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ABSTRACT 

 Skeletal muscles comprise of approximately 50% of the human body mass and are 

critical organs for enabling locomotion and exerting metabolic control. Autophagy, a lysosome-

dependant catabolic process involved in the degradation of long-lived proteins and organelles, is 

an important process responsible for maintaining muscle homeostasis. Reactive Oxygen Species 

(ROS) has been shown to induce autophagy in many different cell types. In this study, we 

evaluate the effects of physiological levels of mitochondrial-derived reactive oxygen species 

(ROS) on skeletal muscle autophagy.  

 In differentiated C2C12 myotubes, basal level autophagy and autophagy triggered by 1.5 

to 4 hr of acute nutrient deprivation, inhibition of mTORC1, or leucine deprivation were 

quantified using a long-lived protein degradation assay (index of proteolysis), LC3B autophagic 

flux, and mRNA expressions of autophagy-related genes. Pre-incubation with antioxidants 

tempol (SOD mimetic) or N-acetyl cysteine (NAC) significantly attenuates rates of proteolysis 

and LC3B flux and blocks increases in acute and nutrient deprivation-, rapamycin treatment- and 

leucine deprivation-triggered autophagy. Similar results were obtained with mitochondira- 

specific antioxidants mito-tempol and SS31. MitoSOX
TM

 Red fluorescence measurements 

confirm that mitochondrial ROS levels increase substantially in response to acute nutrient 

deprivation and rapamycin treatment and that tempol and mito-tempol attenuates this response. 

Antioxidants decrease AMPK phosphorylation by 40% and significantly augment AKT 

phosphorylation, but exert no effects on mTORC1-dependant ULK1 phosphorylation on Ser
555

. 

Treatment of mice with NAC significantly attenuated basal LC3B autophagic flux in the 

diaphragm, confirming that endogenous ROS promotes in vivo muscle autophagy.  
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We report for the first time that mitochondrial-derived ROS promote skeletal muscle 

autophagy and that this effect is mediated in part through AKT inhibition and autophagy 

initiation via AMPK activation.  
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RÉSUMÉ 

Les muscles squelettiques constituent environ 50% de la masse du corps humain et représente un 

organe essentiel permettant la locomotion et le contrôle métabolique. L'autophagie, un processus 

catabolique lysosome-dépendant, est impliquée dans la dégradation des protéines et des organites 

à long terme. Elle représente un processus important pour le maintien de l'homéostasie du 

muscle. Par ailleurs, il a été montré que les radicaux libres (ROS) principalement générés par les 

mitochondries, induisent l'autophagie dans de nombreux types cellulaires. Dans cette étude, nous 

voulons évaluer des radicaux libres mitochondriaux (ROS) à un niveau physiologique sur 

l'autophagie dans le muscle squelettique 

Dans les myotubes différenciés C2C12, le niveau basal de l’autophagie et son activation 

(déclenchées par 1,5 à 4 h de carence aigüe en nutriments, par l'inhibition de mTORC1, ou 

encore par la privation en leucine) ont été quantifiés à l'aide d'un test de longue durée de 

dégradation des protéines (indice de protéolyse), par le flux d’autophagie LC3B, ou par les 

l'ARNm des gènes liés à l'autophagie. La pré-incubation avec des antioxydants de type tempol 

(SOD mimétique) ou N-acétylcystéine (NAC) atténue considérablement les niveaux de 

protéolyse, de flux de LC3B et bloque l’activation de l’autophagie  secondaire à la carence en 

nutriments –traitement par rapamycine- ou la carence en leucine. Des résultats similaires ont été 

obtenus avec es antioxydants spécifiques de la mitochondrie mito-tempol et SS31. Des mesures 

de fluorescence rouge MitoSOX
TM

 confirment que le niveau de radicaux libres mitochondriaux 

augmentent considérablement en réponse à une carence en nutriments aiguë ou au traitement par 

rapamycine et que le tempol et mito-tempol atténue cette réponse. Les antioxydants entraîne une 

diminution de 40% de la phosphorylation de l’AMPK et augmente significativement la 

phosphorylation de l’AKT, mais sans exercer aucun effet sur mTORC1 qui est dépendant de la 
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phosphorylation sur Ser555 ULK1. Le traitement des souris avec NAC atténue significativement 

le flux autophagique basal de LC3B dans le diaphragme, ce qui confirme que les ROS endogènes 

favorise l'autophagie musculaire in vivo. 

Nous rapportons pour la première fois que les ROS mitochondriaux sont responsable de 

l’activation de l’autophagie dans le muscle squelettique et que cet effet est médié en partie par 

l'inhibition de AKT et de l'initiation de l'autophagie par activation de l'AMPK. 
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SECTION 1: INTRODUCTION 

 Skeletal muscles comprise of 50% of the human body mass and are critical organs for 

enabling locomotion and exerting metabolic control. In order to allow movement, highly 

structured muscle cells undergo contractions at regular intervals that require energy in the form 

of ATP to be produced in the mitochondria (175). This process, among other things, leads to the 

production of Reactive Oxygen Species (ROS). In muscles, relatively low physiological levels of 

ROS play important roles as signalling molecules in a wide range of physiological and 

pathophysiological responses (125). However, production of excessive amount of ROS in 

muscles can be exacerbated as a consequence of certain physiological stresses such as starvation, 

hypoxia, disuse and denervation leading to a condition known as oxidative stress. Oxidative 

stress has deleterious effects on many cellular components and can mechanically and 

metabolically damage muscle proteins and organelles (4; 27; 60). Therefore, muscle cells require 

an efficient system for removing and eliminating unfolded and toxic proteins as well as abnormal 

and dysfunctional organelles. The autophagy-lysosomal pathway serves this purpose in muscles 

by generating double-membrane vesicles that engulf portion of cytoplasm, organelles, glycogen, 

protein aggregates which are then fused with lysosomes for degradation (141). Proper regulation 

of the autophagic flux is fundamental for the homeostasis of skeletal muscles during 

physiological situations and in response to stress because defective or excessive autophagy is 

harmful for muscle health and has a pathogenic role in several forms of muscle disease (142).  

However, the role of physiological levels of mitochondrial derived ROS in inducing autophagy 

in skeletal muscles has not been properly elucidated. This thesis aims to investigate the effects of 

physiological levels of ROS on skeletal muscle autophagy using in vitro and in vivo models.  
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SECTION 2: LITERATURE REVIEW 

2.1.1 Organization of Skeletal Muscles  

 Muscles are one of the most abundant soft tissues that are evolutionarily conserved across 

the animal kingdom (107). They are comprised of contractile proteins that slide past one another 

producing a contraction that changes both the length and shape of the cell.  This produces the 

force that enables motion.  Internally, this allows the flow of substance as well as movement of 

organs and externally, organisms can perform locomotion. In mammals, muscles are of 3 types. 

Firstly, smooth muscles are involuntary non-striated muscles lining blood vessels and alimentary 

canal regulating the passage of substances such as blood in the lumen of the space they occupy. 

Secondly, cardiac muscles are involuntary striated muscles forming the foundation of the heart 

and specifically the myocardium (62). Coordinated contractions and relaxations of cardiac 

muscles helps propel blood through the circulatory system of the body.   

 Skeletal muscles are the third type of muscles found in mammals and are the principle 

agents of locomotion for mammalian organisms. Skeletal muscles are attached to bones via 

tendons and upon contraction, enable gross movement. Individual progenitor muscle cells fuse 

and form long cylindrical multinucleated cells called myofibers. The cytosol of myofibers is 

highly organized, with contractile proteins assembled into repetitive structures called sarcomeres. 

Within each sarcomere are the myofibrillar proteins myosin (thick filament) and actin (thin 

filament). Interaction between these two myofibrillar proteins allows muscles to contract.  

Precise and coordinated movements are performed by these skeletal muscles due to this 

structural organization (141).  
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The nuclei are located at the edge of the myofibers, whereas the various organelles such 

as mitochondria and sarcoplasmic reticulum are embedded among the myofibrils. A proper 

organization and function of mitochondria and sarcoplasmic reticulum is fundamental for 

adequate supply of energy in the form of ATP and a correct release of calcium required for 

muscular contraction (65).  

In the presence of ATP, the myosin head binds to actin and pulls the thin filament along 

the thick filament, allowing the sarcomere to shorten. As long as calcium ions (Ca
2+

) and ATP 

are present, the myosin heads will attach to the actin molecule, pull the actin, release, and 

reattach. This process is known as cross-bridge cycling (175). The speed at which cross-bridge 

cycling can occur is limited predominantly by the rate that the ATPase of the myosin head can 

hydrolyze ATP. 

Skeletal muscles are categorized based on the rate of myosin ATPase activity and the 

degree of oxidative phosphorylation these fibers undergo. Type I fibers are slow oxidative fibers 

and appear red. These fibers have many mitochondria, blood vessels and hydrolyze ATP at a 

slow rate. They are resistant to fatigue and are found in postural muscles (151). Type IIa fibers 

are fast oxidative fibers and have many mitochondria as well as the ability to hydrolyze ATP at a 

rapid rate. These fibers are resistant to fatigue, but not as much as the slow oxidative fibers. Type 

IIx fibers are fast glycolytic with few mitochondria, but with an ability to hydrolyze ATP 

extremely quickly. Type IIb fibers that are absent in humans but present in rodents are even more 

glycolytic in nature with a very high ATP hydrolysis rate. Mammalian skeletal muscles are 

heterogeneous in nature, with individual muscles being a mixture of these 3 types of muscle 

fibers and their proportions varying depending on the mammalian species in question as well as 

the position and function of the particular skeletal muscle (149).  
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2.1.2 Skeletal Muscle Atrophy  

 Muscle atrophy involves the shrinkage of myofibers due to a net loss of proteins, 

organelles and cytoplasm. Skeletal muscles comprise of approximately 50% of the human body 

mass and serve as the major reservoir of proteins in the body. Muscle proteins can be mobilized 

into free amino acids under disuse conditions (e.g. immobilization), in starvation and in many 

pathogenic states such as diabetes, cancer cachexia, sepsis, AIDS, burn injury, renal failure, 

trauma etc. This adaptation is highly beneficial under transient condition whereby free amino 

acids are made available for protein synthesis in obligatory-working organs like heart, lungs and 

the brain. However, sustained catabolic conditions leads to muscle wasting and can be extremely 

detrimental, especially when ventilatory muscles undergo atrophy (32). Moreover, muscle 

wasting is negatively associated with the ability of the individual to recover from stress or 

pathologies (33).  

 Skeletal muscle atrophy is mainly regulated by three distinct pathways; the calpain 

system which is comprised of Ca2+-sensitive proteases responsible for degradation of 

myofilaments into smaller peptides; the ubiquitin-proteasomal system which degrades 

myfilament peptides into individual amino acids; and the autophagy-lysosomal pathway (ALP) 

which is responsible for removal of long-lived cytoplasmic proteins and organelles such as 

mitochondria.  

The calpain system cleaves the enormous myofibrillar proteins into smaller peptides. It 

comprises of a family Ca
2+ 

dependant cysteine proteases that can modulate their substrates 

structure and function through limited proteolytic activity. The first tissue specific calpain 

subsequently called CAPN3 (p94) was discovered in skeletal muscles (159). It is responsible for 
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cleaving the connectin/titin protein which is an elastic filamentous muscle protein of 

approximately 30,000 kDa forming an essential part of the myofibrillar structure and playing a 

critical role for muscular contraction. Moreover, calpains have been shown to induce muscle 

atrophy in response to sepsis by increased expression of calpain 1, 2 and 3 mRNA (156). More 

recently Tidball et al. showed that by overexpressing a transgene of the endogenous inhibitor of 

calpains known as calpastatin, there was a 30% attenuation of the reduction in muscle fiber 

cross-sectional area compared with wild-type littermates (165). Recent evidence supports the 

notion that although they may not be important for bulk protein degradation, calpains may 

regulate the early rate-limiting steps involved in myofibrillar protein degradation (64). Since the 

ubiquitin-proteosome system cannot readily degrade intact large myofibrils, the calpain system 

takes over for this particular purpose (158).  

