapy improves

myogenesis through activating PERK/eIF2a arm of

the UPR [48]. Although the exact reason to why two

independent studies reached two different conclusions

about the role of the PERK/eIF2a pathway in satellite

cell homeostasis and regenerative myogenesis remain

unknown, some of these discrepancies could be attrib-

uted to the different experimental approaches and

mouse models utilized in these studies [46,47]. While

we focused our experiments on PERK [47], Zismanov

et al. [46] used approaches in which the phosphoryla-

tion of eIF2a was manipulated. It is now known that

eIF2a can also be phosphorylated by three other

kinases: double-stranded RNA-activated protein kinase

R (PKR), heme-regulated inhibitor eIF2a kinase

(HRI), and general control nonderepressible-2 (GCN2)

under stress conditions [49]. Moreover, PERK is

reported to regulate cell survival through mechanisms

independent of eIF2a phosphorylation [27,50–52].
Interestingly, while PERK was shown to play a pivotal

role, satellite cell-specific ablation of XBP1 does not

affect satellite cell homeostasis or the regeneration of

skeletal muscle [47]. Altogether, these studies suggest

that the UPR plays an important role in satellite cell

homeostasis and myogenesis both in vitro and in vivo

(Table 1). More investigations are required to under-

stand how the components of the UPR interact with

other signaling modules to regulate skeletal muscle for-

mation. Furthermore, the role of IRE1a and ATF6a
in satellite cell function and regenerative myogenesis

need to be investigated using genetic mouse models.

Adaptation to exercise

Regular exercise has a profound benefit on overall

health, including the prevention of obesity, cardiovas-

cular disease, and diabetes. Exercise is a potent stimu-

lus to preserve skeletal muscle mass, aerobic fitness,

and strength [53]. These adaptations can ameliorate

metabolic dysfunction and prevent chronic disease.

Aerobic (endurance) and resistance (strength-based)

activities represent two extremes of the exercise contin-

uum and produce distinct metabolic and molecular

responses. Aerobic exercise imposes a high-frequency

(repetition), low-power output (load) demand on mus-

cle contraction. In contrast, resistance exercise imposes

a low-frequency, high-resistance demand on muscula-

ture [53]. The sarcoplasmic reticulum is the major

source of Ca2+ that is required for the initiation of

muscle contraction in response to exercise perturba-

tions. Therefore, fluctuations in Ca2+ levels in ER

during exercise can lead to the activation of the UPR.

Indeed, accumulating evidence suggests that exercise

activates all three arms of the UPR in skeletal muscle

[54–56]. The markers of ER stress, such as BiP,

GRP94, GADD34, ATF4, CHOP, and sXBP1, are

increased in skeletal muscle after a single bout of

exhaustive treadmill running [55]. Moreover, the levels

of phosphorylated IRE1a, PERK, and eIF2a have

been found to be elevated in the skeletal muscle of

mice after a downhill treadmill running [57]. The acti-

vation of the UPR appears to be an adaptive mecha-

nism because, the mice that were previously trained to

the exercise paradigm showed upregulation of only

BiP and GRP94 in skeletal muscle during successive

exercise training [55]. A rapid increase in the markers

of ER stress was also observed when rats were sub-

jected to chronic contractile activity and this increase

was attenuated with repeated bouts [58]. Similar to

rodent models, elevated levels of ER stress markers,
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such as BiP and sXBP1, have also been observed in

musculature of humans after a bout of running [59].

However, the exact role of these molecules in myofiber

hypertrophy remains unknown.

The role of the UPR in skeletal muscle adaptation

to exercise has been validated by a study from Bruce

Spiegelman’s group [55]. Peroxisome proliferator-acti-

vated receptor gamma coactivator-1 alpha (PGC-1a) is
a transcriptional coactivator that plays a key role in

mitochondrial biogenesis and metabolic function

[60,61]. Levels of PGC-1a are induced in skeletal mus-

cle following exercise training [62,63] and transgenic

mice overexpressing PGC-1a in the skeletal muscle

perform better during voluntary and forced exercise

training [64]. Interestingly, PGC-1a interacts with

cleaved ATF6a to induce an adaptive UPR in skeletal

muscle after exercise [55]. ATF6a-null mice fail to effi-

ciently recover from muscle damage that occurs after

acute exercise. While ATF6a participates in the adap-

tive response, other arms of the UPR may differen-

tially regulate skeletal muscle adaptation and recovery

following exercise training. The expression of CHOP is

induced through the activation of the PERK/eIF2a
arm of the UPR [5]. Interestingly, ablation of CHOP

improved exercise tolerance in skeletal muscle specific

PGC-1a knockout mice [55] suggesting that the

PERK-eIF2a arm of the UPR may negatively regulate

skeletal muscle homeostasis following exercise training.

