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Abstract

The aim of this thesis was to investigate whether skeletal muscle disorders can

be remedied by targeting different molecular cell death pathways.  The first

muscle disorder being studied in this thesis was related to the impairment of

insulin signaling in skeletal muscle, which is also commonly referred to as

skeletal muscle insulin resistance, in which muscle cells do not respond

adequately to normal physiological insulin concentration and is a key feature

of type 2 diabetes.  The current thesis showed that 1) insulin signaling in

diabetic skeletal muscle was impaired as evidenced by the dysfunctional

Akt-PI3k-PDK1 signaling pathway, 2) mTOR signaling was activated by the

phosphorylation of PRAS40 at Thr246 and 3) autophagy was inactivated in

skeletal muscle under diabetic condition. Our results demonstrated that

unacylated ghrelin (UnAG), a natural peptide hormone, restored the impaired

insulin signaling in skeletal muscle of diabetic mice (db/db mice).

Intriguingly, UnAG was shown to normalize the suppressed autophagic

signaling and flux in diabetic muscle.  Autophagy is regarded as an

evolutionarily conserved intracellular mechanism that degrades and recycles

malfunctioning organelles and long-lived proteins.  This thesis is the first to
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propose a cross-talk between insulin signaling pathway and autophagy in

skeletal muscle.  By targeting autophagic pathway, skeletal muscle insulin

resistance can probably be improved.  Besides pharmacological activation of

autophagy, the current thesis tested the hypothesis that whether long-term

habitual exercise could also alter autophagic signaling in skeletal muscle.

Interestingly, basal autophagy could be enhanced by long-term habitual

exercise.  Analyses of autophagic protein markers (e.g., LC3, LC3-II/LC3-I,

p62, Atgs and Beclin-1) and the mitochondrial biogenesis factor, PGC-1α,

confirmed that the enhancement of basal autophagy and mitochondrial

biogenesis were not accompanied by the increased expression of autophagic

proteins.  Furthermore, this thesis is the first to demonstrate an association

between autophagy and muscle fiber-type shifting, which prompted us to

speculate that muscle fiber-type shifting might be a result of a series of

mitochondrial degradation and biogenesis.  Through recycling of

mitochondria, the metabolic properties of skeletal muscle might be

reformulated.  In addition to skeletal muscle autophagy, exercise-induced

cardiac muscle autophagy was also studied.  Consistently, basal autophagy

was enhanced in cardiac muscle by long-term habitual exercise.  These
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findings have important implications in the prevention and treatment of

diabetes and skeletal muscle insulin resistance.  The second muscle disorder

being studied in this thesis was pressure ulcer, which is caused by sustained

pressure and shear force being applied on a particular part of the body.

Patients with diabetes are more vulnerable to the development of pressure

ulcers as high blood sugar causes injures to blood vessels rendering them

unable to deliver a sufficient amount of blood to the skeletal muscle cells.

Before identifying a therapeutic target to treat ulceration in diabetic patients,

the underlying mechanism of pressure ulcer needs to be elucidated.  Pressure

ulcer, also known as bed sore, can happen to anyone with limited mobility.

It has been previously demonstrated that pharmacological inhibition of

caspase is effective in relieving muscle damage induced by mechanical

compression speculating that pressure ulcer is mediated by intrinsic apoptotic

pathway.  Therefore, novel BaxBak double-deficient (DKO) mice were

generated to test the hypothesis that animals with combined loss of

pro-apoptotic genes bax and bak are resistant to the development of pressure

ulcer (or pressure-induced injury).  Immunobloting data, TUNEL-staining

results and Cell Death ELISA-indicating DNA fragmentation results have
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consistently shown that skeletal muscle apoptosis can be inhibited in our DKO

mice.  Apart from preventing the development of pressure ulcer in DKO

mice, this thesis is the first to 1) evidently prove that pressure-induced

inflammation and secondary necrosis are mediated by muscle apoptosis and 2)

determine the role of autophagy in pressure ulcer by examining autophagy

inhibition in wild type animals, bak single-deficient animals (SKO) and DKO

animals.

Conclusively, the current thesis has demonstrated that UnAG normalizes

impaired insulin signaling and re-activated suppressed autophagic signaling in

diabetic muscle.  Besides pharmacological treatment, long-term habitual

exercise, as a non-pharmacological treatment, has also been shown to increase

basal autophagy in both skeletal muscle and cardiac muscle. Last but not

least, this thesis has proved that apoptosis mediates the development of

pressure ulcer.  Animals with combined loss of Bax and Bak have been

shown to be resistant to the development of pressure ulcer.  Collectively,

these significant findings may provide some hints on remedying muscle

disorders.
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Chapter 1 Introduction 
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The prevalence of type 2 diabetes mellitus (T2DM), also known as 

non-insulin-dependent diabetes, is increasing dramatically worldwide (Dabelea et 

al., 2014).  People with this chronic disease are unable to transport glucose from 

their blood stream into their body cells such as hepatocytes, adipocytes and 

skeletal muscle cells.  The accumulation of sugar in the blood stream can lead to 

damage to nerves, kidneys and blood vessels which are lined by endothelial cells.  

