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Abstract

Skeletal muscles comprise the largest organ system in the body and play an essential role in body 

movement, breathing, and glucose homeostasis. Skeletal muscle is also an important endocrine 

organ that contributes to the health of numerous body organs. Therefore, maintaining healthy 

skeletal muscles is important to support overall health of the body. Prolonged periods of muscle 

inactivity (e.g., bed rest or limb immobilization) or chronic inflammatory diseases (i.e., cancer, 

kidney failure, etc.) result in skeletal muscle atrophy. An excessive loss of muscle mass is 

associated with a poor prognosis in several diseases and significant muscle weakness impairs the 

quality of life. The skeletal muscle atrophy that occurs in response to inflammatory diseases or 

prolonged inactivity is often associated with both oxidative and nitrosative stress. In this report, we 

critically review the experimental evidence that provides support for a causative link between 

oxidants and muscle atrophy. More specifically, this review will debate the sources of oxidant 

production in skeletal muscle undergoing atrophy as well as provide a detailed discussion on how 

reactive oxygen species and reactive nitrogen species modulate the signaling pathways that 

regulate both protein synthesis and protein breakdown.
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Introduction

Skeletal muscle fiber size is regulated by the balance of protein synthesis and protein 

breakdown. For example, when the rate of muscle protein breakdown exceeds the pace of 

protein synthesis, muscle fibers lose protein and atrophy occurs. The loss of muscle 

contractile protein results in a decreased capacity to generate force (i.e., muscle weakness). 

Numerous conditions promote skeletal muscle atrophy including chronic inflammatory 

diseases and prolonged periods of muscle inactivity. Diseases that are often associated with 

skeletal muscle atrophy include cancer, kidney disease, heart failure, and chronic obstructive 
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pulmonary disease (COPD). Independent of disease, prolonged muscle inactivity (e.g., 

prolonged bedrest or limb immobilization) also results in muscle atrophy. Regardless of the 

cause, skeletal muscle atrophy results in muscular weakness and a diminished quality of life 

[1]. Importantly, excessive loss of muscle mass during disease is also associated with 

increased morbidity and mortality [2].

The development of a therapeutic intervention to prevent muscle wasting requires an 

understanding of the cellular signaling pathways that regulate both protein synthesis and 

proteolysis in muscle. During the past two decades, numerous studies have advanced our 

knowledge of the cell signaling pathways that regulate muscle size. In this regard, abundant 

evidence indicates that oxidative stress and/or nitrosative stress, due to increased production 

of reactive oxygen species (ROS) and/or reactive nitrogen species (RNS), plays an important 

role in modulating the signaling pathways that regulate both protein synthesis and 

proteolysis in skeletal muscle. Indeed, it is widely accepted that oxidative stress contributes 

to skeletal muscle atrophy due to both disease and prolonged muscle inactivity [3-6]. 

Further, evidence also links nitrosative stress to skeletal muscle atrophy resulting from 

chronic disease or prolonged muscle disuse [7, 8].

This review summarizes our current understanding of the nexus between ROS/RNS and the 

cell signaling processes leading to skeletal muscle atrophy. We begin with a brief overview 

of the sources of ROS and RNS production in skeletal muscle. This will be followed by a 

discussion of the signaling pathways connecting ROS and RNS to increased proteolysis and 

regulation of protein synthesis. We conclude with a brief discussion of the role that protein 

oxidation plays in promoting muscle protein breakdown during conditions that produce 

muscle atrophy.

Sources of ROS and RNS in Atrophying Skeletal Muscle

Both oxidative and nitrosative stress often occur in skeletal muscles undergoing atrophy. In 

this segment we introduce the pathways responsible for ROS and RNS production in skeletal 

muscle in response to both chronic inflammatory diseases and prolonged muscle inactivity.

Sources of ROS and RNS production in skeletal muscle during chronic illness

The loss of skeletal muscle mass due to illness is termed cachexia. Severe inflammatory 

diseases including cancer, kidney failure, COPD, and heart failure are common causes of 

cachexia. Inflammation in a remote organ (e.g., lungs of COPD patient) often results in 

systemic inflammation which is characterized by high levels of circulating cytokines; this is 

important because systemic inflammation serves as a trigger for both oxidative and 

nitrosative stress in skeletal muscle [4-6].

Inflammatory disease-induced ROS production in skeletal muscles—Several 

circulating pro-inflammatory mediators including interleukein-6, tumor necrosis factor-α 
(TNF), C-reactive protein, and sphingomyelinase are elevated in patients with chronic 

inflammatory disease [6]. Among these factors, TNF likely plays a key role in increased 

ROS production in skeletal muscle fibers [6]. The link between circulating TNF and ROS 

production in skeletal muscle fibers has been investigated extensively. Briefly, evidence 

Powers et al. Page 2

Free Radic Biol Med. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



indicates that TNF initiates intracellular ROS production by activating the TNF-1 receptor 

on the sarcolemma; this triggers a cascade of signaling events leading to an increase in 

superoxide production in the mitochondria (reviewed in [6]). Early events in this 

biochemical cascade likely involve signaling by one or more sphingomyelinase isoforms 

leading to the activation of phospholipase A2 which cleaves membrane lipids to release 

arachidonic acid; this is significant because arachidonic acid is a substrate for ROS-

generating enzymes such as lipoxygenases [6, 9]. Moreover, activation of phospholipase A2 

has been shown to activate NAD(P)H oxidase to generate superoxide and phospholipase A2 

can also stimulate superoxide production in the mitochondria [9].