 Nevertheless, the bulk proteolysis in muscles is carried out by the ubiqiutin- proteosome 

system. Degradation of proteins via this multi-step pathway requires ATP hydrolysis, the protein 

co-factor ubiquitin and the 26S proteosome. The process of substrate ubiquitination involves the 

cooperative interaction of three classes of proteins termed E1 (ubiquitin activating), E2 

(ubiquitin conjugating) and E3 (ubiquitin ligating) enzymes. The ubiquitin-activating enzyme 

(E1) utilizes ATP to create a highly reactive thiolester form of ubiquitin, and then transfers it to a 

ubiquitin-carrier protein (E2). The subsequent transfer of the activated ubiquitin to the substrate 

requires a ubiquitin-protein ligase (E3). The E3 enzyme confers specificity to the target protein. 

It binds the protein substrate and also the E2 carrying the activated ubiquitin, and transfers the 

activated ubiquitin from the E2 to the substrate. This is the rate-limiting step of the ubiquitination 

process.  When a chain containing four or more ubiquitin molecules has been formed on the 

protein it is then usually degraded rapidly by the proteasome to yield small peptides  The 
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targeted proteins are then digested within the central core of the 26S proteosome, which requires 

ATP for the degradation of proteins (45).  

 Only a few E3 enzymes have been found to regulate atrophy process and be 

transcriptionally induced in atrophying skeletal muscles. The first to be identified were Atrogin-

1/MAFbx and MuRF1 (15; 46). Atrogin-1/MAFbx and MuRF1 knockout mice are resistant to 

muscle atrophy induced by denervation (15). MuRF1 knockout mice are also resistant to 

dexamethasone-induced muscle atrophy while, knockdown of atrogin-1 spares muscle mass in 

fasted animals (29). Thus far, MuRF1 ubiquitinates several muscle structural proteins, including 

troponin I (71), myosin heavy chains (25), actin (124), myosin binding protein C and myosin 

light chains 1 and 2 (26). Atrogin-1 promotes degradation of MyoD, a key muscle transcription 

factor, and of eIF3-f, an important activator of protein synthesis (166). Other E3 ligases 

important for muscle atrophy that were subsequently identified are Nedd4 and Mul1. Nedd4 is a 

HECT domain ubiquitin ligase and confers partial protection from denervation induced muscle 

atrophy (115). Mul 1, a mitochondrial specific ubiquitin ligase, has been shown to be involved in 

the removal of damaged mitochondria in skeletal muscle in response to muscle-wasting stimuli 

such as fasting (95).  

 Counteracting the ubiquitination process are de-ubiquitining enzymes (DUBs) among 

which ubiquitin-specific proteases (USPs) form the largest group. Little is known about the 

contribution of deubiquitination in relation to muscle atrophy, except for the fact that two USPs 

(USP14 and USP19) have been shown to be upregulated in atrophying muscles (28).  Knock 

down of USP19 decreases protein degradation and dexamethasone induced loss of myosin heavy 

chain (162) implicating USPs could be generally important for the turnover process of making a 

pool of free ubiquitin available.  
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2.2 Autophagy 

The third mechanism of regulation in skeletal muscle atrophy is the autophagy-lysosomal 

pathway. In brief, autophagy is a ubiquitous process in eukaryotic cells that results in the 

breakdown of cytoplasm in response to stress conditions which allows the cell to adapt to 

environmental and/or developmental changes. This process involves the invagination of 

cytosolic contents such as protein aggregates, damaged organelles and nutrient reserves by 

double-membraned vesicles which are subsequently fused with acidified lysosomes. Lysosomes 

were discovered by the late Dr.Christian de Duve in 1955 (31) later in 1963 he introduced the 

term ‘autophagy’ to the scientific world. In the late 1990s, with better technologies in molecular 

biology being made available, research in the field of autophagy exploded.  

So far, 3 forms of autophagy have been identified: macroautophagy, microautophagy and 

chaperone-mediated autophagy. Macroautophagy stars with the de novo formation of cup-shaped 

isolation of double-membrane that engulfs a portion of the cytoplasm (80). Microautophagy 

involves the engulfment of cytoplasm instantly at the lysosomal membrane by invagination, 

protrusion and separation (106). Chaperone-mediated autophagy is the process of direct transport 

of unfolded proteins via the lysosomal chaperonin hsc70 and LAMP2A (10; 70).   

This process is well conserved from yeast to mammals, and many of the autophagy-

related (Atg) genes that are involved were originally identified in yeast (110). Macroautophagy, 

being the most prevalent, is the subject of this study and will be henceforth referred to as 

“autophagy”. The process of autophagy can be divided into several key stages: initiation, 

elongation, maturation and fusion with the lysosomes.  
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2.2.1 Stages of autophagy 

The initiation process involves the formation of two macromolecular complexes: a 

complex of ULK1-Atg13-FIP200 and a complex of class III PI-3 kinase (PI3KC3) with Beclin-1 

and p150.  

In the first complex, Atg13 binds ULK1 and mediates their interaction with FIP200 (44). 

Under nutrient deprivation conditions, Atg13 and ULK1/2 are dephosphorylated (153). This 

activates Ulk1 to induce autophagosome formation by phosphorylating and activating FIP200 

(58). FIP200 then translocates to the pre-autophagosomal membrane after starvation, and induces 

autophagy (67). Although this complex is essential for autophagy, the exact mechanism by 

which this complex triggers the pre-autophagosomal membrane formation is unknown.  

The formation of new autophagosomes also requires the activity of the class III 

phosphatidylinositol 3-kinase (PI3K), Vps34. Vps34 is part of the autophagy-regulating 

macromolecular complex (class III PI3K complex) consisting of Beclin 1/Atg6, Atg14/barkor, 

and p150/Vps15 (63; 74). Phosphatidylinositol-3-phosphate (PI-3-P), the product of Vps34 

activity, plays an essential role in the early stages of the autophagy pathway as evident by the  

colocalization of early autophagosome markers in PI-3-P-enriched structures that were formed 

upon starvation (5). Vps34 activity is enhanced upon its interaction with Beclin, an essential 

adaptor protein required for autophagy (42). Beclin has both autophagy promoting binding 

partners such as Ambra-1 (40), UVRAG (91) as well as autophagy inhibiting partners such as 

Bcl-2 or Bcl-XL (121) and serves as an important node for initiating autophagy.  
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 The                          

elongation process 

involves two ubiquitin 

like conjugation 

reactions (see diagram 

1).  Atg7, serving as 

an E-1 ubiquitin 

activating like enzyme 

is the common and 

essential mediator of 

these two conjugation reactions. Knock-out models of this gene exhibit complete impairment of 

autophagy (83).  The Atg7 mediated reaction results in the formation of the Atg12-

Atg5.Atg16L1 tetramer complex which dissociates upon assembly of the complete 

autophagosome (108). The other Atg7 mediated reaction results in the addition of a 

phosphatidylethanolamine (PE) moiety to LC3, GABARAP1 and GATE16 proteins. These 

proteins then persist on both the inner and outer membrane of the autophagosome until their 

fusion with lysosomes, when they are degraded. The relatively specific association of LC3-II 

with autophagosomes makes it an excellent marker for studying autophagy (81).  

Another marker used in the measurement of autophagy is the protein SQSTM1, more 

commonly known as p62 which plays a unique role in the cross-talk between the ubiquitin-

proteosomal and the autophagic pathways. p62, which itself is targeted to autophagosomes via its 

affinity for LC3, is a ubiquitin binding protein and helps some proteins and protein aggregates to 

Diagram 1: Two ubiuitin-like conjugation system 
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the autophagosome for degradation (78). Impairment of autophagy leads to accumulation of p62 

(82).   

The autophagosomes, along with their cargo, then migrate along microtubules to reach 

the lysosomes. Fusion with the lysosomes is mediated by proteins such as ESCRT, SNAREs, 

Rab7, and the class C Vps (3; 50; 136). UVRAG has been shown to be involved in the 

maturation step by recruiting fusion machinery on to the autophagosomes (92). In addition to 

fusion machinery, proper lysosomal function is also essential for fusion and degradation of 

autophagosomes to be successful. Inhibition of the lysosomal H
+
- ATPase by chemicals like 

bafilomycin A1 inhibits the fusion of autophagosomes with lysosomes (179).  

2.2.2 Autophagy and Skeletal Muscle  

 The predominant role of the ubiquitin-protesomal pathway in skeletal muscle atrophy 

was challenged by studies showing increased expression of the cathepsin lysosomal proteases in 

atrophying muscles from a variety of models of muscle wasting (35; 41; 163). In 2004, 

Mizushima et al. observed that a large number of GFP-positive vesicles in muscles of transgenic 

mice expressing GFP-LC3 in response to fasting, suggesting an increase in autophagy. 

Moreover, skeletal muscles were one of the tissues with the highest rate of autophagosome 

formation (109).  

 Importance of autophagy in skeletal muscle homeostasis was further established by using 

murine knock-out models of a few essential components of the autophagic machinery. Sandri et 

al. showed that Atg7-null mice are affected by muscle weakness and atrophy, and they display 

several signs of myopathy. Ablation of Atg7, the unique E1 enzyme of the autophagic 

machinery, causes disorganized sarcomeres and activation of the unfolded protein response, 
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which in turn triggers myofiber degeneration; this phenotype is associated with complete 

inhibition of autophagosome formation, leading to abnormal mitochondria, oxidative stress and 

accumulation of polyubiquitylated proteins (100). The same group showed that suppression of 

autophagy exacerbates fasting and denervation-induced atrophy in Atg7-null mice (101). A 

similar phenotype was observed in mice with muscle-specific ablation of Atg5, another crucial 

component of the autophagy machinery (127). Another recent mouse study revealed that 

nutrient-deprivation autophagy factor-1 (Naf-1), a Bcl-2-associated autophagy regulator, is 

required for the homeostatic maintenance of skeletal muscle. Naf1-null mice display muscle 

weakness and markedly decreased strength, accompanied by increased autophagy, dysregulation 

of calcium homeostasis and enlarged mitochondria (22). 

 The crucial role of the autophagy-lysosome system in skeletal muscles is confirmed by 

the fact that alterations to this process contribute to the pathogenesis of several genetic muscle 

diseases. Autophagy has been shown to play a protective role against muscle weakness and 

wasting in Bethlem myopathy and Ullrich congenital muscular dystrophy, which are two 

inherited muscle disorders associated with collagen VI deficiency (11; 48). In certain other 

muscular dystrophies, such as merosin-deficient congenital muscular dystrophy type 1A 

(MDC1A) in which mice lack an extracellular matrix protein laminin-2, there is a general 

upregulation of autophagy-related genes and pharmacological inhibition of autophagy 

significantly improves their dystrophic phenotype (21). Accumulation of autophagosomes, as a 

result of mutations in genes coding for lysosomal dysfunction leads to a group of muscle 

disorders which include Pompe disease, Danon disease and X-linked myopathy with excessive 

autophagy (XMEA) (97; 128). Moreover, autophagy has been found to be modulated in skeletal 

muscles by a plethora of stimulus such as cancer (122), ageing (174; 177), fasting (98), caloric 
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restriction (48; 177),  sepsis (111), critically ill (34), cirrhosis (126), chemotherapy (157), disuse 

(17) and denervation (119). Together, the above findings in normal and diseased muscle clearly 

indicate that a proper balance of the autophagic flux is essential for maintaining healthy skeletal 

muscle, and that unbalanced autophagy is a main pathogenic mechanism in many muscle 

diseases.  