The major risk factors for T2DM include overweight or obese, metabolic 

syndrome and physical inactivity (Knowler et al., 2002).  There are different 

studies investigating the link between physical inactivity and T2DM.  Most of 

the studies support the hypothesis that there is an inverse association between 

physical activity and the risk of developing T2DM (Aune et al., 2015, Fan et al., 

2015, Gong et al., 2011, Li et al., 2008).  Of note, one of the studies supporting 

this hypothesis was conducted in a Chinese population, in which the study has 

found that higher physical activity level is correlated to remarkable reduction of 

the risk of developing T2DM (Fan et al., 2015).   

 

Physical activity has been shown to stimulate glucose uptake in skeletal muscle.  

The role of skeletal muscle is even more important after a nutrient-rich meal, 
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because 80-90% of the ingested glucose is removed by skeletal muscle under the 

conditions of hyperinsulinemia (DeFronzo and Tripathy, 2009).  The positive 

effects of physical activity on patients with impaired glucose tolerance have been 

well studied and the biological mechanisms underneath it have also been 

identified (Pan et al., 1997, Boule et al., 2001, Henriksen, 2002).  One of the 

most important mechanisms is the insulin signaling pathway, which is a complex, 

but highly regulated, signaling pathway mediating the effects of insulin on 

skeletal muscle.   

 

An acute bout of muscle contraction improves the insulin signaling in skeletal 

muscle (Huang and Czech, 2007).  Briefly, muscle contraction improves glucose 

homeostasis by increasing skeletal muscle glucose uptake by re-localization of the 

GLUT4 glucose transporters to the sarcolemma of skeletal muscle cells (Karlsson 

et al., 2006).  GLUT4 glucose transporters are insulin-stimulated glucose 

transporters found in skeletal muscle.  Without stimulation, they mainly reside in 

cytoplasm, however, when they are stimulated, they translocate to the plasma 

membrane and are responsible for facilitating diffusion of glucose from blood 

stream into skeletal muscle cells (Bryant et al., 2002).   Besides the GLUT4 



 

4 

 

glucose transporters translocation, the enzyme glycogen synthase increases its 

activity synthesizing more glycogen from glucose (Perseghin et al., 1996, Price et 

al., 1996).  The above actions are results of different protein activation cascades.  

 

In diabetic skeletal muscle, the insulin signaling is impaired.  The increase in 

insulin concentration cannot trigger the protein activation cascades.  Impaired 

GLUT4 translocation will be the outcome of the impaired insulin signaling in 

skeletal muscle (Karlsson et al., 2005).  Without proper GLUT4 translocation, 

glucose starts to accumulate in the blood stream leading to damages of endothelial 

cells, muscle atrophy and neuropathy (Frier et al., 2008, Duby et al., 2004).     

 

Patients with diabetes can control their blood glucose level by eating a balanced 

diet, having regular exercise and taking medication.  Commonly used diabetic 

medications such as metformin and pioglitazone help to enhance peripheral 

tissues’ responses to the insulin (Hammarstedt et al., 2005, Lee et al., 2011a), 

hence, more glucose will be transported from blood into cells.  Recently, ghrelin, 

a gastric hormone, has been identified as a potential drug candidate to regulate 
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blood glucose level, adiposity and appetite (Chakrabarti, 2015).  Ghrelin has two 

forms – 1. acylated ghrelin (AG) and 2. unacylated ghrelin (UnAG).  Activation 

of hormone requires proper acylation of ghrelin at Ser3, which is performed by 

ghrelin O-acyltransferase (GOAT) (Kojima et al., 2001).  However, the majority 

of circulating hormone is UnAG which has not received much attention 

previously until it was demonstrated to improve insulin sensitivity, metabolism 

and muscle regeneration (Delhanty et al., 2010, Callaghan and Furness, 2014).  

The investigation of UnAG has entered Phase Ib clinical trial in type 2 diabetes 

and Phase II clinical trial in hyperphagia in Prader-Willi syndrome.  Nonetheless, 

the precise mechanisms responsible for the anti-diabetic actions of UnAG remain 

incompletely understood.  In the current thesis, the effects of UnAG on restoring 

the impaired insulin signaling in skeletal muscle of db/db diabetic mice have been 

carefully examined. Our results demonstrated that UnAG effectively restored the 

impaired insulin signaling in diabetic muscle.  Interestingly, UnAG restored not 

only the impaired insulin signaling but also the suppressed skeletal muscle 

autophagy.   