Resistance exercise improves skeletal muscle mass

through augmenting the rate of protein synthesis and

organelle biogenesis. Synergistic ablation is a model

used to study skeletal muscle hypertrophy, similar to

that seen from resistance exercise. In this model, the

gastrocnemius and soleus muscles are partially ablated

leaving the plantaris muscle as the lone hind limb

extensor [65–67]. Since the rate of protein synthesis is

increased during skeletal muscle hypertrophy, it can be

envisioned that the activation of ER stress and the

UPR could very well be a mechanism to improve pro-

tein folding capacity. Although the phosphorylation of

PERK and eIF2a was not studied, a significant

increase in the mRNA levels of CHOP has been

observed in plantaris muscle of rats from 3 to 12 days

post ablation surgery, which may be a mechanism to

reduce the rate of protein synthesis in an attempt to

halt the excessive muscle growth [68]. Protein levels of

BiP, PERK, and IRE1a are also increased in skeletal

muscle of humans after a unilateral single bout of

resistance exercise using the knee extensors [69].

Altogether, these studies indicate that both endur-

ance and resistance exercise cause induction of ER

stress and activation of the UPR pathways. In most of

the cases, the expression of ER stress markers is

diminished during successive exercise suggesting that

the UPR becomes activated to novel or challenging

exercise stimuli and may be a mechanism for skeletal

muscle adaptation. Currently, genetic studies, espe-

cially on the role of the PERK/eIF2a and IRE1a arms

of the UPR, in exercise-induced skeletal muscle adap-

tation are lacking. Future studies should also focus on

investigating the molecular mechanisms by which ER

stress-induced UPR pathways promote adaptive or

maladaptive response following exercise training.

Atrophy

Skeletal muscle mass is regulated by a dynamic control

of the processes of protein synthesis and degradation

in combination with systems in place to manage pro-

tein folding, trafficking, and clearance [2,70]. In many

catabolic states, the rate of protein degradation

exceeds that of protein synthesis, leading to overall

loss of skeletal muscle mass also known as skeletal

muscle atrophy or wasting. The PI3K/Akt/mTOR cas-

cade is a major intracellular pathway that increases the

rate of protein synthesis in skeletal muscle [2,71]. This

pathway also inhibits the rate of protein degradation

in skeletal muscle [2,70,72]. Several proteolytic path-

ways such as the ubiquitin–proteasome system (UPS),

autophagy, caspases, and calpains contribute to pro-

tein degradation in skeletal muscle under catabolic

states [73]. Among them, the activity of the UPS has

been found to be consistently upregulated in atrophy-

ing skeletal muscle [74,75]. The UPS mediates protein

degradation in skeletal muscle through upregulation of

several E3 ubiquitin ligases, such as muscle RING-

finger protein-1 (MuRF1), muscle atrophy F-box

(MAFbx)/Atrogin-1, neural precursor cell-expressed

developmentally downregulated gene 4.1 (Nedd4.1),

TNF-associated factor 6 (TRAF6), and muscle ubiqui-

tin ligase of SCF complex in atrophy-1 (MUSA1)

[70,76,77]. MuRF1, MAFbx, Nedd4.1, and MUSA1

label the target proteins for degradation by the 26S

proteasome, whereas TRAF6 induces proteolysis

through modulating the activity of catabolic signaling

pathways [76,78–80]. Autophagy is another proteolytic

system that gets activated and mediates protein degra-

dation in skeletal muscle in catabolic conditions [81].

While a basal level of autophagy is required for the

clearance of defunct organelles [82,83], excessive acti-

vation of autophagy mediates skeletal muscle wasting

in multiple conditions, including fasting, denervation,

and cancer cachexia [70,84–86]. There is also evidence

that the activation of caspases and calpains can cause

muscle protein degradation directly or through

upstream functioning of the UPS and autophagy
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[70,81,87,88]. It is also evidenced that a number of sig-

naling pathways such as p38 MAPK, AMP-activated

protein kinase (AMPK), and nuclear factor-kappa B

(NF-jB) modulates the activity of various proteolytic

systems in skeletal muscle under catabolic states

[70,89]. Moreover, recent studies also suggest that

mitochondria play a pivotal role in the maintenance of

skeletal muscle mass and metabolic function [90]. Per-

turbations in mitochondrial dynamics and function are

responsible for skeletal muscle wasting in multiple

pathophysiological conditions [91,92].