2.2.3 Regulation of autophagy in Skeletal Muscles   

Inhibitors and activators of the autophagic process determine the amount of newly 

formed autophagosomes and the maturation and fusion of these autophagosomes with lysosomes 

thus ensuring that this process is under stringent regulation. Unlike other tissues, in response to 

different autophagy inducing stimuli, skeletal muscles produce autophagosomes at a sustained 

rate lasting a number of days (109). Thus, regulation is required at the transcriptional level to 

replenish LC3, GABARAP and other proteins which are degraded during the fusion process.  

In skeletal muscles, this transcriptional regulation is mediated by Forkhead box O (Foxo) 

class of transcription factors, a subfamily of the large group of forkhead transcription factors.  

Mammalian cells contain three members of this family, FoxO1 (FKHR), FoxO3 (FKHRL1), and 

FoxO4 (AFX) (167). AKT, a component of the IGF-1/PI3K/AKT pathway that promotes cell 

survival and muscle hypertrophy, blocks the function of all three by phosphorylation of three 

conserved residues, leading to their sequestration in the cytoplasm away from target genes (18).  

When activated, FoxOs can induce the expression of genes involved in autophagy as well 

as ubiquitin-proteosomal pathway. FoxO3 have been implicated  heavily in inducing muscle 

atrophy by promoting the expression of atrogenes like atrogin-1 and MuRF-1 and a number of 

autophagy-related genes including LC3, GABARAPl 1, Bnip3,Vps34, Ulk1, Atg12, and Atg4B 
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in mouse muscle in response to fasting and denervation (98; 185). Expression of constitutively 

active FoxO3 induces autophagy in skeletal muscle (98), and FoxO3 binds directly to the 

promoter region of the LC3 gene in muscle from fasted mice (98). FoxO1 transgenic mice show 

markedly reduced muscle mass and fiber atrophy, further supporting the notion that FoxO 

proteins are sufficient to promote muscle loss (69; 160). In contrast, FoxO knockdown by RNAi 

can block the upregulation of atrogin-1 expression during atrophy and muscle loss (94; 143). The 

protein Bnip3 has been shown to interact with LC3 and selectively remove Endoplasmic 

Reticulum and mitochondria via autophagy, a process known as mitophagy (57; 184). Bnip3 is 

thought to play a major role in mediating the effect of FoxO3 on autophagy, as Bnip3 

knockdown can markedly reduce the induction of autophagy caused by expression of 

constitutively active FoxO3 in mouse skeletal muscle (98). 

Another important activator of autophagy in skeletal muscles is the energy sensor protein 

AMPK. It is a serine threonine kinase that is activated by cellular energy level. When cellular 

energy levels are low, AMPK promotes ATP production by switching off ATP-consuming 

process such as protein synthesis and switching on catabolic pathways such as muscle 

proteolysis and autophagy (139). AMPK activation has been shown to activate FoxO 

transcription factors (118). In C2C12 myotubes, which is an in vitro murine model for skeletal 

muscle, AMPK activation by the pharmalogical compound AICAR causes activation and 

accumulation of FoxO3 in the nucleus (140). Under nutrient deprivation, AMPK activation and 

mTORC1 inhibition trigger ULK1 complex to associate with AMPK and to dissociate from 

mTORC1. These changes lead to overall reductions in ULK1 phosphorylation followed by 

ULK1 kinase activation and initiation of autophagy (38).  
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Counteracting the effects of autophagy activators are autophagy suppressors. Few 

autophagy suppressors have been reported, the first of which was Runx1. In response to 

denervation, Runx1 is upregulated and its inactivation results in excessive autophagy during 

denervation which leads to severe atrophy (172). Another negative regulator of autophagy in 

muscle cells is the phosphatase Jumpy. Jumpy blocks autophagosome formation by reducing the 

levels of PI3P and therefore counteracting the action of the class III PI3 kinase,VPS34(170).  

The mTOR and the PI3K/AKT pathways serve as other negative regulators of the 

autophagic process. mTOR (mammalian target of rapamycin) is an important signalling molecule 

that regulates diverse cellular functions such as initiation of mRNA translation, cell growth and 

proliferation, ribosome biogenesis, transcription, cytoskeletal reorganization, long-term 

potentiation and autophagy (144). mTOR is a negative regulator of autophagy (88). mTOR 

pathway has two components, the rapamycin-sensitive mTOR complex 1 (mTORC1) which 

regulates autophagy and consist mTOR catalytic subunit, raptor (regulatory associated protein of 

mTOR, GβL (G protein β-subunit-like protein) and PRAS40 (proline-rich Akt substrate of 

40KDa) (88) and the mTOR complex 2 (mTORC2) consisting of mTOR, rictor (rapamycin 

insensitive companion of mTOR), GβL, SIN1 (SAPK interacting protein 1) and PROTOR 

(protein observed with rictor) that is not a direct autophagy regulator (180). mTORC1 is 

inhibited under conditions of nutrient, specifically amino acid deprivation (75) thereby 

downregulating protein synthesis pathways and activating autophagy (105). Phamracologically 

inhibiting mTOR with rapamycing also triggers autophagy (155).  The focal point of mTOR 

mediated regulation of autophagy is the ULK-1/Atg-13/FIP200 initiator complex of autophagy. 

Under nutrient-rich conditions, mTORC1 suppresses autophagy through direct interaction with 

this complex and mediates phosphorylation-dependant inhibition of the kinase activities of 
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Atg13 and ULK-1(77). When mTORC1 is inhibited either by amino acid deprivation or 

rapamycin treatment, mTORC1 dissociates from this complex, thus leading to a 

dephosphorylation dependant activation of ULK-1 and ULK-1 mediated phosphorylations of 

Atg13, FIP200 and ULK-1 itself (61; 153). In skeletal muscles, mTOR is essential for muscle 

hypertrophy, since treatment with rapamycin completely blocks the muscle growth of adult or 

regenerating myofibers (16; 120). However, the role of mTOR in autophagy regulation appears 

to be much less important as rapamycin-mediated mTOR inhibition only increases protein 

breakdown by as little as 10% in cultured myotubes and even in vivo inhibition using rapamycin 

or RNAi mediated deletion of mTOR is not sufficient to induce atrophy and autophagosome 

formation (98; 185). In fact, deletion of mTOR gene specifically in skeletal muscles leads to 

muscular dystrophy rather than atrophy (133).  

The PI3K/AKT pathway is another negative regulator of autophagy in skeletal muscles 

(141). It must be noted that the Class I PI3Kinase and Class III PI3K exert opposite effects on 

autophagy (123).  The binding of growth factors or insulin to cell surface receptors activates the 

Class Ia PI3K.  Activated Class Ia PI3 Kinase then converts the plasma membrane lipid 

phosphatidylinositol-3,4,5-bisphosphate (PIP2) to phosphatidylinositol-3,4,5-trisphosphate 

(PIP3), which in turn recruits phosphoinositide-dependant kinase 1 (PDK1) and Akt/PKB to the 

plasma membrane (20). Akt is activated by its phosphorylation on two sites: the mTORC2 

mediated phosphorylation on Ser-473 (145) and the phosphorylation by PDK1 on the activation 

loop of Akt on Thr-308.  

Activated Akt feeds forward and activates mTORC1. Activation of Akt results in the 

phosphorylation of proteins in the tuberous sclerosis complex (TSC). This has an inhibitory 

affect on TSC. The TSC proteins include a GTPase-activating protein (GAP) which inactivates 
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Rheb. Rheb is a potent activator of mTORC1 (84; 99). Thus Akt can sustain mTORC1 

activation.  

However, to keep the system in check, mTORC1 plays a negative feedback regulation on 

the PI3K-Akt pathway. It was observed that upon rapamycin treatment, mTOR and its 

downstream mediator p70S6K is inhibited. This relieves the inhibitory effect of p70S6K 

phosphorylation on insulin receptor substrate -1 (IRS-1). IRS-1 is a key adaptor protein in 

mediating insulin and insulin-like growth factor-1 (IGF-1) signaling and downstream PI3K/Akt 

activation (154). This complex series of regulatory mechanisms have had implications in a wide 

range of biological processes such as cell survival, tumourigenesis, cell growth etc. However, 

their importance in autophagy requires further clarification.  

Recent evidence has shown that PI3K/Akt pathway is perhaps the most powerful 

regulator of autophagy in skeletal muscles. Acute activation of Akt in adult mice or in muscle 

cell cultures completely inhibits autophagosome formation and lysosomal-dependent protein 

degradation during fasting (98; 185; 186). Akt inhibition also causes a 50% increase in protein 

degradation (185).  AKT inhibits autophagy through several mechanisms. First, AKT 

phosphorylates and inhibits tuberous sclerosis complex-2, thereby activating the mTORC1 

complex and inhibiting ULK1 kinase activity (99). Second, AKT inhibits autophagy through 

inactivation of FOXO transcription factors, which as described previously, play critical roles in 

maintaining autophagy by regulating transcription of several short-lived proteins that are 

consumed during autophagosome-lysosome fusion, including LC3B, GABARAPL1, and BNIP3. 

Lastly, AKT also inhibits autophagy by phosphorylating beclin and enhancing beclin interactions 

with 14-3-3 protein and vimentin, a type III intermediate filament protein, thereby limiting 
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Beclin availability for the formation of the Beclin complex, which is necessary for 

autophagosome formation (171).  

 

2.3 Reactive Oxygen Species 

Reactive oxygen species are formed inside cells due to incomplete reduction of oxygen 

(8). ROS are derived mainly from mitochondrial oxidative phosphorylation, however, other 

sources including NADPH oxidase, xanthine oxidase, glucose oxidase and other oxidoreductases 

may contribute to cellular ROS production (129). Generation of ATP in the mitochondria 

requires the transport of protons across the inner mitochondrial membrane by means of an 

electron transport chain. In the electron transport chain, electrons are passed through a series of 

macromolecular complex of proteins via a succession of oxidation-reduction reaction. The last 

destination for the electron along this chain is an oxygen molecule, which gets reduced to water 

(8). However, a certain percentage of electrons (around 0.15% by recent estimates (161)) is 

instead prematurely and incompletely reduced, giving rise to the superoxide radical (·O2
- 
). This 

is a highly reactive species and along with the secondary reactive oxygen species it generates 

such as perhydroxyl radical and peroxynitrite, causes damage to proteins, lipids and DNA 

directly (176). The superoxide anion is however, quite unstable and undergoes either 

sponstaneous or enzymatic dismutation to generate hydrogen peroxide (51). These dismutation 

reactions are carried out by Manganese Superoxide Dismutase (MnSOD) enzyme in the 

mitochdondria and Copper or Zinc Superoxide Dismutase (CuZnSOD) enzyme in the cytoplasm 

(19).  
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Hydrogen peroxide (H2O2) is a nonradical and serves as a weak oxidant with a relatively 

long half-life allowing its diffusion within cells and across membranes (52) and reacts with many 

different cellular molecules and activates a wide number of signalling pathways. Moreover, H2O2 

sometimes undergoes Fenton chemistry in the presence of free iron or other transition metal ions 

which can give rise to a highly reactive hydroxyl radical (169). This entity reacts immediately 

with any surrounding biomolecules, exerting most of the deleterious effects associated with 

oxidative stress. To protect the cells from such oxidative damage, cells have developed a 

network of effective antioxidant mechanisms. Catalase and glutathione peroxidase enzymes 

break down H2O2 into water. Soluble antioxidants such as glutathione molecule act as a substrate 

for the enzyme action that breaks down hydrogen peroxide into water (47). Peroxiredoxins (Prxs) 

are another class of antioxidants which use a conserved Cys residue to reduce peroxides (54).   