 

Autophagy is an evolutionarily conserved intracellular mechanism which recycles 
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malfunctioning organelles, such as mitochondria and endoplasmic reticulum, and 

long-lived proteins.  In the current thesis, our data support the hypothesis that the 

UnAG-induced re-activation of skeletal muscle autophagy is associated with the 

normalization of insulin signaling.  This finding tempted us to think that whether 

exercise, as a non-pharmacological intervention, can also increase the basal 

autophagy in skeletal muscle.  Acute exercise has been shown to induce 

autophagy in skeletal muscle (Tam and Siu, 2014b).  Mutant mice without basal 

autophagy were shown to have impaired GLUT4 translocation which negatively 

affected glucose homeostasis (He et al., 2012).  Although the roles of different 

autophagic signaling molecules have been studied extensively, how exercise 

modulates autophagy in skeletal muscle remains a mystery.  Some unanswered 

questions remain to be solved.  Muscular contraction and metabolic adaptation 

seem to be associated with the alteration of autophagy in skeletal muscle during 

exercise.  However, how the effect of exercise is mediated with the autophagic 

signaling pathway is not known.  The relationship between mitochondrial 

biogenesis and autophagy needs to be comprehensively studied as any imbalance 

between these two vital intracellular processes may cause detrimental effects to 

skeletal muscle cells.  Furthermore, the term ‘‘exercise-induced autophagy’’ has 

been generally used to describe the activation of autophagy following physical 
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exercise.  However, transient upregulation of autophagy and chronic elevation of 

basal autophagy following exercise intervention are not usually comprehensively 

distinguished in the literature. Therefore, this thesis further investigated how these 

two adaptations (i.e., transient upregulation of autophagy and chronic elevation of 

basal autophagy following exercise) contribute to the resulting metabolic effects 

of exercise.  We examined whether long-term habitual exercise can enhance the 

basal autophagy in both skeletal muscle and cardiac muscle.  Besides the 

upregulation of basal autophagy by long-term habitual exercise, we also 

accidentally discovered the association between autophagy and fiber-type shifting 

in skeletal muscle.  Therefore, autophagy is possibly a mechanism regulating 

both insulin signaling and the metabolic properties of skeletal muscle. 

 

Although T2DM can be managed well by medications and exercise, some patients 

are still unable to control their blood glucose level.  High concentration of blood 

glucose can disrupt normal blood flow due to endothelial dysfunction in T2DM 

(Hadi and Suwaidi, 2007).  The disrupted blood flow and diabetic neuropathies 

predispose diabetic patients with mobility problem to pressure ulcer (Singh et al., 

2005).   Pressure ulcer, also known as bedsore or pressure sore, is defined as the 
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localized ulcerated tissues breakdown caused by excessive internal stresses and 

strains, ischemia and reperfusion oxidative damage (Yao et al., 2015, Sin et al., 

2013).  It is also defined as “an area of unrelieved pressure usually over a bony 

prominence leading to ischemia, cell death and tissue necrosis” by the National 

Pressure Ulcer Advisory Panel (NPUAP) and European Pressure Ulcer Advisory 

Panel (EPUAP).  Although T2DM predisposes patients with limited mobility to 

pressure ulcer, the prevalence of pressure ulcer is also high in general hospitalized 

patients (regardless of the status of T2DM).  The prevalence of pressure ulcer is 

still high in well-developed countries with advanced medical technology, it ranges 

from 3% - 11% in hospitalized patients in the United States; 7.6% - 11.8% in 

hospitalized patients in the Netherland; and 7.2% - 18.2% in hospitalized patients 

in Norway (Allman, 1997, Bours et al., 2002, Bredesen et al., 2015).  Pressure 

ulcer imposes considerable workload and financial burden to medical 

professionals and healthcare system, respectively.  Above all, it has a very 

negative impact on quality of life of patients due to pain, exudate and odor, 

prolonged rehabilitation and extended hospitalization (Gorecki et al., 2009).  As 

such, there is an urgent need to identify novel therapeutic target to effectively 

treat pressure ulcer.   
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Apoptosis is a process of programmed cell death.  A series of intracellular 