Although ER stress and activation of the UPR have

been observed in skeletal muscle in multiple atrophy-

ing conditions, their exact role in the regulation of

skeletal muscle mass remains poorly understood. ER

stress has been implicated in diaphragm contractile

dysfunction in a mouse model of sepsis [93]. A previ-

ous study found no changes in the levels of GRP78,

calreticulin, CHOP, vinculin, the type I D-myo-inositol

1,4,5-trisphosphate receptor, protein kinase R, and

eIF2a in skeletal muscle upon hind limb unloading, a

model of disuse atrophy [94]. By contrast, BiP and

CHOP are increased 14 days after reloading of hind

limb and this effect was more pronounced in skeletal

muscle of aged mice [95]. ER stress has also been

found to be elevated in the skeletal muscle of the

elderly, which could be due to reduced expression of

ER chaperones [34,96–98]. While anabolic resistance is

one of the important reasons for age-associated skele-

tal muscle atrophy, a recent study showed that ER

stress may not be the cause for anabolic resistance in

skeletal muscle during aging [96].

The integrated stress response (ISR) is a complex

signaling network that is activated in a wide variety of

physiological and pathological conditions including:

hypoxia, amino acid deprivation, glucose deprivation,

and viral infection [99]. ER stress caused by accumula-

tion of unfolded proteins also activates the ISR in

mammalian cells. Activation of ISR results in the

phosphorylation of eIF2a on serine 51 residue leading

to a reduction in global protein synthesis [99].

Increased ammonia uptake by skeletal muscle leads to

skeletal muscle atrophy and poor clinical outcomes in

cirrhosis [100,101]. Hyperammonemia causes muscle

atrophy through inhibiting mTORC1 signaling and

diminishing the rate of protein synthesis. Interestingly,

while hyperammonemia increases the phosphorylation

of eIF2a, it does not involve the activation of PERK

[102]. Rather, during hyperammonemia, the phospho-

rylation of eIF2a in skeletal muscle is mediated by

amino acid deficiency sensor, GCN2 [102]. These find-

ings suggest that in some catabolic conditions, such as

aging and cirrhosis, inhibition in the rate of protein

synthesis in skeletal muscle can occur through the acti-

vation of ISR, but not UPR.

Through generation of skeletal muscle-specific

Fv2E-PERK transgenic (Tg) mice, two recent studies

showed that inducible activation of PERK leads to

skeletal muscle wasting in adult mice in a dose-depen-

dent manner [54,103]. Interestingly, while Fv2E-PERK

Tg mice undergo atrophy, constitutive activation of

PERK in skeletal muscle also leads to increased gene

expression of several enzymes involved in amino acid

metabolism and upregulation of antioxidant molecule,

glutathione. Moreover, forced activation of PERK

dramatically increased the expression and secretion of

fibroblast growth factor 21 (FGF21), an antiobesity

myokine/hepatokine that stimulates energy expenditure

in brown adipose tissue [54]. These findings suggest

that while overexpression of PERK causes skeletal

muscle atrophy, it also improves metabolic adaptation

of the whole body. However, the effects of targeted

deletion of PERK in the regulation of skeletal muscle

mass and function has not been yet investigated using

genetic mouse models.

The role of CHOP, a downstream target of the

PERK/eIF2a pathway, has been evaluated by a

genetic approach in the denervation-induced muscle

atrophy. ER stress markers, including CHOP, are

increased in skeletal muscle upon sciatic nerve transec-

tion. Similarly, markers of ER stress are also elevated

in skeletal muscle of AR113Q mice, a model of spinal

and bulbar muscular atrophy (SBMA) [104]. Interest-

ingly, ablation of CHOP accelerates denervation-

induced skeletal muscle wasting in normal mice as well

as in the AR113Q mice potentially due to the

increased activation of autophagy. Inhibition of autop-

hagy through suppression of Beclin-1 attenuates dener-

vation-induced muscle atrophy and increases the

lifespan of AR113Q mice [104]. The role ER stress role

has also been investigated in superoxide dismutase 1

(SOD1) mutant mice, a model of amyotrophic lateral

sclerosis [105,106]. Interestingly, it was found that

induction of autophagy following Xbp1 deletion ame-

liorated the pathology of SOD1 mice due to clearance

of mutant SOD1 aggregates [106]. These finding

emphasize that depending on the catabolic stimuli or

pathological condition, different arms of the UPR may

differentially regulate skeletal muscle mass.

While the role of individual arms of the UPR

remains poorly understood, physiological levels of ER

stress may be beneficial for the maintenance of skeletal

muscle mass in na€ıve condition and during cancer

growth. 4-Phenylbutyrate (4-PBA) is a chemical chap-

erone and a FDA-approved drug that inhibits ER

stress both in vivo and in vitro [107,108]. Intriguingly,
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we found that chronic administration of 4-PBA leads

to significant loss of skeletal muscle mass and strength

in na€ıve mice [109]. Markers of ER stress are highly

elevated in the skeletal muscle of two widely studied

mouse models of cancer cachexia: Lewis lung carci-

noma (LLC)-bearing mice and ApcMin/+ mice [109].