However, recent evidence has shown ROS to be involved in cellular signalling. Although 

their reactive nature might seem to make them indiscriminate towards their targets, ROS operates 

in signalling through chemical reactions with specific atoms of target proteins that lead to 

covalent protein modifications (117). The oxidative interface consists mainly of the redox 

regulation of redox-reactive cysteine (Cys) residues on proteins by ROS (66). Oxidation of these 

residues leads to the formation of disulphide bonds with nearby cysteines. These oxidative 

modifications result in changes in structure and/or function of the protein, which are then 

reversed by the action of antioxidants.  

There are many mechanisms by which ROS directly interacts with critical signalling 

molecules to regulate in a broad variety of cellular processes. ROS has been shown to play an 

important role in controlling the activities of many kinases. The nutrient sensitive Raptor-mTOR 

pathway is activated by presence of oxidizing agents (146). Other kinases influenced by ROS 
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include MAP kinases such as p38 (68; 134), c-Jun N-terminal kinase (JNK) (103) and 

extracellular signal-regulated kinase 1/2 (ERK 1/2)  (30) all of which regulate cell survival and 

proliferation.. Moreover, many phosphotyrosine phosphatases (PTPs) are regulated by ROS, of 

which PTEN, the phosphatase responsible for inactivating the PI3K-AKT pathway is of 

particular importance (85; 152). ROS has been shown to oxidise and inactivate PTEN, thus 

promoting Akt activation (87).   Additionally, ROS plays important roles in other processes such 

as ROS homeostasis and antioxidant gene regulation such as thioredoxin, peroxiredoxin, Ref-1 

(72; 178) and Nrf-2(13); mitochondrial oxidative stress, apoptosis, aging (7); iron homeostasis 

through iron–sulfur cluster proteins (IRE–IRP) (96) and ATM-regulated DNA damage response 

(49) among others. 

Depending on its efficacy, the antioxidant cellular network plays a primary role in 

maintaining ROS below a physiologically compatible threshold level, thus allowing ROS to 

serve, theoretically, as signaling molecules and avoiding them to exert direct toxic effects. 

However, production of excessive amount of ROS can be exacerbated as a consequence of 

certain physiological stresses such as starvation, hypoxia, disuse and denervation leading to a 

condition known as oxidative stress (1).   

2.3.1 Reactive Oxygen Species and autophagy 

 Autophagy is also modulated by ROS (147; 168). Conditions that lead to oxidative stress 

such as starvation, hypoxia, growth factor deprivation or cytokine expression also lead to 

autophagy in many different types of cells (23; 36; 79; 183). Relatively high levels of ROS can 

indirectly induce autophagy by causing endoplasmic reticulum (ER) stress (102), by altering 

mitochondrial membrane potential (24) , or by recruitment of pro-autophagy proteins such as 
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BNIP3 and PARKIN (147).  Scherz-Shouval et al. showed that ROS regulates autophagy by 

modulation of the action of Atg4 on LC3 (168). As was previously described, lipidation of LC3 

is a crucial step in autophagy induction. Atg4 is a cysteine protease which delipidates LC3-II on 

the cytosolic surface of autolysomes, thus allowing it to be recycled (182). Under oxidative 

conditions, Atg4 is oxidised and inactivated, thus allows LC3 to remain lipidated and induce 

autophagy.     

To answer the question of which particular ROS entity is responsible for triggering 

atuophagy, Chen et al. conducted a study in which specific inhibitors for ·O2
- 
 and H2O2 were 

used in order to elucidate their respective roles in starvation induced autophagy. Consequently, it 

was shown that the ·O2
- 
radical was the major ROS regulating autophagy (23)  

In another study, Underwood et al. reported that many autophagy inducing stimuli result 

in the production of ROS and both basal and stimulated autophagy can be blocked by using the 

exogenous antioxidants N-acetyl cysteine, Vitamin E as well as by overexpressing SOD (89) in a 

neurodegeneration model. This is associated with an impaired clearance of the aggregate-prone 

proteins associated with neurodegenerative disorders, underlining the important role of played by 

autophagy in the elimination of such damaging entities.  

2.3.2 Mitochondria, ROS and autophagy.  

 Mitochondria are essential organelles for eukaryotic cells, providing the main site of 

energy production. Having its own genome, the mitochondria are also an important site for the 

production of important proteins. The autophagic process has important implications for the 

mitochondria. The autophagic process is required for the proper recycling of damaged 

mitochondria. This selective and specific elimination of mitochondria by autophagy is called 
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mitophagy (181). Parkin, an E3 ubiquitin ligase linked to most recessively inherited familial 

juvenile Parkinson's diseases is selectively recruited to impaired mitochondria where it promotes 

their mitophagy (116). This process is particularly important for erythrocyte maturation, where 

mitochondrial clearance is essential for their proper functioning (150).  Moreover, mitochondria 

itself might regulate autophagy as recently it was shown that mitochondria might provide the 

membrane source needed for the formation of autophagosomes (53).  

Nevertheless, the principle mechanism by which mitochondria influences autophagy is 

through ROS production. Mitochondria are the primary source of cellular ROS, which under 

conditions of oxidative stress might be hazardous to their own lipids, proteins and DNA leading 

to mitochondrial dysfunction (55). Moreover, under starvation conditions, mitochondria lose 

their membrane potential, release ROS and undergo mitophagy (76).  

Many groups have demonstrated that ROS produced by mitochondria are essential for 

stress-induced autophagy (6; 24; 148). Moreover, recently it was reported that ·O2
- 

produced 

specifically from the mitochondria induces autophagy by activation of AMPK, a pro-autophagy 

regulator (90). These studies show that mitochondrial ROS may affect the cellular signalling 

involved in regulating autophagy. However, the effect of ROS on other signalling molecules and 

regulators involved in autophagy has not been properly elucidated. Moreover, how physiological 

ROS produced by the mitochondria regulates of basal autophagy has not been investigated.  

2.3.3 Reactive Oxygen Species and skeletal muscles 

  In skeletal muscles this phenomenon is quite evident where ROS is produced at 

relatively low rates in normal resting muscle fibers and exert positive influences on muscle 

contractility (130-132). This is due to the low level of ROS that activate specific key signalling 
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molecules such as PGC-1α, AMPK and MAPK which control cellular mechanisms for muscle 

adaptation including oxidative metabolism, mitochondrial biogenesis and mitochondrial 

functionality (8). Moreover, low levels of ROS play an important role in inducing upregulation 

of growth factors such as IGF-1 which leads to muscle hypertrophy (56). However, under 

pathological conditions, where aberrant increases in ROS production and/or decreases in 

antioxidants occur, ROS accumulate to produce oxidative stress. Oxidative stress is considered to 

be deleterious to skeletal muscle tissue since it was shown to play a pathogenic role in numerous 

inherited muscular dystrophies (114) and was identified as one of the causative agents in various 

muscle diseases (164). High levels of ROS alters skeletal muscle by inducing mitochondrial 

dysfunction (14), modifying critical proteins involved in myofilament contraction (9), and by 

enhancing muscle protein degradation (9; 104). 

2.4 ROS, Autophagy and Skeletal Muscle 

 Regulation of autophagy in skeletal muscles by ROS is still vastly unexplored. 

Dobrowolny et al. reported that in a transgenic mouse model expressing a mutant version of 

superoxide dismutase 1 (SOD1) triggers significant induction of autophagy (37). These 

transgenic mice develop progressive muscle atrophy which is associated with reduction in 

muscle strength, alterations in contractile apparatus and mitochondrial dysfunction as a 

consequence of oxidative stress. Recently, Mofarrahi et al reported augmented levels of 

autophagy in skeletal muscles of mice infected with bacterial lipopolysaccharide (LPS) as shown 

by the augmented lipidation of LC3-II as well as increased expression of autophagy-related 

proteins including BECLIN1,p62, PI3KC3, ATG5 and ATG12 (111). Skeletal muscles of these 

mice undergo severe sepsis induced atrophy. Moreover, LPS mediated sepsis induces 
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morphological and functional abnormalities in mitochondria and leads to exacerbated ROS 

production, oxidative stress and inhibition of mitochondrial biogenesis.  

 Although these results confirm that relatively high levels of ROS have a stimulatory 

effect on autophagy in skeletal muscles - they do not, however, provide any information as to 

whether normal physiological levels of ROS produced by muscle cells influence autophagy. 

Specifically, the source of ROS generation that triggers autophagy as well as the exact 

mechanism by which ROS and antioxidants can influence the complex regulatory signalling 

network governing autophagy needs further clarification.  
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2.5 Aims of the Study 

We hypothesize those physiological levels of mitochondrial ROS production in skeletal muscles 

play an important functioning role in promoting basal autophagy and that enhanced 

mitochondrial ROS levels, released in response to acute starvation or amino acid deprivation 

induce further autophagy under these conditions. We also hypothesize that physiological levels 

of mitochondrial ROS production promote skeletal muscle autophagy in part by altering he 

balance between activities of mTORC1and AMPK and their effects on ULK-1 phosphorylation, 

and in part by selective inhibition of the AKT pathway.  
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SECTION 3 – MATERIALS AND METHODS  

3.1 MATERIALS  

C2C12 myoblasts were obtained from the American Type Culture Collection, (ATCC, Manassas, 

VA). Dulbecco’s Modified Eagle Medium (DMEM), Earle's Balanced Salt Solution (EBSS), 

Hank’s Balanced Salt Solution (HBSS), fetal bovine serum (FBS), horse serum (HS), the 

antibiotic gentamicin, MitoSOX
™

 Red reagent, and a Superscript


 IIH Reverse Transcriptase Kit 

were all obtained from Invitrogen Canada, Inc. (Burlington, ON). The antioxidants tempol (4-

Hydroxy-2,2,6,6-tetramethylpiperidinyloxy,) and mito-tempol ((2-(2,2,6,6-tetramethylpiperidin-

1-oxyl-4-ylamino)-2-oxoethyl)triphenylphosphonium chloride monohydrate) were obtained from 

Enzo LifeSciences (Brockville, ON).  NAC was obtained from Alfa Aesar (Ward Hill, 

MA). The peptides SS31 and SS20 were generously provided by Dr. P. Schiller (Université de 

Montréal, Montréal). Triciribine hydrate (AKTi), Baf A1, antimycin A and a GenElute
™

 

Mammalian Total RNA Kit were all obtained from Sigma-Aldrich (Oakville, ON). Antibodies 

for LC3B, phospho-FOXO3A (Ser
253

), FOXO3A, phospho-AKT (Ser
473

), AKT, phospho-AKT 

substrate, phospho-AMPK (Thr
172

), AMPK, phospho-RPS6KB1 (Thr
389

), RPS6KB1, 

phospho-ULK1 (Ser
555

), and ULK1 were obtained from Cell Signaling Technology, Inc. 

(Danvers, MA). Antibody for SQSTM1 (p62) was obtained from Abnova, Inc. (Walnut, CA). 

Antibodies for -TUBULIN and -ACTIN were obtained from Sigma-Aldrich. SuperSignal
™

 

West Pico Chemiluminescent Substrate (ECL) was obtained from Thermo Fisher Scientific 

(Rockford, IL).  

3.2 METHODS 

3.2.1 Cell culture: Murine C2C12 myoblasts were cultured in growth medium (DMEM 

supplemented with 10% FBS) at 37
o
C and 5% CO2. Cells were seeded at 1.5 x 10

5
, 8 x 10

4
, and 
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1 x 10
4 

on 6-well (34.8mm well diameter), 12-well (22.1mm well diameter) and 96-well 

(4.26mm well diameter) plates, respectively. Prior to experimental treatment, myoblast 

differentiation was induced at 80% confluency by incubating cells for 5 days in differentiation 

medium (DM) (DMEM supplemented with 2% heat-inactivated HS) to form myotubes. 