biochemical changes, such as cell shrinkage, blebbing, nuclear fragmentation, 

chromatin condensation and DNA fragmentation, lead to morphological changes 

and death.  Cell stresses such as DNA damage, oxidative stress and depolarized 

mitochondria may lead to apoptosis (Kannan and Jain, 2000, Roos and Kaina, 

2006, Irwin et al., 2003).  Previous results from our laboratory have shown that 

skeletal muscle apoptosis is induced by mechanical pressure as evidenced by 

significant increases in apoptotic muscle-related nuclei and DNA fragmentation, 

elevation of caspases mRNA content, and positive immuno-reactivity of cleaved 

caspase-3 (Teng et al., 2011b, Sin et al., 2013).  It has also been found that 

pharmacological inhibition of caspase/apoptosis can effectively alleviate muscle 

damage as induced by mechanical compression.  This prompted us to 

hypothesize that genetic removal of key apoptotic genes in a muscle-specific 

manner might prevent mechanically-compressed skeletal muscle from developing 

pressure ulcer in vivo.   

 

There are a lot of apoptotic factors in the cell death pathway, two of which – 

Bax and Bak are regarded as key players in mediating apoptosis.  The 
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proapoptotic genes Bax and Bak have been regarded as a requisite gateway to 

mitochondrial dysfunction and cell death (Wei et al., 2001).  Pro-apoptotic 

cascade activated oligomerization of Bax and Bak have been proposed to result in 

formation of pores in mitochondrial outer membrane that are responsible for the 

release of cytochrome c and, hence, activation of apoptosis (Garrido et al., 2006).  

Therefore, genetically deleting Bax and Bak could possibly be a strategy to stop 

the skeletal muscle apoptosis in pressure ulcer. 

 

Gene targeting in laboratory animals yielded exciting development in identifying 

the roles of different gene products in different disease models (Dunn et al., 2005).  

A conditional gene knockout (KO) is regarded as a gene deletion (or DNA 

sequence deletion) in a specific tissue and/or time specific manner.  The most 

commonly used system is the Cre-loxP recombination system.  A tyrosine 

recombinase enzyme derived from the P1 bacteriophage named Cre recombinase 

(Cre) catalyses the recombination between two 34-base pair DNA recognition 

sites named locus of crossing over of bacteriophage P1 (loxP).  The Cre activity 

can be tightly controlled in space- and time-specific manner.  The localization of 

Cre and time of localization can be controlled by the use of tamoxifen.  When 
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Cre localizes to nuclei, it can flank a specific functional exon of a gene of interest 

with two loxP sites (at the beginning and end of that particular sequence), or 

“flox”.  Therefore, the activation of Cre can generate a null allele in all cells with 

the expression of Cre.   

 

In the current thesis, two major muscle disorders are discussed – skeletal muscle 

insulin resistance and pressure induced injuries.  In terms of cellular pathways, 

autophagy, apoptosis and insulin signaling pathway are the focuses of this thesis 

as their upregulation, downregulation or impairment directly lead to or associate 

with the mentioned muscle disorder(s).  Different interventions – 

pharmacological intervention (the use of UnAG), non-pharmacological 

intervention (the use of long-term habitual exercise) and conditional gene 

knockout (the use of Bax/Bak deficient animals) were employed to re-activate, 

normalize or suppress the stated cellular pathways in order to investigate how 

these molecular pathways regulate cellular homeostasis.  The current thesis also 

provides several key therapeutic targets to treat the discussed muscle disorders 

and maintain quality of the skeletal muscle cells.  Hopefully, the basic science 

generated from the above studies can be translated to medical practices leading to 
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fruitful public health outcomes.  
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2.1 Physical inactivity and type 2 diabetes  

Strong evidence demonstrates that physical inactivity predispose humans to many 

adverse health conditions and diseases such as some major non-communicable 

diseases including T2DM, coronary heart disease, breast and colon cancers, 

shortening of life expectancy and clinical depression (Lee et al., 2012a, Kamphuis 

et al., 2007).  Although physical inactivity is strongly associated with both 

physiological illnesses and psychological disorders, the majority of population 

still belongs to the sedentary group.  According to a meta-analysis with 794,577 

participants, the participants with the greatest sedentary time had 112% increase 

[Relative risk (RR) 2.12; Confidence interval (CI):1.36-2.66] in the relative risk 

of diabetes when compared to the participants with the lowest sedentary time 

(Wilmot et al., 2012).  A 6-year prospective cohort study with 50,277 

participants has shown that time spent watching television (TV) is positively 

correlated with risk of type 2 diabetes (Wilmot et al., 2012).  In the same study, 

it showed that each 2 hours/day of sitting at work would increase the chance of 

developing T2DM by 7% (CI: 0-16%).  That implies an 8 hours of sitting per 

day would increase the chance of developing T2DM by 28%.  In contrast, each 2 

hours/day of walking or standing would decrease the chance of developing T2DM 
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by 12% (CI: 7%-16%).  A study focusing on female subjects has shown that the 

relative risk of T2DM is 2.08 for inactive subjects and physical activity can 

reduce the relative risk of type 2 diabetes from 16.75 to 10.74 for obese subjects 

(Rana et al., 2007).   It is estimated that complete removal of physical inactivity 

would lengthen lifespan of the world’s population by 0.68 years (Lee et al., 

2012a). 