Another potential link between some diseases that promote cachexia and skeletal muscle 

ROS production stems from increased plasma levels of angiotensin II (Ang II) which occurs 

in some diseases[10, 11]. For example, several chronic diseases (e.g., congestive heart 

failure and chronic kidney disease) are often accompanied by elevated circulating levels of 

Ang II. This is significant because infusion of Ang II in rodents results in increased 

circulating levels of several cytokines including TNF [11]. As discussed previously, TNF can 

promote ROS production in skeletal muscle fibers. Moreover, Ang II binding to angiotensin 

I receptors on the sarcolemma can activate NAD(P)H oxidase which also generates 

superoxide radicals [10-12]. Therefore, it is likely that chronic inflammatory diseases 

promote both mitochondrial and cytosolic ROS production in skeletal muscles via increases 

in circulating TNF and/or Ang II.

Finally, emerging evidence indicates that myostatin is a pro-oxidant that can promote 

increased ROS production skeletal muscle fibers [13, 14]. The mechanisms responsible for 

this myostatin-mediated ROS production remain a topic of debate but evidence suggests that 

myostatin induces oxidative stress through a TNF-mediated mechanism [13]. Moreover, it 

appears that both TNF and ROS are potent inducers of myostatin and require NFĸB 

signaling for myostatin expression [13]. Together, these results suggest myostatin and TNF 

are components of a feed forward system by which myostatin triggers the generation of the 

second messenger ROS, mediated by TNF, which in turn, stimulates myostatin expression.

RNS production in skeletal muscles during disease-induced muscle wasting—
In addition to the production of ROS, many chronic diseases also promote an increase in the 

production of nitric oxide (NO). NO is produced in muscle by nitric oxide synthases and the 

expression of inducible nitric oxide synthase (iNOS) is often increased in skeletal muscle 

during inflammatory disease-induced muscle wasting [15-17]. Specifically, studies in heart 

failure, cancer, and COPD have demonstrated that increased circulating cytokines (e.g., 

TNF) stimulate iNOS expression in skeletal muscles [15-18]. This augmented expression of 

iNOS leads to increased production of nitric oxide (NO) and consequently protein nitration.

Sources of ROS and RNS production in skeletal muscles exposed to prolonged inactivity

Similar to chronic diseases, prolonged periods of muscle disuse results in increased ROS and 

RNS production in skeletal muscles. Research during the past two decades has provided 

insight into the sources of both ROS and RNS production in skeletal muscles undergoing 

disuse-induced atrophy. A discussion of the potential sites of ROS production in inactive 

skeletal muscles follows.
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Prolonged skeletal muscle inactivity promotes increased ROS production—
The first evidence that prolonged periods of muscle disuse results in increased oxidative 

stress in limb skeletal muscles was reported over 20 years ago [19] and these original 

findings have been confirmed by many investigations (reviewed in [3]). However, unlike 

inflammatory disease-induced muscle wasting, the disuse-induced ROS production in 

muscles is not associated with systemic inflammation. Although the causes of disuse-

induced oxidative stress in skeletal muscle continues to be investigated, evidence suggests 

that prolonged skeletal muscle inactivity results in increased superoxide production at 

multiple locations in the cell including NAD(P)H oxidase, xanthine oxidase, and the 

mitochondria [20-24]. In regard to the relative contributions of each of these sources of ROS 

production, recent evidence suggests that mitochondria are a major source of ROS 

production in inactive skeletal muscles [20, 21, 25]. For example, compared to mitochondria 

obtained from skeletal muscles of active rodents, mitochondria from muscle exposed to 

prolonged periods of disuse release significantly more ROS [26] [20, 24]. Importantly, 

treatment of animals with a mitochondrial-targeted antioxidant prevents inactivity-induced 

oxidative stress in skeletal muscles [20, 21] [24]. Collectively, these observations suggest 

that mitochondria are a key source of ROS production in inactive skeletal muscles.

The impact of prolonged muscle inactivity on muscle RNS production remains 
controversial—At present, the question of whether prolonged muscle inactivity results in 

increased production of NO remains controversial. On one hand, Suzuki et al. reported that 

prolonged inactivity in limb skeletal muscles (i.e., 14 days of hindlimb suspension) is 

accompanied with increased NO levels in the inactive muscle [7]. However, unlike cachectic 

skeletal muscles, iNOS levels do not increase in limb muscles exposed to prolonged 

inactivity; therefore, increased NO production via iNOS does not occur in skeletal muscles 

exposed to prolonged inactivity [7]. Rather, Suzuki and colleagues report that muscle 

inactivity is associated with a dissociation of neuronal NO synthase (nNOS) from the 

dystroglycan complex and propose that the release of nNOS from the membrane results in 

nNOS activation and increased production of NO [7]. The finding that muscle disuse results 

in increased cytosolic nNOS has been confirmed by others [8, 27, 28]. Nonetheless, it is 

important to note that there are no published reports documenting higher NO production by 

non-membrane bound nNOS [29].