3.2.2 Induction of autophagy: Acute nutrient deprivation was accomplished by replacing DM 

with an EBSS solution containing glucose, antibiotics, and electrolytes. mTORC1 inhibition was 

accomplished with 200 ng/ml of rapamycin. Leucine deprivation (Leu(-)) was accomplished by 

incubating cells with DMEM-LM medium lacking the essential amino acid leucine. For protein 

and RNA measurements, stimuli were maintained for 1.5 hr. For proteolysis rate measurements, 

stimuli were maintained for 4 hr (minimum period required to accurately measure proteolysis 

using [
3
H] tyrosine release assay).  

3.2.3 Antioxidant treatment: In cultured myotubes, tempol was used at 10 mM, NAC at 20 

mM, mito-tempol at 500 M, SS31 and SS20 peptide at 1 M. Phosphate buffered saline (PBS) 

was used as vehicle (control) in all protocols except those involving mito-tempol, where 

dimethyl sulfoxide (DMSO, 0.02%) was used. 

3.2.4 Rate of proteolysis: Long-lived protein degradation pulse-chase assays were performed as 

previously described \(98). To label cell proteins, C2C12 myotubes were incubated for 24 hr in 

pulse medium containing [
3H] tyrosine (4 μCi/ml). Pulse medium was replaced with chase 

medium containing 2 mM unlabeled tyrosine (with or without antioxidant to prevent re-

incorporation of [
3
H] tyrosine and incubated for 2 hr. Fresh chase medium (with or without 

EBSS, rapamycin, or leucine deprivation) was added. For the basal rate of proteolysis, 200 l 

aliquots were collected at 4 hr intervals for up to 16 hr. For EBSS, rapamycin, and leucine 
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deprivation, aliquots were collected at hourly intervals for up to a maximum of 4 hr since after 

that time treatments exert a deleterious effect on cell survival due to the development of severe 

oxidative stress. Aliquots were combined with 10% TCA to precipitate proteins. Preparations 

were then centrifuged at 14,000 G for 10 min. Supernatants were collected and radioactivity was 

measured by liquid scintillation counting. To determine overall radioactivity in cell proteins at 

end of treatment, cells were solubilized with 2 ml of NaOH (1 N) and radioactivity was 

measured as above. Acid-soluble radioactivity values reflect the presence of degraded pre-

labeled, long-lived proteins at different times and are expressed relative to total initial 

radioactivity. Values were plotted against time to provide the rate of proteolysis.  

3.2.5 Mitochondrial O2
- production: C2C12 myoblasts (1x10

4
) were seeded in 96-well black 

flat bottom microplates. Following five days of differentiation in DM, myotubes were incubated 

in HBSS buffer containing 5 µM MitoSOX
™

 Red for 30 min. Myotubes were either untreated 

(basal mitochondrial O2
-
 levels) or treated with EBSS buffer, rapamycin, or antimycin A 

(control). Leucine deprivation medium interfered with fluorescence signal and hence it was not 

used in this experiment.  Fluorescence was measured using a SpectraMax


 M2 Microplate reader 

at 0, 10, and 15 min. Experiments were also done in the presence of tempol (10 mM), mito-

tempol (500 M) or antimycin A (positive control). 

3.2.6 Effects of antioxidants on in vivo muscle autophagy: All procedures were approved by 

the Animal Care Committees of McGill University. Adult (8- to 12-wk-old) male wild-type 

C57/BL6j mice were fed ad libitum. Animals were divided into two groups: Group 1 received an 

intra-peritoneal injection (i.p.) of vehicle (PBS) and Group 2 received an i.p. injection of NAC 

(500 mg/kg). Animals were euthanized with sodium pentobarbital 2, 6, or 24 hr after PBS or 
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NAC injection. Diaphragm (representative of skeletal muscle) was quickly excised, flash-frozen 

in liquid nitrogen, and stored at -80
o
C for later use.  

3.2.7 In vivo skeletal muscle autophagic flux: Colchicine was used to measure the effects of 

NAC on basal autophagic flux. Mice were divided into two main groups, a vehicle group that 

received an i.p. injection of PBS and a colchicine group that received an i.p. injection of 

colchicine (0.4 mg/kg). Twenty-four hours later, animals in the vehicle group received a second 

i.p. injection of PBS or NAC (500 mg/kg). Animals in the colchicine group received a second i.p 

injection of colchicine in combination with PBS or NAC. Twenty-four hours after the second 

injection, animals were euthanized with sodium pentobarbital, diaphragm was quickly excised, 

flash-frozen in liquid nitrogen, and stored at -80
o
C for later use. 

3.2.8 RNA extraction and real-time PCR: Total RNA was extracted using a GenElute
™

 kit. 

Total RNA (2 g) was reverse transcribed using a Superscript


 IIH Reverse Transcriptase kit and 

random primers. Reactions were incubated at 42ºC for 50 min and at 90ºC for 5 min. Real-time 

PCR detection of mRNA expression was performed using a Prism


 H7000 Sequence Detection 

System. Expressions of autophagy-related genes LC3B, Gabarapl1, Bnip3 were quantified using 

specific sets of primers (Table 1). Expressions of two muscle-specific E3 ligases (Atrogin-1 and 

MuRF1) were also quantified (Table 1). In all assays, 1 µl of reverse-transcriptase reagent was 

added to 25 µl of SYBR


 Green Mastermix and 3.5 µl of 10 µM primer. The thermal profile 

used was as follows: 95°C for 10 min; 40 cycles each of 95°C for 15 s, 57°C for 30 s, and 72°C 

for 33 s. All real-time PCR experiments were performed in triplicate. Relative mRNA level 

quantifications of target genes were determined using the threshold cycle (ΔΔCT) method using 

the housekeeping gene -Actin.  
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3.2.9 Immunoblotting: C2C12 myotubes were washed twice with PBS and lysed using lysis 

buffer (pH 7.5) containing 50 mM HEPES, 150 mM NaCl, 100 mM sodium fluoride, 1 mM 

sodium orthovanadate, 5 mM EDTA, 1 mM PMSF, 2 μg/ml leupeptin, 5 μg/ml aprotinin and 

0.5% Triton


 X-100. Cell debris and nuclei were separated by centrifugation at 5,000g for 5 min. 

Supernatants were boiled for 5 min then loaded onto tris-glycine SDS polyacrylamide gels. 

Proteins were electrophoretically transferred onto PVDF membranes, blocked for with 5% non-

fat dry milk, and incubated overnight with primary antibodies at 4°C. Membranes were washed 

and incubated with HRP-conjugated secondary antibody. Specific proteins were detected with an 

enhanced chemiluminescence (ECL) kit. Equal loading of proteins was confirmed by stripping 

membranes and re-probing with anti--TUBULIN or -ACTIN antibodies. Blots were scanned 

with an imaging densitometer and optical densities (OD) of protein bands were quantified using 

a Gel-Pro Analyzer (Media Cybernetics). Changes in the levels of phosphorylation of a given 

protein were quantified as the ratio between phosphorylated and total protein optical densities. 

To quantify LC3B levels, a standard curve consisting of purified LC3B protein was run 

alongside the same gel (0.4-1.2 ng). LC3B protein density was converted to LC3B protein 

quantity by extrapolation from the standard curve using regression analysis tools. These values 

were then normalized to g of total muscle protein loaded per lane. LC3B autophagic flux was 

quantified as the difference between LC3B-II values measured in the absence and presence of 

colchicine or Baf A1, as described by Haspel et al(59).  

3.2.10 Data analysis: Results are shown as means  SEM. For immunoblotting experiments, at 

least three independent measurements were performed for each experimental treatment. Eight 

independent measurements of rate of proteolysis, mRNA expression, and MitoSOX
™

 Red 
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fluorescence were performed. Comparisons between different groups were performed with 

Student t-tests where probability (P) values of less than 0.05 were considered significant. 

SECTION 4 – RESULTS  

ROS regulation of rate of proteolysis: We measured long-lived protein degradation in 

differentiated C2C12 myotubes under basal condition and in response to three physiological 

stimuli known to induce autophagy, namely, acute nutrient deprivation, inhibition of mTORC1 

and deprivation of the amino acid leucine. Figure 1 illustrates that long-lived protein degradation 

rates significantly increased after 4 hr incubation in Earle’s Balanced Salt Solution (EBSS), 

rapamycin treatment, or leucine deprivation (Figure 1A). To assess the role of endogenous ROS 

in the regulation of proteolysis in C2C12 myotubes, we used the antioxidants tempol and N-

acetyl cysteine (NAC).  Tempol is a membrane permeable piperidine nitroxide that mimics SOD 

by dismuting O2
- 
anions. It also detoxifies redox-reactive transition metal ions, and directly reacts 

with many ROS-forming adducts (12; 137; 138). NAC is a precursor of the cellular antioxidant 

glutathione (2). Pre-incubation with the antioxidant tempol (superoxide dismutase mimic) for 

24hr significantly attenuated the basal rate of proteolysis, as well as the rates induced by EBSS, 

rapamycin, and Leu(-) (Figure 1A). Basal and EBSS-induced proteolysis are also significantly 

attenuated by pre-incubation with tempol for 2 hr (Figure 1B). Pre-incubation with NAC for 30 

min exerted no effect on the basal rate of proteolysis but significantly attenuated EBSS-induced 

proteolysis (Figure 1B).  

LC3B lipidation and LC3B flux: Under basal conditions, LC3B-I (free form) intensity is 

significantly higher than that of the lipidated form (LC3B-II) in myotubes pre-incubated with 

vehicle (phosphate buffered saline, PBS) (Figure 2A). Incubation with EBSS, rapamycin 

treatment, or leucine deprivation for 1.5 hr resulted in significant increases in LC3B-II intensity 
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and augmentation of LC3B-II/LC3B-I ratios (Figure 2A-B). In myotubes pre-incubated with 

tempol, neither EBSS, Rapa, nor Leu(-) exerted any effect on LC3B-II protein intensity or 

LC3B-II/LC3B-I ratio compared to basal condition (Figure 2C-D). Under basal conditions, in 

myotubes pre-incubated with tempol for 24 hr or pre-treated with NAC for 30 min, intensities of 

LC3B-I, LC3B-II, and SQSTM1 (p62) were significantly greater than those observed in 

myotubes pre-incubated with vehicle (PBS) (Figure 2 E). Similar observations were made when 

myotubes were pre-incubated with tempol for 2 hr (results not shown). These results suggest that 

antioxidants trigger the accumulation of autophagosomes, which may be a result of either 

increased synthesis or decreased degradation. Therefore, the effects of antioxidants on LC3B 

protein intensity under basal conditions and in response to EBSS in the absence and presence of 

the lysosomal inhibitor bafilomycin A1 (Baf A1) were assessed. Baf A1 (200 nM) was 

administered 1 hr prior to cell lysis. In the absence of Baf A1, significantly greater intensities of 

LC3B-I, LC3B-II, and SQSTM1 were observed in myotubes pre-incubated with tempol for 24 hr 

as compared to those pre-incubated with vehicle (Figure 2F). In the presence of Baf A1, higher 

of LC3B-I, LC3B-II and SQSTM1 intensities were observed in myotubes under basal conditions 

and in those pre-incubated with EBSS (Figure 2F). LC3B-II autophagic flux values under basal 

conditions and in response to EBSS exposure were significantly lower in cells pre-incubated 

with tempol as compared to those pre-incubated with vehicle (Figure 2G).  

Transcriptional regulation of autophagy-related genes: To assess whether endogenous ROS 

regulate autophagy-related gene expressions, mRNA levels of Lc3bB, Gabarapl1 and Bnip3 

were measured. These genes are regulated mainly by the FOXO transcription factors (185). 