The activation of ER stress during cancer cachexia is

attributed to the factors produced by tumor cells evi-

denced by the findings that treatment of cultured myo-

tubes with LLC conditioned medium increases the

phosphorylation of eIF2a, splicing of XBP1, and gene

expression of several ER stress markers. Interestingly,

pan-inhibition of ER stress using 4-PBA leads to accel-

erated muscle loss in LLC-bearing mice [109]. More-

over, 4-PBA induces rapid atrophy in cultured

myotubes, which is further increased in the presence of

LLC conditioned medium. Our study also showed that

4-PBA inhibits the rate of protein synthesis and Akt/

mTOR pathway and augments the activation of prote-

olytic systems during cancer cachexia [109]. It has been

reported that ATF4, which is activated by PERK/

eIF2a arm of the UPR, is involved in skeletal muscle

wasting during starvation [79,110]. Even though mus-

cle wasting is increased, chronic treatment of mice with

4-PBA reduces the levels of ATF4 in LLC-bearing

mice suggesting that ATF4 may not have any signifi-

cant role during cancer cachexia. [109].

While the studies in our laboratory provided evi-

dence that pan-inhibition of ER stress causes muscle

wasting in na€ıve mice and during cancer cachexia,

other groups have recently reported that treatment

with 4-PBA can ameliorate skeletal muscle wasting in

a few conditions especially those involving release of

excessive Ca2+ ions from the sarcoplasmic reticulum.

Severe thermal injury is followed by a profound hyper-

metabolic response that leads to whole body catabo-

lism, increased resting energy expenditure, and

multiorgan dysfunction. Skeletal muscle wasting is one

of the important consequences of severe burn injury.

A recent study showed that an experimental burn

injury in rats leads to the activation of GRP78,

CHOP, p-eIF2a, XBP1 and ATF6, and disruption of

Ca2+ homeostasis in skeletal muscle. Interestingly,

treatment with 4-PBA ameliorates structural damage

of myofibrils, activation of calpains, and gene expres-

sion of MAFbx in skeletal muscle after burn injury

[111]. Moreover, 4-PBA also improves skeletal muscle

mass and strength in mice with an I4895T mutation in

the type 1 ryanodine receptor/Ca2+ release channel

[112]. Different outcomes of 4-PBA in different models

of skeletal muscle wasting could be attributed to the

dose and duration of treatment, age and strain of the

animals, and underlying etiology. Although 4-PBA is

one of the commonly used pharmacological inhibitors

of ER stress, it is possible that its prolonged use can

also influence some other pathways. Therefore, contri-

bution of ER stress and the role of individual arms of

the UPR in the regulation of skeletal muscle mass

need to be investigated in depth using genetic mouse

models.

One of the most important consequences of ER

stress is the induction of autophagy. In this regard,

protein kinase C theta (PKCh) functions as an ER

stress sensor and is required for ER stress-dependent

activation of autophagy in skeletal muscle [113].

Genetic ablation of PKCh prevents the activation of

autophagy and skeletal muscle wasting in response to

starvation or immobilization [113]. TRAF6 is an E3

ubiquitin ligase and an adaptor protein that mediates

the activation of NF-jB, p38 MAPK, and PI3K/Akt

pathways in response to certain cytokines and micro-

bial products. Skeletal muscle specific inhibition of

TRAF6 attenuates skeletal muscle wasting in distinct

catabolic conditions including starvation through inhi-

bition of autophagy and the UPS [79,80]. Although

the exact mechanisms remain unknown, TRAF6 is

also involved in the activation of the UPR because tar-

geted ablation of TRAF6 reduces the levels of ATF4,

CHOP, GRP94, and GADD34 in skeletal muscle of

mice upon fasting [79]. These findings suggest that

activation of the UPR may involve signaling crosstalk

with other pathways involved in the regulation of

skeletal muscle mass. Collectively, it is now evidenced

that ER stress and the UPR are activated in skeletal

muscle under multiple catabolic states and depending

on the stimulus, they may attenuate or accelerate the

loss of skeletal muscle mass.

Insulin resistance

Insulin resistance is defined as an impairment in the

ability of insulin to appropriately regulate glucose and

lipid metabolism. Insulin resistance is the major cause

for obesity, type 2 diabetes (T2D), and other disorders

of metabolism. While the mechanisms of insulin resis-

tance are still less understood, a strong association

exists between insulin resistance and excess lipid accu-

mulation in nonadipose tissues, particularly skeletal

muscle and liver [114].