In contrast to the Suzuki et al. findings [7], a recent study concludes that 14 days of 

hindlimb suspension results in a decrease in both muscle nNOS and NO levels [30]. 

Similarly, nitosative stress is not present in the rat diaphragm following 18 hours of 

inactivity due to prolonged mechanical ventilation [31]. Therefore, it remains unclear as to 

whether prolonged muscle inactivity results in increased NO production and clearly 

additional studies are warranted to resolve this issue.

Redox Regulation of Muscle Atrophy

The hypothesis that redox disturbances contribute to muscle atrophy was first introduced in 

1991 [19]. Using a rodent model of skeletal muscle inactivity (i.e., limb immobilization), 

Kondo and colleagues reported that prolonged muscle inactivity is associated with high 

levels of lipid peroxidation in the inactive fibers[19]. Moreover, this work revealed that 
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inactivity-induced muscle atrophy can be attenuated by the antioxidant vitamin E. Although 

these investigators published several reports that further established a link between ROS and 

disuse muscle atrophy [32-35], the role that ROS plays did not receive significant 

experimental attention until the last decade. The next segments will discuss the signaling 

pathways that form the link between oxidative and nitrosative stress and the regulation of 

both muscle protein synthesis and degradation.

Oxidative stress inhibits anabolic signaling and muscle protein synthesis

The major signaling pathway that regulates muscle protein synthesis is the insulin-like 

growth factor-1 (IGF1)-protein kinase b (Akt) signaling pathway. Factors that accelerate 

signaling through this pathway (e.g., muscular exercise) can promote protein synthesis 

whereas factors that inhibit one or more signaling steps of the pathway (e.g., oxidative 

stress) depress protein synthesis. This section highlights the evidence demonstrating that 

oxidative stress depresses anabolic signaling and protein synthesis in skeletal muscle fibers.

Overview of protein synthesis in skeletal muscles—The role of the IGF1-Akt 

pathway in controlling protein synthesis is well-established by both gain and loss-of-

function experiments. Indeed, numerous studies reveal that inactivation of the IGF1 receptor 

impairs muscle growth whereas activation of the IGF1 receptor promotes hypertrophy 

(reviewed in [36]). The activation of the IGF1-Akt pathway promotes protein synthesis by 

increasing mRNA translation of specific proteins [37].

Signaling via IGF1 begins with the IGF1 ligand binding to its receptor (i.e., tyrosine kinase 

IGF1 receptor (IGF1R)); this docking results in receptor phosphorylation and recruitment of 

insulin receptor substrate 1 (IRS1) [38] (Figure 1). Phosphorylation of IRS1 activates the 

phosphoinositide-3-kinase (PI3K) pathway. Active PI3K triggers a series of steps that 

activate Akt; active Akt promotes protein synthesis via activation of the mammalian target of 

rapamycin (mTOR) and its downstream effectors. The Akt-mediated steps leading to mTOR 

activation involves the Akt-induced phosphorylation and subsequent inhibition of both 

tuberous sclerosis complex protein 2 (TSC2) and the proline-rich Akt substrate 40 kDa 

(PRAS40). Inhibition of TSC2 and PRAS40 allows the small GTPase Ras homolog enriched 

in brain (Rheb) to bind to mTOR and increase mTOR kinase activity (Figure 1).

Note that the kinase mTOR interacts with numerous proteins and exists in two protein 

complexes: 1) mTORC1 containing the regulatory-associated protein of mTOR (raptor); and 

2) mTORC2 which contains the protein rictor (i.e., rapamycin-insensitive companion of 

mTOR) [36-38]. Abundant evidence indicates that mTORC1 is the primary mediator of 

protein synthesis in skeletal muscle [36]. Upon activation, the two main effectors 

phosphorylated by mTORC1 that promote protein synthesis are ribosomal protein S6 kinase 

1 (S6K1) and eukaryotic initiation factor 4E (4E-BP1) [36, 37].

The importance of phosphorylated (active) S6K1 in promoting protein synthesis is 

illustrated by the finding that deletion of S6K1 results in muscle atrophy [39]. Although the 

precise role that S6K1 plays in protein synthesis remains under investigation, it appears that 

S6K1-mediated phosphorylation of several residues of the S6 ribosomal protein leads to 

increased translation and therefore, increased protein synthesis [40].
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Furthermore, phosphorylated (active) 4E-BP1 leads to the dissociation of 4E-BP1 from the 

translation initiator eIF4E [38]. This is significant because 4E-BP1 inhibits the positive 

impact that eIF4E plays in translation. Specifically, following dissociation from 4E-BP1, 

eIF4E binds with other proteins (i.e., eIF4G and eIF4A) to form the eIF4F complex which is 

a required step for translation [36].