Expressions of two muscle-specific E3 ligases (Atrogin-1 and MuRF1), which are critical to 

proteasome pathway, were also measured. In myotubes pre-incubated with vehicle, EBSS, 
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rapamycin, and Leu(-) elicited significant increases in mRNA expressions of Lc3b, Gabarapl1, 

Bnip3, Atrogin-1, and MuRF1 (Figure 3). However, in cells pre-incubated with tempol, neither 

EBSS, rapamycin, nor Leu(-) induced significant increases in the expressions of Lc3b, 

Gabarapl1, Bnip3, or Atrogin-1 and the relative induction of MuRF1 that was observed was 

significantly lower than that observed in cells pre-incubated with vehicle. These results indicate 

that, in response to atrophic stimuli, antioxidants not only block autophagosome degradation but 

also impair autophagy-related gene expressions. 

ROS and in vivo skeletal muscle autophagy: Effects of endogenous ROS on the regulation of 

in vivo basal autophagy were assessed by administering NAC in mice and measuring changes in 

LC3B and SQSTM1 protein intensities. The diaphragm was used as a representative skeletal 

muscle. Within 6 hr, intraperitoneal NAC injection elicited significant increases in the intensities 

of LC3B-I, LCB-II, and SQSTM1 protein bands as compared to vehicle injection (PBS) (Figure 

4A-B). This pattern is similar to that observed in myotubes pre-incubated with tempol or NAC 

(Figure 2). To assess whether increases in LC3B and SQSTM1 intensities were due to enhanced 

autophagy or reduced degradation, in vivo flux measurement were performed by pre-injecting 

colchicine into animals that were subsequently injected with PBS or NAC. Basal LC3B-II 

autophagic flux was significantly lower in animals that received NAC injection as compared to 

those that received vehicle (Figure 4). 

Mitochondria-derived ROS and the regulation of autophagy: To confirm that mitochondria 

are the major sources of endogenous ROS that regulate autophagy in skeletal muscles, we first 

measured mitochondrial ROS levels using the fluorescent dye MitoSOX
™

.  This dye permeates 

live cells where it selectively targets mitochondria and is rapidly oxidized by O2
-
, but not by 

other ROS (113). We also used two mitochondrial-specific antioxidants, mito-tempol and SS31 
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peptide.  Mito-tempol is a derivative of tempol with similar antioxidant properties to those 

exhibited by tempol (93). The peptide SS31 is a cell-permeable tetrapeptide (d-Arg-2′, 6′-

dimethyltyrosine-Lys-Phe-NH2) targeted to the inner mitochondrial membrane that exerts strong 

antioxidant capabilities. It reduces mitochondrial ROS levels, prevents mitochondrial swelling, 

and guards against oxidative cell death (187). The peptide SS20 (Phe-D-Arg-Phe-Lys-NH2) does 

not exert antioxidant activity and is generally used as a control for SS31 (187).   

MitoSOX
™

 Red fluorescence progressively and significantly increased in response to EBSS, 

rapamycin, and antimycin A (Figure 5A-B). Pre-incubation with mito-tempol significantly 

attenuated EBSS-, rapamycin- and antimycin A-induced fluorescent signals (Figure 5A-B). 

Antimycin A, inhibitor of complex III, was used here as a positive control to detect enhanced 

mitochondrial ROS levels.  Pre-incubation with tempol also resulted in the attenuation of 

fluorescence, but to a lesser extent than that elicited by mito-tempol (Figure 5A-B). Figure 5C-D 

indicates that pre-incubation with mito-tempol or SS31 peptide strongly and significantly 

inhibited the basal rate of proteolysis and in response to EBSS, rapamycin, and Leu(-).  EBSS, 

rapamycin, and Leu(-) significantly increased LC3B-II protein levels and LC3B-II/LC3B-I ratios 

in myotubes pre-incubated with vehicle (DMSO) (Figure 5E-F). This response was not seen in 

myotubes pre-incubated with mito-tempol (Figure 5E-F).  

Roles of ROS in ULK1 phosphorylation and autophagy initiation: In myotubes pre-

incubated with vehicle, phosphorylation of AMPK on Thr
172

 was not affected by EBSS, 

rapamycin, or Leu(-) (Figure 6A-B). Pre-incubation with tempol significantly attenuated AMPK 

phosphorylation at the basal level and in response to EBSS, rapamycin, and Leu(-) (Figure 6A-

B). This response was also observed in myotubes pre-incubated with NAC and in the diaphragm 

of mice injected with NAC (supplementary materials). 
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In myotubes pre-incubated with vehicle, phosphorylation of RPS6KB1 on Thr
389

 (an mTORC1-

specific activation site) significantly decreased in response to EBSS, rapamycin, and Leu(-), 

confirming that that these stimuli significantly attenuate mTORC1 activity (Figure 6C-D). In 

myotubes pre-incubated with tempol, phosphorylation of RPS6KB1 on Thr
389

 was significantly 

lower under basal conditions of vehicle pre-incubation (Figure 6C-D). In myotubes pre-

incubated with tempol, RPS6KB phosphorylation levels in response to EBSS, rapamycin, and 

Leu(-) were similar to those measured with vehicle pre-incubation (Figure 6C-D). Similar results 

were obtained with NAC and mito-tempol pre-incubation (supplementary materials).  

  Figure 6E-F illustrates changes in total and phosphorylated ULK1 (Ser
555

) protein levels 

in myotubes pre-incubated with vehicle or tempol. In myotubes pre-incubated with vehicle, 

phosphorylation of ULK1 on Ser
555

, but not total ULK1 levels, were significantly attenuated by 

EBSS, rapamycin, and Leu(-) (Figure 6). Similarly, in myotubes pre-incubated with tempol, 

ULK1 phosphorylation was significantly attenuated by all three treatments (Figure 6). Pre-

incubation with tempol exerted no effect on basal ULK1 phosphorylation when compared to pre-

incubation with vehicle.  

ROS regulation of AKT phosphorylation: In myotubes pre-incubated with vehicle, incubation 

with EBSS for 1.5 hr substantially reduced AKT phosphorylation on Ser
473

 (Figure 7A-B). In 

comparison, rapamycin and Leu(-) caused significant increases in AKT phosphorylation as 

compared to basal levels (Figure 6A-B). In myotubes pre-incubated with tempol, a significant 

increase in AKT phosphorylation was observed at the basal level and in response to EBSS, 

rapamycin, and Leu(-) when compared to cells pre-incubated with vehicle (Figure 7A-B). 

Similar results were observed in cells pre-incubated with NAC (Figure 7C).  To confirm that the 

observed rise in AKT phosphorylation in response to tempol or NAC was associated with 
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increased AKT activity, immunoblotting was performed using a phospho-AKT substrate 

antibody. Under basal conditions and in response to EBSS, rapamycin, and Leu(-), intensities of 

several protein bands were increased in myotubes pre-incubated with tempol as compared to 

those pre-incubated with vehicle (Figure 7D). 

Phosphorylation of the transcription factor FOXO3A, a known target of AKT and a regulator of 

autophagy-related genes, was also measured (185). In myotubes pre-incubated with tempol, 

phosphorylation of FOXO3A on Ser
253

 increased under basal conditions and in response to 

EBSS, rapamycin, and Leu(-) as compared to cells pre-incubated with vehicle. These results 

confirm that antioxidant-induced augmentation of AKT phosphorylation is associated with 

enhanced FOXO3A phosphorylation.  

The importance of AKT to antioxidant inhibition of muscle autophagy was evaluated using a 

selective AKT inhibitor (triciribine, AKTi). We reasoned that if ROS promote autophagy in 

muscle cells, in part through inhibition of AKT, then antioxidants will fail to inhibit autophagy 

when combined with an AKT inhibitor such as AKTi. Incubation of C2C12 myotubes with 

AKTi (20 M) eliminated AKT phosphorylation confirming the potency of this compound 

(supplementary materials). Under basal conditions, AKTi exposure significantly increased the 

rate of proteolysis, confirming that AKT inhibits autophagy (Figure 8A). Pre-incubation with 

tempol, mito-tempol, or SS31 significantly attenuated basal proteolysis rates, confirming that 

mitochondrial ROS promote basal autophagy (Figure 8). This antioxidant-triggered inhibition of 

basal proteolysis rates did not occur in the presence of ATKi (Figure 8). 

In myotubes pre-incubated with vehicle, AKTi triggered a significant increase in the LC3B-

II/LC3B-I ratio, confirming that AKT inhibition increases basal autophagy (Figure 8). 
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Interestingly, a similar response to AKTi was observed in myotubes pre-incubated with tempol, 

indicating that tempol does not attenuate autophagy when AKTi is present. Collectively, these 

results indicate that active AKT is required for inhibition of basal proteolysis by antioxidants 

(Figure 8). 

Myotubes were pre-incubated with vehicle, tempol, or tempol plus AKTi. Pre-incubation with 

tempol resulted in significant inhibition of EBSS-, rapamycin- and Leu(-)-deprivation-induced 

proteolysis as compared to cells pre-incubated with vehicle (Figure 8). Inhibition of EBSS-

induced proteolysis still occurred in the presence of ATKi, but did not with respect to rapamycin- 

and Leu(-) (Figure 8). These results highlight the importance of AKT in endogenous ROS 

regulation of autophagy, not only under basal conditions, but also in response to mTORC1 

inhibition.  
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SECTION 5 – DISCUSSION 

ROS regulation of skeletal muscle autophagy: This study introduces several novel aspects of 

ROS regulation of autophagy in skeletal muscles. The first major finding is that endogenous 

ROS production promotes autophagy at the basal level and in response to acute nutrient 

starvation and mTORC1 inhibition. In this study, we focused on the regulation of autophagy by 

basal physiological or endogenous levels of ROS in skeletal muscle cells. To this end, we used 

antioxidants as a tool to reduce ROS levels in cultured C2C12 myotubes and in intact muscles in 

vivo. We quantified autophagy using three methods: a long-lived protein degradation assay, 

LC3B lipidation and LC3B flux, and measurements of autophagy-related gene expression.  

Using long-lived degradation assays, we found that pre-incubation with tempol for 24 or 4 hr 

significantly reduced the basal rate of proteolysis in myotubes (Figure 1). Tempol treatment also 

led to an increase in the levels of free and lipidated forms of LC3B protein and augmented 

SQSTM1 protein levels (Figure 2E). Autophagic flux measurements revealed that these changes 

in LC3B and SQSTM1 are due to the accumulation of autophagosomes. Together, these 

observations demonstrate that endogenous ROS generation, both at the basal level and in 

response to relatively short periods of nutrient deprivation or mTORC1 inhibition, promote 

autophagy in skeletal muscle cells. Our choice of using relatively short periods (1.5 to 4 hr) of 

acute nutrient deprivation, rapamycin treatment, and leucine deprivation was designed to avoid 

the development of severe oxidative stress. To our knowledge, this is the first evidence that 

endogenous, physiological ROS production is an important regulator of autophagy in skeletal 

muscles. Basal autophagy is thought to be a protective mechanism, responsible for recycling 

damaged or dysfunctional organelles and protein aggregates, and is known to be critically 

important to muscle homeostasis (100). We propose here that, under basal conditions, 
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physiological levels of skeletal muscle cell ROS production promote muscle function not only by 

enhancing myofilament contractile force, as previously shown (131), but by promoting 

autophagy.  