The stress-activated kinase, JNK, mediates insulin

resistance through inhibitory phosphorylation of insu-

lin receptor substrate [115]. One of the consequences

of the ER stress is the activation of JNK that is medi-

ated by the IRE1a arm of the UPR. A seminal study

has previously showed that ER stress is highly acti-

vated in mice fed with a high-fat diet (HFD) as well as
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in a genetic model of murine obesity (ob/ob), and plays

a key role in the development of insulin resistance in

liver [116]. Forced activation of ER stress or reduction

in the compensatory capacity through downregulation

of XBP1 results in the suppression of insulin signaling

in intact cells through IRE1a-dependent activation of

JNK [116]. Furthermore, inhibition of ER stress using

4-PBA has been found to improve insulin receptor sig-

naling in obese and diabetic mice [107].

Skeletal muscle is the major site of glucose disposal

in the body. Recent studies have suggested that ER

stress may play a role in the development of insulin

resistance in skeletal muscle [117,118]. For example,

mice fed with a HFD show increased levels of BiP,

IRE1a, and phospho-PERK and higher gene expres-

sion of XBP1, ATF4, and CHOP in skeletal muscle.

Moreover, ER stressors tunicamycin, thapsigargin, or

palmitic acid lead to the inhibition of mTORC1 activ-

ity in cultured C2C12 myotubes [117].

A putative kinase tribbles homolog 3 (TRB3) is

expressed in multiple tissues and is involved in the reg-

ulation of metabolism [119]. TRB3 inhibits insulin sig-

naling in the liver through inhibiting Akt activation

[120]. Levels of TRB3 have been found to be increased

in muscle biopsies from patients with T2D [121]. The

increased levels of TRB3 contribute to insulin resis-

tance, which is supported by the findings that forced

expression of TRB3 in C2C12 myotubes inhibits insu-

lin-stimulated glucose uptake and phosphorylation of

Akt [122]. Moreover, ER stressors tunicamycin and

thapsigargin increase the levels of TRB3 in skeletal

muscle. Finally, downregulation of TRB3 restores

insulin signaling and glucose uptake in skeletal muscle

of mice fed with a HFD [123].

AMP-activated protein kinase is a potent regulator

of skeletal muscle metabolism and gene expression.

AMPK activity is increased during adaptation of

skeletal muscle to exercise training. One of the mecha-

nisms by which AMPK improves glucose utilization is

through increasing the expression of glucose transport

protein 4 (GLUT4). Upon activation, GLUT4 is

translocated to the plasma membrane, where it

increases glucose uptake in skeletal muscle, indepen-

dent of insulin [124]. Mice lacking AMPK2a subunit

display reduced glucose utilization in skeletal muscle

[125]. It has been reported that ER stress inhibits

AMPK activity through activation of extracellular-

regulated kinase 1/2 (ERK1/2) in cultured L6 myo-

tubes [126]. Moreover, the anticancer drug Bortezomib

inhibits ER stress and improves insulin resistance in

skeletal muscle both in vivo and in vitro. Importantly,

the beneficial effects of Bortezomib on insulin signal-

ing were diminished after knockdown of AMPK in

cultured myotubes [127]. Collectively, these reports

suggest that ER stress-mediated inhibition of AMPK

activity is one of the important mechanisms for insulin

resistance and reduced glucose utilization in skeletal

muscle.

Chronic low-grade inflammation, glucose intolerance,

and insulin resistance are common features of obesity

[128]. There appears to be a link between the inflamma-

tory response and ER stress in response to excessive

caloric uptake. ER stress and expression of TLRs and

inflammatory cytokines are increased in liver, skeletal

muscle, and adipose tissue of mice fed with a HFD.

Mice lacking TLR4 show reduced ER stress in meta-

bolic tissues, including skeletal muscle, and are pro-

tected from body weight gain and glucose intolerance

following a HFD [129]. Peroxisome proliferator-

activated receptors (PPARs) are transcription factors of

nuclear hormone receptor superfamily that have been

shown to reduce inflammation [130]. GW501516, an

agonist of PPARb/d, prevents palmitate-, thapsigargin-,

or tunicamycin-induced ER stress in C2C12 myotubes.

Furthermore, the activation of PPARb/d inhibits ER

stress-associated inflammation and insulin resistance.

Myotubes treated with compound C, an AMPK inhibi-

tor, failed to demonstrate the beneficial effect of

PPARb/d, in prevention of inflammation and insulin

resistance [131]. Finally, PPARa agonist fenofibrate also

reduces ER stress in skeletal muscle and improves insu-

lin sensitivity in HFD-fed mice [132].