Elevated ROS production inhibits Akt/mTORC1 signaling and decreases 
muscle protein synthesis—The impact of ROS on Akt signaling and protein synthesis 

has been investigated using numerous cell types. Unfortunately, contradictory results exist 

with some studies reporting that oxidative stress can both promote and inhibit Akt signaling 

[41]. These divergent results likely arise from the differences in cell types, species of ROS, 

and the levels of ROS used in the experiments. Because this review focuses on redox control 

of muscle fiber size, we will focus our discussion on studies involving myocytes or 

myotubes derived from skeletal or cardiac muscles.

A recent study exposed C2C12 myotubes to a variety of different ROS challenges (e.g., 

H2O2, diamide, and glucose oxidase) and concluded that key components of the Akt 

signaling pathway differ in their sensitivity to oxidative stress [41]. These investigators 

reasoned that differences in thiol oxidation sensitivity across various signaling proteins 

involved in the Akt pathway provides an explanation for many of the contradictory findings 

in the literature regarding the impact of oxidants on the components of Akt signaling [41]. 

Importantly, this work revealed that chronic exposure of myotubes to low levels of H2O2 

leads to oxidative stress and decreased Akt phosphorylation. This decrease in Akt 

phosphorylation is predicted to result in decreased protein synthesis, increased proteolysis, 

and muscle wasting [41] (Figure 1).

Although many studies have investigated the impact of ROS on activation of signaling 

molecules involved in protein synthesis, few studies have directly measured the influence of 

ROS on cellular protein synthesis. However, a detailed study using ventricular myocytes 

isolated from the rat heart concluded that exposure of myocytes to H2O2 depresses global 

protein synthesis by ∼90% [42]. Moreover, this report revealed that exposure of cardiac 

myocytes to H2O2 resulted in the dephosphorylation of 4E-BP1 which occurred due to 

increased protein phosphatase activity. This dephosphorylation of 4E-BP1 increases the 

inhibitory association of 4E-BP1 with eIF4E which results in a decrease in protein synthesis. 

Similarly, oxidative stress has been shown to decrease the level of 4E-BP1 phosphorylation 

in other cell types [43]. Additional work suggests that oxidants may also impede protein 

synthesis in human adenocarcinoma cells by impairing mTOR assembly and therefore, 

preventing mTOR-mediated phosphorylation of 4E-BP1 [44]. Hence, several lines of 

evidence suggest that oxidative stress can impair translation, in part, by reducing 

phosphorylation of the eIF4E repressor protein, 4E-BP1.

A recent report investigated the role that oxidative stress plays in the inactivity-induced 

decrease in skeletal muscle protein synthesis in vivo [45]. Using a mitochondrial-targeted 

antioxidant to prevent inactivity-induced oxidative stress in diaphragm muscle, this study 

revealed that oxidative stress plays a key role in inactivity-induced depression of muscle 

protein synthesis. Moreover, this study demonstrated that prevention of inactivity-induced 
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oxidative stress in the diaphragm results in higher levels of phosphorylated Atk and 

mTORC1. Prevention of oxidative stress also resulted in greater phosphorylation of both 4E-

BP1 and PRAS40. Together, these findings are consistent with the concept that oxidative 

stress depresses muscle protein synthesis by decreasing Atk/mTORC1 signaling and 

subsequently, reducing translation.

In summary, the available evidence indicates that oxidative stress can decrease global protein 

synthesis in skeletal muscles. This ROS-mediated depression in protein synthesis is likely 

due to decreases in Akt/mTORC1 signaling resulting in a slower rate of translation (Figure 

1).

RNS impact on Akt/mTORC1 signaling and protein synthesis—At present, no 

studies have investigated the impact of RNS on protein synthesis in skeletal muscle fibers. 

Indeed, compared to ROS, research on the impact of nitrosative stress on anabolic signaling 

is limited. Nonetheless, investigations of the impact of RNS on cell signaling in other cell 

types suggests that nitrosative stress decreases Akt/mTORC1 signaling which would likely 

decrease translation and consequently, promote a decline in protein synthesis [46, 47]. The 

apparent mechanism to explain these observations is that exposure of cells to NO results in 

the activation of ataxia telangiectasia mutated kinase (ATM) and the resultant activation of 

liver kinase B (LKB1); activation of LKB1 activates AMP-activated protein kinase (AMPK) 

resulting in a repression of mTORC1 activation [46] (Figure 1). The precise biochemical 

mechanism responsible for the activation of ATM by RNS remains unclear. However, it is 

noteworthy that ROS can also activate ATM by direct oxidation of cysteine residues [48, 49].

To summarize, direct evidence that nitrosative stress results in a decrease in muscle protein 

synthesis does not currently exist. However, RNS-induced nitrosative stress can depress 

mTORC1 activation in non-muscle cells and this observation is consistent with the notion 

that nitrosative stress can depress protein synthesis. Future studies are required to confirm 

that high levels of RNS depress protein synthesis in skeletal muscle fibers.