Our study also demonstrates that acute nutrient deprivation, rapamycin treatment, and leucine 

deprivation enhances mRNA expressions of autophagy related genes (Lc3b, Gabarapl1, Bnip3) 

(Figure 3). This finding supports the notion that a transcriptional program involving FOXO 

transcription factors, is activated in response to atrophic stimuli in skeletal muscles and that this 

program is designed to replenish the short-lived autophagy-related proteins (LC3B, 

GABARAPL1, BNIP3) that are required to sustain autophagosome formation (98; 111). Our 

observation that this increase in autophagy-related gene expression is eliminated by antioxidants 

(Figure 3) indicates that endogenous ROS promote autophagy in skeletal muscles by activating 

both non-transcriptional and transcriptional mechanisms designed to initiate and maintain 

autophagy. These mechanisms are discussed in more detail below. 

The nature of ROS that regulate autophagy is unclear. Chen et al. concluded that O2
-
 anions are 

the primary regulators of starvation-induced autophagy in HeLa cells based on observations that: 

autophagy triggered by serum, glucose, or glutamine starvation is associated with increased O2
-
 

anion levels; autophagy triggered by amino acid starvation is associated with increased O2
-
 anion 

and H2O2 levels; and overexpression of SOD2 significantly reduces autophagy, attenuates O2
-
 

anion levels, and increases H2O2 concentrations (23). In this study, we observed that tempol, 

which exerts its effects mainly by scavenging O2
-
 anions, significantly attenuates basal 

proteolysis rates but NAC does not, suggesting that O2
- 
anions

 
may be more important regulators 

of basal autophagy in C2C12 myotubes than are other ROS (Figure 1). In comparison, nutrient 

deprivation-, rapamycin treatment- or leucine deprivation-induced autophagy was equally 
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inhibited by tempol and NAC, suggesting that both O2
-
 anions and H2O2 may be involved in the 

regulation of autophagy under these conditions. Further studies are required to elucidate the 

differential regulatory roles of ROS in skeletal muscles. 

Mitochondrial ROS regulation of autophagy: The importance of mitochondrially-derived 

oxidative stress as a root cause of mitochondrial injury and dysfunction has been well established 

and recent studies have identified alterations in mitochondrial membrane potentials as an 

important trigger for mitochondrial recycling by autophagy, a process known as mitophagy 

(181). The functional roles of mitochondria-derived ROS as regulators of autophagosome 

formation, however, are unclear. Scherz-Shouval et al. observed that starvation in CHO cells and 

MEFs enhances autophagy and H2O2 production and that NAC attenuates both responses (148). 

They proposed that mitochondrial ROS may be responsible for starvation-induced autophagy. 

Mammucari et al. identified BNIP3, a protein that mobilizes to the mitochondria in response to 

starvation, as a major regulator of autophagy in intact skeletal muscles (98). A subsequent study 

by the same group identified alterations in mitochondrial biogenesis and fragmentation as 

important stimuli for autophagy in skeletal muscles (135). These findings suggest that 

mitochondria are both a trigger for, and a target of, autophagy in skeletal muscles. 

 Our study reveals for the first time that in skeletal muscle cells mitochondria-derived 

ROS are important regulators of basal autophagy and autophagy triggered by acute nutrient 

deprivation, mTORC1 inhibition by rapamycin, and leucine deprivation. This conclusion is 

based on two main findings. Firstly, mitochondrial ROS release is significantly elevated in 

response to nutrient deprivation and rapamycin treatment and this response is attenuated by  

mito-tempol (Figure 2). Interestingly, we found that tempol itself was also able to reduce the 

fluorescent signal, albeit less efficiently than mito-tempol, suggesting that tempol may diffuse 
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into the mitochondria (Figure 2). Secondly, proteolysis rates and LC3B lipidation are strongly 

attenuated by mito-tempol and SS31 peptide (Figure 4). We should emphasize that this study 

does not rule out the involvement of ROS other than those that are mitochondrially-derived in 

the regulation of basal and stress-induced autophagy. 

Mechanisms through which ROS regulate autophagy: The exact mechanisms through which 

mitochondria-derived ROS regulate autophagy remain under investigation. Excessive ROS levels 

can influence autophagy indirectly by inducing ER stress which, in turn, induces autophagy 

(102). Oxidative stress can also induce significant mitochondrial damage and accumulation of 

oxidized protein aggregates, which, by itself, induces autophagy (73). Little information is as yet 

available as to how physiological levels of ROS affect autophagy and autophagosome formation. 

Recently, Scherz-Shouval et al. used NAC to identify the protease ATG4 as a direct target of 

ROS action in CHO and HEK293 cells (148). ATG4 cleaves the c-terminus on ATG8 family 

ubiquitin-like proteins (LC3, GABARAP, and GATE-16) as a prerequisite to their conjugation to 

phosphatidyl ethanolamine on autophagosome membranes. ATG4 is also involved in 

delipidation of ATG8 proteins from mature autophagosomes. Scherz-Shouval et al. observed that 

30 min of starvation causes significant production of ROS that oxidize a specific cysteine on 

ATG4, leading to inhibition of the delipidation process without influencing its c-terminus 

cleavage activity.  

The current study does not exclude the possibility that post-translational modification of ATG4 

is an important mechanism through which mitochondria-derived ROS regulate autophagy in 

skeletal muscles. However, in this study we specifically explored ROS as potential regulators of 

autophagosome initiation. The ULK1-ATG13-FIP200 protein complex has emerged as an 

important regulator of autophagosome initiation. This complex is under the control of the AMPK 
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and mTORC1 pathways, particularly in response to cellular starvation. Under normal nutrient 

supply conditions, mTORC1 associates with the ULK1-ATG13-FIP200 complex through direct 

interactions between RAPTOR and ULK1; active mTORC1 phosphorylates ULK1 and ATG13, 

thereby inhibiting ULK1 kinase activity (43; 61; 67). When cells are starved, mTORC1 activity 

is inhibited and both ULK1 and ATG13 are rapidly de-phosphorylated. Shang et al. recently 

identified thirteen serine and threonine residues in human ULK1, including Ser
556

, whose 

phosphorylation declines significantly in response to starvation or mTORC1 inhibition (153). 

Activation of ULK1 that results from removal of the inhibitory effect of mTORC1 triggers 

ULK1-mediated activation of FIP200 and ATG13, followed by translocation of the entire ULK1-

ATG13-FIP200 complex to the pre-autophagosome membrane, resulting in activation of 

autophagy (67). AMPK activates autophagy through two mechanisms, namely, direct 

phosphorylation of ULK1 on several residues, including Ser
317

 and Ser
777

 (77), and activation of 

ULK1 kinase activity (77). In addition, AMPK directly phosphorylates RAPTOR and inhibits 

mTORC1 activation, thereby removing the inhibitory effect on ULK1(86). ULK1 activation, 

therefore, is controlled via a two-pronged mechanism that includes energy sensing (AMPK) and 

amino acid sensing (mTORC1).  

This study highlights two important observations regarding the interplay between AMPK and 

mTORC1 in relation to autophagy regulation. First, we observed that tempol and NAC 

significantly attenuate AMPK phosphorylation on Thr
172

 at the basal level and in response to 

nutrient deprivation, rapamycin treatment, and leucine deprivation (Figure 5A-B and 

supplementary materials). These observations suggest that mitochondria-derived ROS in skeletal 

muscle cells activate AMPK even at the basal level. We speculate that AMPK activation may be 

an important mechanism through which mitochondria-derived ROS promote autophagy in these 
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cells. We attempted to measure ULK1 phosphorylation of these residues but commercially 

available phospho antibodies for Ser
317

 and Ser
777

 residues proved to be inadequate. We should 

emphasize that a similar link between mitochondrial ROS and AMPK activation has recently 

been described in response to hypoxia in murine embryonic fibroblasts (39).  

Second, we observed that phosphorylation of ULK1 on Ser
555 

declines significantly in response 

to EBSS, rapamycin treatment, and leucine deprivation (Figure 6). This observation implies that 

the decline in mTORC1 activity in response to these stimuli triggers dissociation of mTORC1 

from ULK1 followed by initiation of autophagy. We recently observed a similar finding in the 

diaphragm and limb muscles of mice in response to acute starvation (112). The fact that this 

relative de-phosphorylation of ULK1 on Ser
555

 is also evident in cells pre-incubated with tempol 

or NAC (Figure 5 and supplementary materials) suggests that dissociation of mTORC1 from 

ULK1, and possibly activation of ULK1, is not redox sensitive. Further studies are needed to 

confirm this conclusion.  

Role of AKT in ROS regulation of autophagy: Sandri (141) proposed that AKT is a more 

powerful inhibitor of autophagy in skeletal muscles than mTORC1. This is based on the 

observation that AKT inhibition elicits stronger induction of autophagy in skeletal muscles than 

does inhibition of mTORC1 activity with rapamycin (141). Recent evidence suggests that AKT 

inhibits autophagy through ctivation of mTORC1(99), inactivation of FOXO transcription 

factors (98) and phosphorylation of BECLIN1 and inhibition of its translocation to 

autophagosome membranes (171). It is on the basis of these findings that we investigated 

whether ROS regulation of autophagy in skeletal muscle cells works through modulation of 

AKT. Our study reveals that AKT phosphorylation on Ser
473

 in cells pre-incubated with tempol 

or NAC is significantly higher than that observed in cells pre-incubated with vehicle (Figure 6). 
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This response is independent of mTORC1 activity since it was observed in cells exposed to 

rapamycin treatment or leucine deprivation, suggesting that endogenous ROS exert an inhibitory 

effect on AKT activation. This was further confirmed by measuring phosphorylation levels of 

AKT targets and, more specifically, phosphorylation of the transcription factor FOXO3A, which 

significantly increases in cells pre-incubated with tempol as compared to cells pre-incubated with 

vehicle (Figure 7). 

The inhibitory effect of endogenous ROS on AKT activation raises an interesting possibility that 

ROS promote autophagy in skeletal muscles in part through selective inhibition of AKT activity. 

To test this possibility, we assessed the effects of antioxidants on rates of proteolysis in the 

absence and presence of a selective AKT inhibitor (triciribine). We found that the inhibitory 

effect of antioxidants on proteolysis, measured under basal conditions and in response to 

rapamycin treatment and leucine deprivation, does not take place when AKT is inhibited, nor 

does the antioxidant effect on LC3B protein accumulation observed in Figure 2 (Figure 8). These 

findings suggest that the augmented AKT phosphorylation that is observed in the presence of 

antioxidants, and, presumably its kinase activity, inhibits autophagy. We propose, therefore, that 

AKT is an important target for endogenous ROS and that a sustained inhibitory effect on AKT 

activity by physiological levels of endogenous ROS is necessary for the promotion of autophagy 

in skeletal muscle cells. This proposition is also based on numerous reports identifying AKT as a 

redox-sensitive kinase. Indeed, recent studies have revealed that ROS directly oxidize several 

cysteine residues of AKT, triggering the formation of intramolecular disulfide bonds and 

inactivation of AKT kinase activity (173). We should emphasize that the inhibitory effect of 

ROS on AKT appears to be a relatively less important mechanism in the case of EBSS-induced 

autophagy as compared to basal autophagy and autophagy induced by mTORC1 inhibition 
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(Figure 8). This implies that processes downstream from autophagosome initiation may also be 

targets through which endogenous ROS promote autophagy in skeletal muscles. 
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SECTION 6 – TABLES 

TABLE 1: Primers used in real-time PCR experiments to detect expressions of autophagy-

related genes and muscle-specific E3 ligases.  