 

2.1.1 Physical activity and the risk of type 2 diabetes 

A sedentary lifestyle has been considered a risk factor for T2DM.  It is generally 

accepted that physical activity can bring metabolic benefits and reduce risk of 

T2DM, however, the amount of dose has been under debate.  Exercise intensity 

can be measured in kilocalories a body consumed per minute of activity or in 

metabolic equivalent (MET).  One MET is equivalent to the energy a person 

takes to sit quietly.  Moderate-intensity activities are activities that consume 

3.5-7 kcal/min or expend 3-6 METs.  Vigorous activities burn more than 7 

kcal/min or expend 6 METs.  Some people wrongly believe that physical activity 

should be vigorous in order to bring health benefits.  However, according to the 

Centers for Disease Control and the American College of Sports Medicine, 150 
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minutes of moderate-intensity aerobic activity every week, at least 10 minutes at a 

time, brings health benefits.   

Participating in physical activities of moderate intensity such as brisk walking or 

jogging has been shown to reduce the risk of T2DM.  Physical active subjects 

have about 30% lower risk of T2DM when compared to sedentary individuals 

(Jeon et al., 2007).  A systematic review found that the summary relative risk of 

T2DM was 0.69 (95% CI 0.58-0.3) for subjects participating regular exercise of 

moderate intensity, when compared to the sedentary subjects.  Walking is 

beneficial to human health too.  The relative risk was 0.7 (95% CI 0.58-0.84) for 

subjects with walking habit (more than 2.5 hours/ week) as compared with 

subjects without walking habit (Jeon et al., 2007).  Consistent with the literature, 

another meta-analysis demonstrated a strong inverse correlation between risk of 

T2DM and physical activity level (Aune et al., 2015).  All kinds of activities 

including total physical activity, leisure-time activity, low, moderate and vigorous 

intensity activity, resistance exercise, occupational activity, walking and 

cardiorespiratory fitness were associated with health benefits.  Most of these 

activities were associated with a 25-40% reduction in the relative risk of T2DM 

(Aune et al., 2015).  
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  2.1.2 Pathogenesis of type 2 diabetes 

T2DM, formerly known as non-insulin-dependent or adult-onset diabetes, results 

from malfunctioned insulin signaling in different tissues leading to body’s 

ineffective use of insulin, whereas type 1 diabetes mellitus (T1DM, also known as 

insulin-dependent, juvenile or childhood-onset diabetes) is a result of inadequate 

insulin production by the pancreas.  Among diabetic patients, about 90% of them 

suffer from T2DM (Chen et al., 2012).  There are several pathogenic factors in 

T2DM – 1. genetic predisposition 2. beta cell failure 3. environment 4. insulin 

resistance.   

 

Genetic predisposition  

Family studies have demonstrated that close relatives of patients with T2DM have 

much higher chance of developing diabetes.  The genetic predisposition was 

clearly demonstrated three decades ago by an extensively cited study of identical 

twins conducted in London.  The study showed that if one twin developed 

T2DM, then his/her identical sibling inevitably developed T2DM as well.  After 

scientists had found that T2DM could be a genetic disease, they started to identify 
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possible disease-causing genes.  Some susceptible disease-causing genes have 

already been identified.  Most of them are involved in impaired glucose 

metabolism and pancreatic beta cell dysfunction.   

 

Peroxisome proliferator-activated receptor (PPAR) has several isoforms, 

including alpha, beta, delta and gamma.  PPAR alpha is responsible for fatty 

acid uptake in liver and heart while PPAR beta/delta and gamma are responsible 

for fatty acid oxidation in skeletal muscle and for glucose and lipid uptake in 

adipose tissue.  Thus, the expression of PPAR can stimulate glucose and fatty 

acid uptake in different tissues and prevent insulin resistance (Jay and Ren, 2007).  

Some common polymorphisms in PPAR, including PPAR gamma Pro12Ala and 

PPAR gamma coactivator 1 alpha Gly482Ser, are associated with the conversion 

from malfunctioned glucose metabolism to T2DM, as the polymorphisms reduces 

insulin sensitivity in different tissues (Andrulionyte et al., 2004, Villegas et al., 

2014).   