Fibroblast growth factor 21 is an important myo-

kine that protects the body from obesity and insulin

resistance [133]. Mice lacking FGF21 become obese

and develop glucose intolerance [134]. Interestingly,

lack of tuberous sclerosis complex 1 (TSC1) in mice

results in a constitutively active mammalian target of

rapamycin complex 1 (mTORC1) and increased levels

of FGF21 in plasma. Moreover, these mice show

increased insulin sensitivity and fatty acid oxidation.

Furthermore, activation of mTORC1 triggers the acti-

vation of ER stress, specifically the PERK-eIF2a-
ATF4 arm of the UPR, which leads to the secretion of

FGF21 [135]. As discussed above, the Fv2E-PERK Tg

mice show increased levels of FGF21 in skeletal mus-

cle and plasma. This study also showed that FGF21

reduces fat accumulation by stimulating energy con-

sumption in brown adipose tissue, but not in skeletal

muscle [54]. Collectively, ER stress and UPR pathways

play important roles in the regulation of insulin signal-

ing in various tissues including skeletal muscle. More

investigation using knockin and knockout approaches

are needed to understand the role of individual arms

of the UPR in the regulation of metabolic function

and insulin resistance in skeletal muscle.
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Myopathies

Myopathy refers to a systemic clinical disease in which

the myofiber’s structure and metabolism are disrupted

leading to varying degrees of weakness and dysfunc-

tion, especially in proximal muscles. A number of fac-

tors, including genetic mutations, drugs, toxins,

inflammation, infection, and endocrine and electrolyte

imbalances, can cause myopathy. Inherited myopathies

(e.g. congenital, mitochondrial and metabolic myopa-

thies, and muscular dystrophy) have an early age of

onset with a relatively longer duration and more severe

progression, whereas acquired myopathies (e.g. inflam-

matory, toxin- or drug-related myopathies, and myo-

pathies associated with systemic conditions) are

relatively less severe and generally present at a later

age. Emerging evidence suggests that ER stress and

the UPR are also activated in various types of myopa-

thies (Fig. 3). In the following sections, we provide a

succinct review of published reports about the poten-

tial role of ER stress in skeletal muscle diseases.

Inflammatory myopathies

Dermatomyositis (DM), polymyositis (PM), and inclu-

sion body myositis (IBM) are heterogeneous inflamma-

tory myopathies in which myofibers are damaged as a

result of the immune response [136]. IBM is divided

into sporadic-IBM (s-IBM) and hereditary-IBM (h-

IBM). The s-IBM is the most common muscle disease

that starts after 50 years and leads to severe disability.

The h-IBM is characterized by pathologic features that

strikingly resemble those of s-IBM except that skeletal

muscle do not involve lymphocyte infiltration. Upregu-

lation of class I major histocompatibility complex

(MHC) in skeletal muscle fibers is a prominent feature

of human inflammatory myopathies. Several studies

have shown that the levels of ER stress markers, such

as: calreticulin, GRP75, GRP78, and GRP94, are ele-

vated in muscle biopsies from human myositis patients

and in mouse models of inflammatory myopathy [137–
139]. Moreover, overexpression of mouse class I MHC

(H-2K(b)) induces ER stress in cultured skeletal mus-

cle cells [138]. While IBM involves inflammation in

skeletal muscle, a few studies have indicated that

inflammation alone does not cause myositis [140]. A

conditional transgenic line in which class I MHC (H-

2K(b)) is overexpressed specifically in skeletal muscle

has been proposed as a mouse model of IBM. Interest-

ingly, ER chaperone protein GRP78 is increased in the

skeletal muscle of these transgenic mice [138]. In a sep-

arate study, mice overexpressing class I MHC (H-2K

(b)) were crossed with the immunodeficient Rag2�/�

mice to examine whether the upregulation of ER stress

and myopathy are due to the inflammatory response.

Interestingly, even in the absence of significant inflam-

matory cell infiltrations, myopathic changes, muscle

weakness, and elevated levels of ER stress markers

GRP78 and ATF6 were present [141].

Major characteristics of s-IBM are vacuolar muscle

fibers, intramuscular fiber inclusions, and various

degrees of mononuclear cell inflammation [142,143].

Fig. 3. Role of ER stress in myopathies.