Gene           Accession # 

Map1 (LC3B)  F  5’-CGATACAAGGGGGAGAAGCA-3’  NM_026160 

   R 5’- ACTTCGGAGATGGGAGTGGA-3’ 

Gabarapl1  F  5’- CATCGTGAGAAGGCTCCTA-3’  NM_020590 

   R 5’- ATACAGCTGGCCCATGGTAG-3’ 

Bnip3   F 5’-TTCCACTAGCACCTTCTGATGA-3’  NM_009760 

   R 5’-GAACACCGCATTTACAGAACAA-3’ 

Atrogin-1  F  5’- TGGGTGTATCGGATGGAGAC-3’  NM_026346    

   R 5’- TCAGCCTCTGCATGATGTTC-3’ 

MuRF1    F 5’-AGAAGCTGGGCTTCATCGAG-3’         NM_001039048 

R 5’- TGCTTGGCACTTGAGAGGAA-3’ 

-Actin   F 5’- CTGGCTCCTAGCACCATGAAGAT-3’ NM_007393 

   R 5’- GGTGGACAGTGAGGCCAGGAT-3’ 
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SECTION 7 – FIGURES 

FIGURE 1 
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FIGURE 2 
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FIGURE 3 
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FIGURE 4 
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FIGURE 5 
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FIGURE 6 
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FIGURE 7 
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FIGURE 8 
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SUPPLEMENTARY FIGURE 1 
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SUPPLEMENTARY FIGURE 2 
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SUPPLEMENTARY FIGURE 3 
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SECTION 8: FIGURE LEGENDS 

Figure 1: 

A: Rates of proteolysis in C2C12 myotubes pre-incubated for 24 hr in differentiation medium 

(DM) containing vehicle (PBS) or tempol (10 mM). Myotubes maintained in DM (basal 

conditions), EBSS medium, DM containing rapamycin (Rapa, 200 ng/ml), or DM lacking 

leucine (Leu(-)). Proteolysis measured over 4 hr. Values expressed as means ± SEM. 
#
P<0.05 

compared to basal conditions. *P<0.05 compared to vehicle. 

B: Rates of proteolysis in differentiated C2C12 myotubes pre-incubated in DM containing 

vehicle (PBS) or N-acetyl cysteine (NAC, 20 mM) for 30 min or in DM containing tempol (10 

mM) for 2 hr. Myotubes maintained in these media (basal conditions) or EBSS. Proteolysis 

measured over 4 hr. Values expressed as means ± SEM. 
#
P<0.05 compared to basal conditions. 

*P<0.05 compared to vehicle. 

Figure 2: 

A, C: Representative immunoblots of LC3B protein detected in C2C12 myotubes pre-incubated 

for 24 hr in DM containing vehicle (PBS, panel A) or tempol (10 mM, panel C). Myotubes 

maintained in these media (basal condition) for 1.5h or in EBSS, DM containing rapamycin 

(Rapa), or DM lacking leucine (Leu(-)).  

B, D: LC3B-II protein optical densities and LC3B-II/LC3B-I ratios (both expressed as fold 

change from basal values) in C2C12 myotubes pre-incubated for 24 hr in vehicle (panel B) or 

tempol (panel D) and maintained in EBSS medium, DM containing rapamycin (Rapa), or DM 

lacking leucine (Leu(-)). Values expressed as means ± SEM. *P<0.05 compared to basal values.  
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E: Representative immunoblots of SQSTM1 (p62), LC3B and TUBULIN in C2C12 myotubes 

pre-incubated for 24 hr in DM containing vehicle (PBS) or tempol or DM containing NAC for 2 

hr. Note increases in SQSTM1, LC3B-I, and LC3B-II intensities in myotubes pre-incubated in 

NAC or tempol compared to vehicle.  

F: Representative immunoblots of SQSTM1, LC3B, and TUBULIN in C2C12 myotubes pre-

incubated for 24 hr in DM containing vehicle (PBS) or tempol. Myotubes maintained for 1.5 hr 

in DM containing1.5 ml of PBS or 200 nm of bafilomycin A1 (basal condition) or EBSS 

containing 1.5 ml of PBS or 200 nm of bafilomycin A1. Negative symbols indicate presence of 

PBS.  

G: LC3B-II autophagic flux in C2C12 myotubes pre-incubated for 24 hr in DM containing 

vehicle or tempol. Myotubes maintained in these media or EBSS. Values expressed as means ± 

SEM. *P<0.05 compared to vehicle.  

Figure 3: mRNA expressions of Lc3b, Gabarapl1, Bnip3, Atrogin-1 and MuRF1 in 

differentiated C2C12 myotubes pre-incubated for 24 hr in DM containing vehicle or tempol and 

maintained for an additional 1.5 hr in these media (basal condition), EBSS (panel A), DM 

containing rapamycin (panel B), DM lacking leucine (panel C). Values expressed as means ± 

SEM of fold change from basal values. *P<0.05 compared to basal condition. 
#
P<0.05 compared 

to vehicle.  

Figure 4:  

A-B: Representative immunoblots and protein optical densities of SQSTM1 and LC3B-I and 

LC3B-II protein in diaphragms of mice injected with vehicle (PBS) or NAC (500 mg/kg). 
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Animals euthanized 2, 6 or 24 hr after PBS or NAC injection. Optical densities expressed as fold 

change from vehicle-treated animals (means ± SEM). *P<0.05 compared to vehicle. 

C: Representative immunoblots of LC3B and b-ACTIN in diaphragms of mice injected with PBS 

or colchicine (0.4 mg/kg/day), followed by a second injection of PBS or NAC. Animals 

euthanized 24 hr after second injection.  

D: LC3B-II autophagic flux in diaphragms of mice injected with vehicle or NAC. Values 

expressed as means ± SEM.*P<0.05 compared to vehicle.  

Figure 5: 

A: MitoSOX RedTM fluorescence in C2C12 myotubes incubated in HBSS buffer containing 

MitoSOXTM Red reagent (5 mM) for 30 min, washed of HBSS buffer then maintained in DM 

(basal condition), EBSS, or DM containing rapamycin (Rapa) or antimycin A (complex III 

inhibitor). Fluorescence measured immediately, 10, and 15 min after incubation in media. Values 

(arbitrary units) expressed as means ± SEM. 
#
P<0.05 compared to basal values.  

B: MitoSOX RedTM fluorescence in C2C12 myotubes pre-incubated in DM containing vehicle or 

tempol for 24 hr or in DM containing mito-tempol (500 mM) for 2 hr, washed of media then 

incubated in HBSS buffer containing MitoSOXTM Red reagent for 30 min. Myotubes then 

maintained for 15 min in DM (basal condition), EBSS, or DM containing rapamycin or 

antimycin A. Values (arbitrary units) expressed as means ± SEM. 
#
P<0.05 compared to basal 

values. *P<0.05 compared to vehicle.  
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C: Rates of proteolysis in C2C12 myotubes pre-incubated for 2 hr in DM containing DMSO 

(vehicle) or mito-tempol (500 mM) then maintained in DM (basal condition), EBSS, or DM 

containing rapamycin or lacking leucine. Proteolysis measured over 4 hr. Values expressed as 

means ± SEM. 
#
P<0.05 compared to basal values. *P<0.05 compared to vehicle.  

D: Rates of proteolysis in C2C12 myotubes pre-incubated for 2 hr in DM containing SS20 

(control peptide, 1 mM) or SS31 (inhibitor of mitochondrial ROS, 1 mM) then maintained in 

DM (basal condition), EBSS, or DM containing rapamycin or lacking leucine. Proteolysis 

measured over 4 hr. Values expressed as means ± SEM. 
#
P<0.05 compared to basal values. 

*P<0.05 compared to vehicle.  

E-F: Representative immunoblots of LC3B and LC3B-II optical densities of C2C12 myotubes 

pre-incubated for 2 hr in DM containing DMSO (vehicle) or mito-tempol then maintained for 1.5 

hr in DM (basal condition), EBSS, or DM containing rapamycin or lacking leucine. Values 

expressed as means ± SEM.*P<0.05 compared to basal values. 

Figure 6: 

Representative immunoblots and phosphorylated to total protein ratios of AMPK, RPS6KB1, 

and ULK1 in C2C12 myotubes pre-incubated for 24 hr in DM containing vehicle (PBS) or 

tempol then maintained for 1.5 hr in DM (basal condition), EBSS, or DM containing rapamycin 

or lacking leucine. Values expressed as means ± SEM. *P<0.05 compared to basal values. 

#
P<0.05 compared to vehicle.  
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Figure 7: 

A: Representative immunoblots and phosphorylated to total AKT protein ratios in C2C12 

myotubes pre-incubated for 24 hr in DM containing vehicle (PBS) or tempol then maintained for 

1.5 hr in DM (basal condition), EBSS, or DM containing rapamycin or lacking leucine. Values 

expressed as means ± SEM. *P<0.05 compared to basal values. 
#
P<0.05 compared to vehicle.  

C: Representative immunoblots of phosphorylated and total AKT protein ratios in C2C12 

myotubes pre-incubated for 20 min in DM containing vehicle (PBS) or NAC then maintained for 

1.5 hr in DM (basal condition), EBSS, or DM containing rapamycin or lacking leucine.  

D, E: Representative immunoblots of phospho AKT substrates (panel D) and phosphorylated and 

total FOXO3A protein in C2C12 myotubes pre-incubated for 24 h in DM containing vehicle 

(PBS) or tempol then maintained for 1.5 hr in DM (basal condition), EBSS, or DM containing 

rapamycin or lacking leucine.  

Figure 8:  

A: Proteolysis rates in differentiated C2C12 myotubes pre-incubated for 24 hr in DM containing 

PBS (vehicle) or tempol then left untreated or treated with 20 mM triciribine (AKTi). Proteolysis 

measured over 4 hr. Values expressed as means ± SEM. *P<0.05 compared to vehicle in the 

absence of AKTi.  

B: Proteolysis rates measured in differentiated C2C12 myotubes pre-incubated for 2 hr in DM 

containing DMSO (vehicle) or mito-tempol then left untreated or treated with AKTi. Proteolysis 
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measured over 4 hr. Values expressed as means ± SEM. *P<0.05 compared to vehicle in the 

absence of ATKi.  

C: Proteolysis rates in differentiated C2C12 myotubes pre-incubated for 2 hr in DM containing 

SS20 or SS31 peptides then left untreated or treated with AKTi. Proteolysis measured over 4 hr. 

Values expressed as means ± SEM. *P<0.05 compared to SS20 in the absence of AKTi.  

D: Representative immunoblots of LC3B and TUBULIN proteins in differentiated C2C12 

myotubes pre-incubated for 24 hr in vehicle (PBS) or tempol then left untreated or treated with 

AKTi. Myotubes were collected 1.5 hr after treatment.  

E: Proteolysis rates in differentiated C2C12 myotubes pre-incubated for 24h in DM containing 

PBS (vehicle) or tempol then maintained in DM, EBSS, or DM containing rapamycin or lacking 

leucine in the absence and presence of AKTi. Proteolysis measured over 4h. Values expressed as 

means ± SEM. *P<0.05 compared to vehicle in the absence of ATKi. 

Supplementary Figure 1:  

Representative immunoblots of phosphorylated  and total AMPKα, RPS6K1 and ULK1 

measured in C2C12 myotubes pre-incubated for 30 min with differentiation medium (DM) 

containing vehicle (PBS) or N-acetyl cysteine (NAC) and were then maintained for 1.5h in 

DM (basal condition), DM containing rapamycin, DM lacking leucine or maintained in EBSS 

buffer.  

Supplementary Figure 2:  

Regulation of the phosphorylated and total levels of AMPKα in the diaphragms of mice 

injected with vehicle (PBS) or NAC (500 mg/kg) i.p. and euthanized 2,6 and 24 hrs later.  
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Supplementary Figure 3:  

Verification of efficiency of triciribine (AKTi) in inhibiting AKT phosphorylation in C2C12 

myotubes. These cells were maintained in differentiation medium (DM) containing PBS 

(vehicle, negative sign) or AKTi (20µM) in the absence and presence of rapamycin (Rapa, 

200ng/ml).  
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