 

Another possible candidate is the cysteine protease calpain 10 (CAPN10).  
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CAPN10 is an evolutionarily conserved gene that is important in insulin secretion, 

fuel sensing and insulin exocytosis (Turner et al., 2005).  Intronic single 

nucleotide polymorphisms (UCSNP-19, 43 and 63) have been demonstrated to 

associate with 3-fold increase of risk of developing T2DM (Ridderstrale et al., 

2005).  Another group of researchers also suggests that there is a significant 

association between UCSNP-43 and risk of cardiovascular disease coexisting with 

T2DM.  Furthermore, homozygous haplotype combination 121/121 was more 

frequent in patients with T2DM than in control population (Buraczynska et al., 

2013).  Recently, a minor G-allele of CAPN10 rs3792269 A>G polymorphism 

has also been associated with reduced treatment successful rate (odd ratio 0.27, 

95%CL 0.12-0.62).  Therefore, mutation of CAPN10 not only associates with 

T2DM, it also associates with the treatment effect (Tkac et al., 2015).   

 

Although some genes were identified and associated with T2DM, the relationship 

between genetic predisposition and diabetes is still complex.  The predisposition 

for T2DM may require several mutations as opposed to just one.  Moreover, 

there are numerous genetic variants in different people.  It is not known that 

whether a particular variant or a particular group of variants will lead to the same 
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form of T2DM (Leahy, 2005).  Therefore, identification of diabetes genes is still 

slow and difficult.   

 

Environment 

It is important to be reminded that most diabetic genotypes only lead to 

predisposition for glucose intolerance.  Whether or not one develops T2DM 

depends on environmental factors including, dietary habits, physical activity level, 

body weight and smoking history (Hu et al., 2001).  Among all risk factors for 

T2DM, overweight (or obesity) is the single most influential predictor of T2DM.  

Significant increase in body mass during early adulthood was associated with 

early onset of T2DM (Schienkiewitz et al., 2006).  As mentioned in previous 

sections, studies have clearly demonstrated that sedentary behaviours (e.g. TV 

watching, extensive sitting at work place, lack of leisural activity) are strongly 

associated with higher risk of diabetes.  The above predisposing factors can 

impair glucose metabolism in our bodies via worsening of insulin resistance or 

further decrease beta-cell function.  T2DM is very likely the final clinical picture 

of combination of the genetic predisposition and environmental factors (Strasser, 

2013).  Ones cannot change their genetic predisposition, but they can modify 
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their lifestyle.  Studies show the importance of physical activity on prevention of 

T2DM.  Lifestyle modification, such as healthy diet, physical activity and 

exercise, is regarded as the cornerstone of obesity management (Strasser, 2013, 

Lindstrom et al., 2013).  A recent study systematically reviewed that diet and 

physical activity promotion programs reduced T2DM incidence, decreased body 

weight and improved fasting blood glucose level.  The more intensive 

interventions were more effective in improving body weight and fasting blood 

glucose (Balk et al., 2015).  A clear conclusion is that environmental factors, 

such as diet and physical activity, slow the onset of T2DM in obese people, lean 

people with metabolic syndrome and people genetically predispose to T2DM 

(Strasser, 2013, Petersen et al., 2012).  Although the evidence is strong and clear, 

it is still difficult to motivate people to exercise habitually.   

 

Beta cell dysfunction  

Beta-cell dysfunction is involved in the onset and progression of T2DM.  

Increased apoptosis and decreased regeneration of beta-cell lead to the 

development of disease (LeRoith, 2002).  It has been proposed that there are five 

key stages in the development of T2DM.  Each stage is characterized by changes 
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in phenotype, beta-cell mass and function (Weir and Bonner-Weir, 2004).  At 

stage 1, also known as compensation phase, as insulin resistance develops due to 

obesity, sedentary lifestyle or genetic predisposition, body secretes more insulin 

to main normal blood glucose level.  At stage 2, beta-cell adapts to the new 

higher blood glucose level (5.0-6.5 mmol/l).  Stage 3 and stage 4 are 

characterized by unstable decompensation and stable compensation, respectively.  

At stages 3 and 4, beta-cell mass becomes insufficient to maintain blood glucose 

level, glucose levels rise over a short period of time to stage 4, at which beta-cell 

mass is reduced to about 50% of that of control subject (Butler et al., 2003).  In 

most cases, stage 4 lasts a lifetime for T2DM patients.  At stage 5, severe loss of 

beta-cell results in ketoacidosis.  Patients at this stage are completely dependent 

on insulin for survival.  This stage is rarely found in patients with T2DM, but 

T1DM.   