Chronic activation of ER stress occurs in

several types of myopathies. The underlying

cause and various components of ER stress

and the UPR found to be activated in

different types of myopathy are

summarized here. RyR1, ryanodine receptor

type 1.
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Like Alzheimer’s disease, s-IBM also involves accumu-

lation of amyloid-b (Ab) and phosphorylated tau pro-

teins [142,143]. Interestingly, muscle biopsies from

patients with s-IBM indicate that all major ER chaper-

ones are increased and aggregate with the Ab proteins

in skeletal muscle [144], suggesting a potential role of

ER chaperone proteins in folding and trafficking of

Ab in skeletal muscle. A more recent study also

demonstrated the activation of the UPR in skeletal

muscle of s-IBM patients [145]. In addition to IBM,

elevated levels of ER stress-specific chaperone protein

GRP74 have been observed in serum of patients with

DM or PM, suggesting that ER stress and activation

of the UPR is a common feature in inflammatory

myopathies [146]. While the exact role and mecha-

nisms by which ER stress causes inflammatory myopa-

thies remain unknown, it may be related to oxidative

stress, mitochondrial dysfunction, and production of

inflammatory cytokines [147].

Ryanodine receptor 1-related myopathy

Type 1 ryanodine receptor (RyR1), a major sarcoplas-

mic reticulum calcium release channel, plays a pivotal

role in the excitation–contraction coupling in skeletal

muscle. Mutations in RyR1 result in a constant cal-

cium leak at rest, defective excitation–contraction cou-

pling, and increased mitochondrial oxidative stress

leading to morbidity and risk for early mortality in

patients [148]. The Y524S mutation in RyR1 gene

causes malignant hyperthermia, myopathy, increased

heat sensitivity and oxidative stress, mitochondrial

abnormalities, and a temperature-dependent sarcoplas-

mic reticulum Ca2+ leak [149]. Moreover, mice with an

I4895T mutation in RyR1 display muscle weakness and

atrophy, which may be attributed to a decrease in the

amplitude of the sarcoplasmic reticulum Ca2+ gradi-

ents, diminished cytosolic Ca2+ levels, and increases in

mitochondria-mediated oxidative stress. These mice also

show increase in ER stress and activation of the UPR

in skeletal muscle. Interestingly, treatment of I4895T

mutation knockin mice with 4-PBA, reduced ER stress

and improved skeletal muscle function, suggesting that

inhibition of ER stress can be a potential therapeutic

intervention for RyR1-related myopathies [112].

Myasthenia gravis (MG)

Myasthenia gravis is an autoimmune neuromuscular

disease that causes weakness in skeletal muscles, espe-

cially those that control eye and eyelid movement, facial

expression, chewing, talking, and swallowing. The main

cause for this disease is autoantibodies that block, alter,

or destroy the acetylcholine receptors at the neuromus-

cular junction leading to impairment in muscle contrac-

tion, weakness, and fatigability [150]. It has been

proposed that damage to acetylcholine receptor can

induce ER stress in skeletal muscle. Indeed, elevated

levels of GRP74 have been reported in muscle biopsies

from patients with MG [151]. Moreover, higher binding

of autoantibodies to ER chaperone GRP94 has been

found to be associated with a subset of MG patients

[152]. ER stress alone may also contribute to a loss of

acetylcholine receptor in skeletal muscle cells. A recent

study demonstrated that the ER stressor tunicamycin

stimulates the loss of the acetylcholine receptors in

C2C12 myotubes through endocytosis and lysosomal

degradation. Moreover, knockdown of XBP1 in C2C12

myotubes attenuates the degradation of acetylcholine

receptor by endocytosis [153], suggesting that inhibition

of ER stress and/or endocytosis can be a potential ther-

apeutic approach for MG.

Muscular dystrophy

Muscular dystrophy is a group of skeletal muscle dis-

eases that involves progressive degeneration of myofi-

bers, myopathy, and fibrosis. Muscular dystrophy

arises due to mutations in individual genes that encode

extracellular matrix proteins, transmembrane and

membrane-associated proteins, cytoplasmic enzymes,

and nuclear matrix proteins [154,155]. Duchenne mus-

cular dystrophy (DMD) is one of the most prevalent

forms of muscular dystrophies that results from total

or partial deficiency of dystrophin protein [155].

Pathogenesis of DMD includes an inflammatory

response, loss of calcium homeostasis, hypoxia, and

oxidative stress, all of which can cause ER stress

[32,154]. Dystrophin-deficient mdx mice are widely

used as a model to study the pathogenesis of DMD.