Oxidative stress promotes proteolysis in skeletal muscles

Four major proteolytic systems exist in skeletal muscle fibers: 1) autophagy; 2) the 

proteasome system; 3) calpains; and 4) caspase-3. It is also established that skeletal muscle 

mitochondria also contain three known proteases (e.g., Lon protease) but little is known 

about the role that these proteases play in muscle atrophy [50]. Abundant evidence reveals 

that oxidative stress can promote proteolysis of skeletal muscle protein in three different 

ways. First, oxidative stress promotes gene expression of important proteins involved in 

several proteolytic systems. Second, oxidative stress in skeletal muscle results in an increase 

in cytosolic free calcium which can lead to the activation of both calpain and caspase-3. 

Finally, oxidative stress can also accelerate proteolysis by the oxidative modification of 

myofibrillar proteins which increases their susceptibility to proteolytic breakdown. In the 

next segments, we provide a brief discussion of connections between ROS and each of the 

major proteolytic systems.
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ROS promote autophagy-mediated protein breakdown in skeletal muscles

Autophagy is a highly regulated lysosomal pathway for the degradation of non-myofibril 

cytosolic proteins and organelles in skeletal muscle [51]. During autophagy organelles (e.g., 

mitochondria) and cytosolic proteins are separated into double membrane vesicles called 

autophagosomes; these autophagosomes then fuse with lysosomes to form autolysosomes. 

After autophagosome formation, the autophagosome constituents are degraded by lysosomal 

proteases (i.e., cathepsins) [52].

Our understanding of the mechanisms that regulate the major pathway of autophagy (i.e., 

macroautophagy) has advanced rapidly during the past decade. Specifically, numerous 

autophagy-related genes exist and are described by the acronym of “Atg” followed by a 

number to identify the specific gene or protein (e.g., Atg1, Atg2, etc.). The precise role that 

each of these Atg proteins play in autophagy continues to be investigated but current 

evidence reveals that more than 30 Atg proteins are involved in autophagy in yeast; many of 

these same proteins are shared by eukaryotes [53]. Autophagy is often described as a five-

step process: 1) induction; 2) expansion; 3) elongation and completion of autophagsome; 4) 

fusion with lysosome; and 5) degradation of proteins and organelles (Figure 2). The first step 

(i.e., induction or initiation) of autophagy begins with the formation of the pre-

autophagosome structure which occurs by activation of the ULK1 complex (Atg 1 complex 

in yeast) [54]. Note that this initiation step is negatively regulated by mTORC1; therefore, 

factors that prevent mTORC1 activation can promote autophagy [54]. Step two involves the 

assembly of a fractional autophagosome membrane called the phagophore; this stage is often 

referred to as expansion and requires the recruitment of several Atg proteins including the 

essential Atg6 (also called beclin-1 in mammals)[54]. Step three involves several Atg genes 

(e.g., Atg5, Atg7, Atg8 (LC3 in mammals), and Atg12) resulting in elongation and 

completion of the autophagosome [54]. The next stage (step 4) of autophagy involves the 

fusion of autophagosome with the lysosome; this step exposes the autophagosome contents 

(i.e., cytosolic proteins and organelles) to lysosomal proteases (i.e., cathepsins B, D, and L)

[54]. The fifth and final step of autophagy involves the cathepsin-mediated degradation of 

proteins and organelles (i.e., the cargo) contained within the autophagosome.

Compared to the contribution of the other major proteolytic systems to skeletal muscle 

wasting, autophagy has received relatively limited experimental attention. Nonetheless, it is 

clear that numerous lysosomal proteases (i.e., cathepsin B, D, & L) are activated in skeletal 

muscle undergoing disuse atrophy [55]. Moreover, growing evidence suggests that 

autophagy is accelerated in muscles undergoing atrophy due to fasting, denervation, or 

inactivity [56-58].

Although numerous reports establish a role for ROS in stimulating autophagy, the 

mechanisms by which specific ROS promote autophagy remains unclear [54, 59, 60]. 

Nonetheless, it appears that both superoxide and H2O2 can accelerate autophagy in several 

ways. First, ROS have been shown to activate ATM which activates AMPK; activation of 

AMPK represses mTORC1 activation [54]. This is significant because active mTORC1 

inhibits the activation of ULK1, which is required for the induction of autophagy [61, 62]. 

Moreover, oxidative stress-induced by exposure of cells to H2O2 results in increased 

expression of key autophagy components such as LC3, beclin 1, and increased formation of 
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autophagosomes [63]. Further, ROS appears to be essential in the regulation of Atg4 activity 

and the acceleration of autophagy. Specifically, ROS have been shown to inactivate Atg4 

which prevents the premature cleavage of LC3 during autophagosome formation, an 

essential step in the process of autophagy [64] (Figure 2).

RNS regulation of autophagy

Whether RNS promotes or inhibits autophagy appears to depend upon the cell type 

investigated along with the levels and duration of RNS exposure [65]. For example, exposure 

of cells to low levels of RNS appears to increase autophagy [65]. Nonetheless, exposure of 

non-muscle cells to high levels of nitrosative stress inhibits Akt/mTORC1 signaling [46, 47]. 

Again, the mechanism to explain this observation is that exposure of cells to high levels of 

RNS results in the activation of ATM and LKB1. Activation of LKB1 increases the activity 

of AMPK which represses mTORC1 activation which promotes accelerated autophagy [46]. 