 

Of note, the progression from stage 1 to stage 4 is reversible.  Individuals with 

T2DM, typically at stage 4, can reverse back to stage 2 by either gastric reduction 

surgery or conventional treatments with diet, medications and exercise (Cohen et 

al., 2012, Stenlof et al., 2013, Umpierre et al., 2011).   
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Insulin resistance 

Insulin resistance is defined as – ‘the inability of a known quantity of exogenous 

or endogenous insulin to increase glucose uptake and utilization in an individual 

as much as it does in a normal population’ (Lebovitz, 2001).  Sufficient secretion 

of insulin after a meal is important in glucose uptake, however, normal insulin 

action is also critical.  Insulin functions when it binds to the insulin receptor on 

the cell membrane signaling a cell to transport glucose molecules from blood 

stream to glucose-disposal cells through a series of protein-protein interaction.  

When the complicated insulin signal transduction pathway is impaired, insulin 

resistance develops.  There are several possible causes leading to development 

of insulin resistance, including genetic abnormalities, fetal malnutrition and 

increases in visceral adiposity.  Physiological studies show that most of the 

insulin-mediated clearance of a glucose load (e.g., a rich meal) goes into skeletal 

muscle (DeFronzo, 2004).  One of the major muscle disorders is impaired 

glucose uptake and unable to convert glucose to glycogen in muscle cells.  There 

are several mechanisms that may lead to the impaired insulin signaling. 

 

Problematic activation of insulin receptor substrace-1 (IRS-1) impairs the normal 
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insulin signaling cascades.  This can be due to increased IRS-1 serine 

phosphorylation and decreased IRS-1 tyrosine phosphorylation.  Details will be 

discussed in following sections.  Skeletal muscle mitochondrial dysfunction may 

also lead to insulin resistance.  It has been demonstrated in a state-of-art study 

that inherited defect in mitochondrial oxidative phosphorylation leads to 

dysregulated intracellular fatty acid metabolism which is strongly associated with 

insulin resistance in skeletal muscle of insulin-resistant offspring of patients with 

T2DM (Petersen et al., 2004).  In addition, muscle fiber with smaller number of 

mitochondria (type IIb muscle fiber) is associated with decreased 

insulin-stimulated glucose uptake (Nyholm et al., 1997).  Similarly, skeletal 

muscle mitochondria were found smaller in T2DM patients and obese subjects.  

The activity of rotenone-sensitive NADH:O2 oxidoreductase, reflecting the 

overall activity of respiratory chain, was measured in mitochondrial fraction and 

found lowest in patients with T2DM (Kelley et al., 2002).  Conclusively, 

mitochondrial dysfunction is possibly one of the factors contributing to insulin 

resistance.  Excess fatty acids in cells, or commonly known as lipotoxicity, may 

play a role in insulin resistance.  Excess fatty acids impair insulin signaling 

through PKC-mediated serine phosphorylation of IRS-1.  A genetic ablation 

study reveals that PKC inactivation prevents fat-induced impairment in insulin 
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signaling and glucose uptake in skeletal muscle (Kim et al., 2004).   

 

Altogether, serine phosphorylation of IRS-1, defective mitochondria and 

accumulation of fatty acids inside cells are mechanisms leading to insulin 

resistance in skeletal muscle. 
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2.2 Cellular mechanisms of skeletal muscle insulin resistance in type 2  

 Diabetes 

The binding between insulin and insulin receptors triggers insulin signaling 

cascades via protein-protein interaction in normal skeletal muscle.  However, the 

insulin action becomes impaired in disordered skeletal muscle.  Understanding 

pathways that control glucose metabolism and insulin action helps to identify 

potential therapeutic targets and develop interventions to enhance insulin 

sensitivity.  In this section, normal insulin signaling pathway and impaired 

insulin signaling pathway will be discussed. 

 

2.2.1 Insulin signaling and action in skeletal muscle  

Skeletal muscle, as one of the insulin-responsive tissues, has insulin receptor (IR) 

at the plasma membrane.  When insulin binds to the extracellular alpha subunit, 

it activates autophosphorylation of the beta subunit.  The autophosphorylation 

leads to amplification of the kinase activity which results in phosphorylation of 

docking proteins, such as Insulin receptor substrate (IRS)-1, IRS-2, IRS-3 and 

IRS-4.  Among the four IRSs, IRS-1 is the most important IRS responsible for 



 

27 

 

regulating glucose metabolism in skeletal muscle.  Genetic deletion of IRS-1 in 

transgenic mice leads to insulin resistance in skeletal muscle (Kido et al., 2000).  