ER stress markers, such as GRP78, PERK, eIF2a,
IRE1a, and sXBP1, and caspase-12 are increased in

dystrophic muscle of mdx mice as well as in muscle

biopsies from patients with DMD suggesting that dys-

trophin-deficiency disrupts ER homeostasis in skeletal

muscle [156,157]. ER stress specifically activates cas-

pase-12, which leads to the activation of caspase-9 and

caspase-3 to induce apoptosis. Interestingly, genetic

ablation of caspase-12 significantly reduces myofiber

degeneration and improves skeletal muscle strength in

mdx mice [157]. Another study recently demonstrated

that ER stress inhibitors restore ER-mitochondria

links, mitochondrial Ca2+ uptake, and improve con-

tractility of the diaphragm in mdx mice [158], further

implying that heightened ER stress and UPR pathways

contribute to the dystrophic phenotype.
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Myotonic dystrophy (DM1) is an inherited autoso-

mal dominant muscular dystrophy caused by an

abnormal amount of CTG trinucleotide repeats in the

30 untranslated region of the dystrophia myotonica

protein kinase (DMPK) gene. The pathogenesis of

DM1 involves conduction defects, myofiber atrophy,

and abnormal Ca2+ homeostasis. Ikezoe et al. ana-

lyzed the markers of ER stress and the UPR in skele-

tal muscle of patients with DM1. They reported a

significant increase in the levels of GRP78 and cal-

nexin, and phosphorylation of PERK and eIF2a in

atrophic myofibers of DM1 patients suggesting that

enhanced ER stress may contribute to muscle wasting

in DM1 patients [159]. There are also reports suggest-

ing that ER stress is increased in dysferlin-related and

collagen VI-related myopathies [160–162].
Tibial muscular dystrophy (TMD) is an autosomal

dominant late-onset distal myopathy that results from

heterogeneous mutations in the last two exons of the

Titin gene. TMD is characterized by myofiber atrophy

and weakness in the skeletal muscle of the anterior com-

partment of the lower leg [163]. Gene profiling studies

provided evidence that ER stress could be one of the

potential reasons for muscle weakness in TMD patients

[164]. Altogether, available literature suggests that ER

stress and the UPR could be important players in the

pathogenesis of various types of muscular dystrophy.

Concluding remarks

Endoplasmic reticulum stress and the UPR were ini-

tially viewed as a pathological events that occurred

downstream of primary etiology. However, studies

using genetically modified animals and small molecules

that selectively target specific mediators have revealed

that the UPR can have distinct outcomes in different

diseases when different physiological components are

manipulated. Moreover, the UPR can have opposite

effects depending on the disease stage. Initially, the

UPR may work as a prosurvival factor to sustain pro-

teostasis, but its chronic activation can lead to cell

damage during late symptomatic phases. Like many

other organs, ER stress and UPR are activated in

skeletal muscle in multiple conditions. However, due

to the complexity of multiple UPR pathways, signaling

crosstalk, and several downstream targets, their exact

role in skeletal muscle remains less understood. Avail-

able evidence suggests that the UPR promotes skeletal

muscle formation and adaptation in response to exer-

cise. Low levels of ER stress may also be required for

maintaining the pool of satellite cells in adult skeletal

muscle. While there are several studies suggesting that

ER stress and the UPR pathways are perturbed in

skeletal muscle under catabolic states, it remains

unknown how these pathways regulate skeletal muscle

mass. Consistent with the notion that chronic unre-

solved stress can lead to insulin resistance, inflamma-

tion, and cell death, the markers of ER stress have

been found to be elevated in models of metabolic dis-

orders and in a number of myopathies. Indeed, most

of the published reports indicate that ER stress con-

tributes to skeletal muscle wasting in disease condi-

tions. Altogether, it is increasingly evident that the

modulation of ER stress and the UPR can have thera-

peutic importance for skeletal muscle diseases. A num-

ber of ER stress activators and inhibitors have now

been developed and can potentially be used for treat-

ment of skeletal muscle diseases as well.

There are also several outstanding questions about

the role of ER stress and the UPR in the regulation of

skeletal muscle mass. For example, it is of critical

importance to examine the role of individual arms of

the UPR in skeletal muscle physiology and various dis-

ease conditions using genetic mouse models. Similarly,

the role of the downstream effectors of the UPR in

skeletal muscle needs to be investigated using molecular

and genetic approaches. It is also increasingly evidenced

that some of the components of UPR can be activated

independent of ER stress and modulate the activity of

other signaling pathways. Therefore, signaling crosstalk

of UPR with other intracellular pathways that are

involved in regulation of skeletal muscle mass needs fur-

ther investigation. Finally, the role of UPR in metabolic

perturbations in skeletal muscle including oxidative

phosphorylation should be investigated using molecu-

lar, genetic, and proteomics approaches. Nevertheless,

available literature provides compelling evidence that

ER stress and the UPR pathways regulate skeletal mus-

cle health and disease. With the availability of genetic

mouse models and specific inhibitors and activators of

various components of the UPR, there is a renewed

interest toward understanding the role and mechanisms

of action of the UPR in skeletal muscle biology.
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