Therefore, the impact of RNS on autophagy appears to depend upon the level and duration 

of exposure to RNS. On one hand, low levels of RNS can increase mTORC1 activity which 

translates into inhibition of autophagy. In contrast, high levels of RNS can inhibit mTORC1 

activation and accelerate autophagy.

Both ROS and RNS promote protein breakdown via the proteasome system of proteolysis

The complete ubiquitin-proteasome complex (26S) is comprised of a core proteasome 

subunit (20S) that provides an enclosed cavity where proteins are degraded. This 20S 

subunit is coupled with a regulatory complex (19S) connected to each end [66]. The 26S 

proteasome becomes active when ubiquitin covalently binds to protein substrates and tags 

them for degradation. The binding of ubiquitin to protein substrates is a multi-stage process 

that begins with the ubiquitin-activating enzyme (E1). Next, the ubiquitination of specific 

proteins is achieved by one of several ubiquitin-conjugating enzymes (E2s) followed by 

specialized protein ligases (E3s) that distinguish specific protein substrates (Figure 3).

Several skeletal muscle specific ubiquitin E3 ligases exist and at least two of these ligases 

play important roles in skeletal muscle atrophy (e.g., atrogin1 and muscle ring finger-1 

(MuRF1)). For example, MuRF1 and atrogin1 knockout mice are resistant to disuse muscle 

atrophy [36]. The expression of both MuRF1 and atrogin1 are largely under the regulation of 

the Forkhead box O (FOXO) family of transcription factors. Skeletal muscle expresses three 

FOXO isoforms: 1) FOXO1; 2) FOXO3; and 3) FOXO4 [36]. When phosphorylated by Akt, 

all of these transcription factors are excluded from the nucleus. It follows that inactivation of 

Akt and dephosphorylation of FOXO results in translocation of FOXO to the nucleus and 

transcriptional activation of atrogin1 and MuRF1 genes. In this regard, evidence indicates 

that the translocation of FOXO transcription factors into the nucleus is required for the 

expression of both atrogin1 and MuRF1 [36]. In particular, nuclear translocation of both 

FOXO1 and FOXO3 is sufficient to increase the expression of these E3 ligases and promote 

muscle atrophy [51, 58, 67, 68].

Evidence reveals that oxidative stress can increase protein breakdown via the proteasome 

system in several ways. First, in vitro experiments reveal that oxidative stress increases gene 

expression of several important proteins involved in the proteasome system. For example, 
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exposure of C2C12 myotubes to ROS (i.e., H2O2) increases the expression of muscle 

specific E3 ligases. Specifically, ROS exposure increases the mRNA levels of both atrogin1 

and muscle ring finger-1 (Murf-1) [69, 70]. Also, TNF-α-induced ROS production within 

murine myotubes promotes increased expression of atrogin1 [70]. Collectively, these 

findings indicate that exposure of myotubes to ROS increases the expression of muscle 

specific E3 ligases within the proteasome system (Figure 3). As discussed earlier, exposure 

of cells to ROS or RNS results in decreased Akt and mTOR1 activation; this relationship 

between ROS/RNS and Akt signaling likely explains why oxidative or nitrosative stress 

increases the expression of muscle specific E3 ligases.

Similar to the in vitro findings, oxidative stress appears to increase the expression of muscle 

specific E3 ligases in skeletal muscle in vivo. For example, prevention of disuse-induced 

oxidative stress by treatment of animals with mitochondrial-targeted antioxidants has been 

shown to protect against inactivity-induced expression of both atrogin1 and MuRF1 [21, 24].

Importantly, oxidative stress has also been shown to allosterically promote proteasome 

activity. Indeed, in vivo experiments reveal that disuse-induced skeletal muscle atrophy 

results in both oxidative stress and increased activity of the 20S proteasome [71, 72]. 

Importantly, treatment of animals with the antioxidant trolox can prevent inactivity-induced 

oxidative stress in skeletal muscle and protect against disuse-induced activation of the 20S 

proteasome. This finding is consistent with the concept that ROS serve as positive allosteric 

activators of the 20S proteasome [71, 72]. At present, it is unclear if increased production of 

RNS have an allosteric influence on 20S proteasome activity.

Finally, another nexus between oxidative stress and augmented proteolysis is the observation 

that oxidized proteins are more susceptible to proteolytic degradation by the proteasome 

system. Indeed, detailed evidence that ROS hastens protein breakdown was first provided by 

Kelvin Davies and colleagues [73-78], who. established that oxidized proteins are rapidly 

degraded by the ubiquitin-proteasome system. The mechanism to elucidate why oxidation 

enhances protein breakdown is, in part, due to unfolding of the molecule [74]. Indeed, 

oxidation of a protein causes a change of the secondary or tertiary structure so that 

previously screened peptide bonds are exposed to enzymatic hydrolysis [73-75]. 

Specifically, evidence indicates that several proteases will degrade oxidized proteins more 

efficiently than normal proteins [66, 79].

To summarize, abundant evidence exists to link increased abundance of ROS and RNS to 

augment muscle protein breakdown via the proteasome system of proteolysis. The impact of 

ROS and RNS proteasome activation is largely due to a down-regulation of Akt/mTOR 

signaling which results in increased FOXO signaling and expression of muscle specific E3 

ligases.

ROS promote calpain activation in skeletal muscle

Calpains are Ca2+-activated proteases that engage in selective cleavage of target proteins 

[80]. Although 15 calpain genes exist in humans, the two primary calpains that contribute to 

skeletal muscle atrophy are calpain 1 (μ-calpain) and calpain 2 (m-calpain) [81]. Active 

calpains are known to cleave over 100 celluar proteins including important cytoskeletal 
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proteins (e.g., titin, nebulin) that anchor contractile elements [81]. Importantly, calpain also 

cleaves numerous kinases, phosphatases, and can also cleave oxidized contractile proteins 

such as actin and myosin [79, 81].

Abundant evidence indicates that oxidative stress increases the expression of calpains in 

liver cells, C2C12 myotubes, and human myoblasts. For example, drug-induced oxidative 

stress increases the abundance of calpain 1 and 2 levels in the liver [82]. Further, exposure of 

C2C12 myotubes to H2O2 increases calpain 1 mRNA levels [69]. Importantly, exposure of 

human myoblasts to ROS has been shown to increase the expression of both calpain 1 and 

calpain 2 [83]. Collectively, these studies establish that oxidative stress promotes calpain 

expression in a variety of cell types including skeletal muscle.

Calpain activity is under allosteric control and studies reveal that oxidative stress increases 

calpain activity in muscle cells in culture. For example, exposure of C2C12 myotubes to 

ROS (i.e., 25 μM H2O2) increases calpain 1 activation [69]. Similarly, exposure of human 

myoblasts to H2O2 elevates both calpain 1 and calpain 2 activity [83]. Importantly, 

prevention of inactivity-induced oxidative stress by treatment with an antioxidant prevents 

calpain 1 activation in inactive skeletal muscle in vivo [84]. Collectively, these investigations 

confirm that oxidative stress in skeletal muscle can activate calpain.

The mechanism(s) responsible for ROS-mediated calpain activation is likely linked to 

oxidative stress-induced increases in cytosolic levels of free calcium [83, 85]. Calpain 

activity in cells is regulated by several factors including cytosolic calcium levels and the 

concentration of the endogenous calpain inhibitor, calpastatin [81, 86]. Indeed, it is well 

established that a sustained elevation of cytosolic free calcium promotes calpain activation in 

cells [81]. The direct link between ROS and elevated cytosolic calcium remains under 

investigation but oxidative stress has been shown to increase in intracellular free calcium 

[87]. At least two possible mechanisms can explain this observation. First, a potential 

connection between ROS and increased intracellular calcium is that ROS-mediated 

formation of reactive aldehydes (i.e., 4-hydroxy-2,3-trans-nonenal) can inhibit membrane 

calcium ATPase activity [88]. This is significant because inhibition of membrane calcium 

ATPase activity impairs calcium removal from the cell resulting in increased intracellular 

calcium levels. Second, ROS-mediated oxidation of the ryanodine receptor in skeletal 

muscle results in an intracellular calcium leak leading to increased cytosolic levels of free 

calcium [89]. Together, or independently, each of these mechanisms can promote an increase 

in cytosolic free calcium (Figure 4).

Impact of RNS on calpain activity in skeletal muscles

As discussed previously, inflammatory diseases promote an increase in both iNOS and NO 

production in skeletal muscles. In contrast, it is unclear if NO production increases in 

muscle during prolonged inactivity. Nonetheless, numerous studies have investigated the 

impact of NO on calpain activity in skeletal muscle fibers and numerous other cell types. In 

this regard, it is currently unknown if NO impacts calpain expression and it's abundance in 

the cell. However, several reports show that increased NO production can inhibit calpain 

activity by promoting s-nitrosylation of this protease [90-94]. Further, recent evidence 

suggests that an age-related decrease in neuronal NO synthase (nNOS) in skeletal muscle 
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results in decreased NO production, less s-nitrosylation of calpain, and increased calpain 

activity [94]. In this context, these investigators postulate that low NO production promotes 

higher calpain activity and accelerates fiber atrophy leading to sarcopenia [94]. To support 

this prediction, this investigation revealed that increased NO production in muscle causes S-

nitrosylation of calpain and a delayed rate of sarcopenia. This finding seems paradoxical 

given that high levels of NO production increases transcripts involved in muscle atrophy 

such as MuRF1 and atrogin1. A potential explanation for these disparate findings is the 

possibility that an optimal level of NO exists in muscle fibers whereby an increase in NO 

above optimal levels results in fiber atrophy via activation of the proteasome and autophagy 

proteolytic pathways. Conversely, low levels of NO (i.e., below optimal) promotes calpain 

activation and fiber atrophy.

In regard to the link between low levels of NO in muscle and age-related sarcopenia, it is 

also feasible that a reduction in nNOS levels during aging could contribute to a loss of 

muscle mass via several mechanisms that are independent from calpain activation. For 

example, NO appears to be required for muscle growth during periods of increased muscle 

loading [95]. Further, a loss of nNOS in skeletal muscle is associated with structural defects 

at the neuromuscular junction [96]. Thus, a deficit in nNOS in muscle due to aging could 

contribute to sarcopenia through multiple mechanisms, including the failure to inhibit 

calpain activation.

In summary, the existing evidence indicates that both high and low levels of NO in skeletal 

muscle impact protease activity. Low levels of NO favors calpain activation whereas high 

NO levels promote activation of the proteasome and autophagy proteolytic pathways. 

Additional research is required to confirm or deny the prediction that an optimal level of NO 

in skeletal muscle is required to maintain protein balance in fibers.

Impact of ROS on activation of Caspase-3 in skeletal muscle

Growing evidence reveals that active caspase-3 contributes to muscle protein degradation 

and fiber atrophy [97] [98, 99]. In this regard, caspase-3 activation promotes degradation of 

actomyosin complexes, and inhibition of caspase-3 activity suppresses the overall rate of 

proteolysis in diabetes-mediated cachexia and decreases the rate of disuse muscle atrophy 

[98, 99].

Abundant evidence exists to confirm that oxidative stress activates caspase-3 in skeletal 

muscle. For example, exposure of C2C12 myotubes to ROS (i.e., H2O2) activates capase-3 

[69, 100]. Further, evidence exists that oxidative stress increases caspase-3 activation in 

skeletal muscle during disuse muscle atrophy [20, 21, 84]. Collectively, these findings 

indicate that increased production of ROS activates caspase-3 in muscle fibers.

Regulation of caspase-3 activity in cells involves numerous interrelated signaling pathways. 

In reference to caspase-3 activity during disuse muscle atrophy, it is possible that caspase-3 

is activated by caspase-12 via a calcium release pathway and/or activated by the activation of 

caspase-9 (via a mitochondrial pathway) [86, 101]. Importantly, both of these pathways can 

be activated by ROS [86, 102] (Figure 5). However, it remains unclear which of these 

pathways dominate the ROS-mediated activation of caspase-3 in skeletal muscle during 
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conditions that promote muscle wasting. Moreover, the impact of increased NO on the 

activation of caspase-3 in muscle remains unknown.

Summary

To summarize, skeletal muscle atrophy occurs in response to numerous chronic diseases 

(i.e., COPD, heart failure, etc.) and as a result of prolonged periods of muscle inactivity. 

Both disease and inactivity-induced muscle atrophy occur due to accelerated proteolysis and 

a decrease in the rate of protein synthesis. Several lines of evidence directly connect both 

ROS and RNS to muscle atrophy via redox-mediated control of protein synthesis and 

proteolysis. Precisely, disease or inactivity-induced production of ROS or RNS in skeletal 

muscles depresses protein synthesis by inhibition of Akt or mTORC1 activation which 

reduces the rate of translation. Further, oxidative stress can accelerate proteolysis by: 1) 

stimulating gene expression and increasing the abundance of key proteins involved in 

proteolytic systems (i.e., autophagy, calpain, and proteasome); 2) increasing the activity of 

the 20S proteasome and activation of both calpain and caspase-3; and 3) oxidizing proteins 

and increasing their susceptibility to proteolytic breakdown.
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Highlights

• Skeletal muscle atrophy occurs in response to numerous chronic 

diseases (i.e., COPD, heart failure, etc.) and as a result of prolonged 

periods of muscle inactivity.

• Both disease and inactivity-induced muscle atrophy occur due to 

accelerated proteolysis and a decrease in the rate of protein synthesis.

• Several lines of evidence directly connect increased production of both 

reactive oxygen species and reactive nitrogen species to muscle atrophy 

via redox-mediated control of protein synthesis and proteolysis.
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Figure 1. 
Schematic of the Akt/mTORC1 signaling pathway leading to accelerated translation and 

increased protein synthesis. Note that both ROS and RNS have been shown to impede one or 

more steps leading to a decrease in muscle protein synthesis. See text for details.
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Figure 2. 
Illustration of the steps leading to autophagy. Autophagy progresses during a five step 

process: 1) Induction; 2) Expansion; 3) Completion of autophagosome; 4) Autophagosome 

fuses with lysosome; and 5) Degradation of proteins and organelles. As discussed in the text, 

both ROS and RNS have the potential to accelerate autophagy flux. See text for details.
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Figure 3. 
Simplified diagram illustrating the role of FOXO3 in promoting gene expression of both 

muscle specific E3 ligases (i.e., atrogin 1 and MuRF1) and autophagy genes. Note that both 

ROS and RNS have the potential to accelerate protein breakdown via the proteasome and 

autophagy pathway. See text for more details.
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Figure 4. 
Simplistic overview of the role that ROS plays in promoting an increase in intracellular 

calcium and calpain activation in skeletal muscle. See text for more details.

Powers et al. Page 24

Free Radic Biol Med. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Summary of the role that ROS/RNS play in activation of caspase-3 in skeletal muscle. Note 

that ROS can promote caspase-3 activation via both an intrinsic pathway (mitochondrial) or 

extrinsic pathway involving the activation of caspase-12. See text for more details.
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