There are two different kinds of phosphorylation of IRS-1 – serine 

phosphorylation and tyrosine phosphorylation.  Tyrosine phosphorylation of 

IRS-1 is responsible for insulin-stimulated responses.  It activates one of the 

downstream signaling molecules, the phosphatidylinositol 3-kinase (PI3K) 

generating phosphatidylinositol-3,4,5-triphosphate (PIP3), which further activates 

protein kinase B (PKB, also known as Akt).  Akt plays an important role in 

enhancing GLUT4 localization.  Upon insulin stimulation, Akt is phosphorylated 

at Ser473 and Thr308 by unknown complexes and 3-phosphoinositide-dependent 

kinase 1 (PDK1), respectively.  PDK1 also phosphorylates and, hence, activates 

protein kinase C which is responsible for mediating insulin signaling in skeletal 

muscle.  The GTPase activating protein AKT substrate of 160kDa (AS160) is 

activated by Akt in response to insulin.  It helps for localization and trafficking 

of GLUT4 in skeletal muscle.  The translocation and integration of GLUT4 to 

cell surface membrane leads to glucose transport into skeletal muscle cells.   
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2.2.2  Alternations of insulin signaling in type 2 diabetes 

As mentioned in previous section, the insulin signaling starts from the binding 

between insulin and IR and ends with the translocation of GLUT4 to plasma 

membrane.  Any defects at different levels in the insulin signaling may lead to 

insulin resistance and, hence, T2DM. 

 

IR protein content has been found unaltered in patients with T2DM (Arner et al., 

1987, Krook et al., 2000).  However, the binding between insulin and IR is 

abnormal (Maegawa et al., 1991).  After binding with IR, tyrosine 

phosphorylation of IR is important as any post-receptor disorders are able to 

reduce glucose uptake in skeletal muscle.  Phosphorylation of IR has been found 

to be decreased in patients with T2DM (Goodyear et al., 1995).  One of the hall 

mark defects in the signaling pathway is the reduced tyrosine phosphorylation of 

IRS-1 and increased phosphorylation of IRS-1.  The tyrosine phosphorylation of 

IRS-1 is critical in mediating the normal insulin signal, however, either serine or 

threonine phosphorylation of IRS-1 will lead to the decreased tyrosine 

phosphorylation by the activated IR (Arner et al., 1987, Maegawa et al., 1991, 

Goodyear et al., 1995, Perseghin et al., 1996, Karlsson et al., 2006, DeFronzo and 
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Tripathy, 2009).  The decreased tyrosine phosphorylation of IRS-1 will lead to 

an impaired activation PI3K activity in skeletal muscle from patients with T2DM 

(Beeson et al., 2003, Kanoh et al., 2003, Sajan et al., 2004).  Akt is an important 

immediate downstream molecule of PI3K.  Evidence has shown that 

co-activation of PI3K and Akt is essential for the insulin-stimulated glucose 

transportation (Sylow et al., 2014).  In insulin-resistant human skeletal muscle, 

Akt-2 and Akt-3 are inactivated (Brozinick et al., 2003).  It could be possibly 

due to significantly reduced Akt phosphorylation by insulin.  The decrease in 

Akt phosphorylation has been demonstrated to associate with increased 

intramyocellular ceramide content (Adams et al., 2004).  AS160, with a 

GTPase-activating protein domain that is phosphorylated on multiple sites by the 

Akt, serves as a bridge between the insulin-stimulated IRS/PI3K/Akt signaling 

and GLUT4 translocation (Miinea et al., 2005).  In patients with T2DM, AS160 

phosphorylation is reduced due to impaired insulin signaling.  The importance of 

AS160 has been well demonstrated in a study where the AS160 used in the 

experiment is nonphosphorylateable AS160 which abolishes the GLUT4 

translocation (Thong et al., 2007).  Although AS160 is essential for the GLUT4 

vesicular trafficking, the exact role of AS160 remains to be investigated.   
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The insulin signal transduction pathway in diabetic muscle is complicated.  

Defects can appear at different level(s).  Any defects such as abnormal protein 

expression or dysregulated phosphorylation, on signaling factors, including IR, 

IRS-1, PI3K, Akt and AS160, may lead to defects in GLUT4 translocation and 

glucose transportation in skeletal muscle.  Although conventional medications 

such as rosiglitazone and metformin can improve glucose homeostasis but they 

cannot augment insulin signaling in skeletal muscle which is considered the 

largest glucose disposal tissue.  Therefore, a novel drug improving insulin 

signaling in skeletal muscle becomes important. 
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2.3 Unacylated Ghrelin: a potential natural peptide for the treatment of 

metabolic diseases 

Ghrelin is a 28-amino acid peptide which has been found in human stomach in 

1999 by Kojima and colleagues (Kojima et al., 1999).  Acylation at the third 

N-terminal position makes ghrelin become biologically active.  It has been well 

documented that ghrelin stimulates release of growth hormone (GH), increases 

food intake and improves endothelial function by upregulating nitric oxide 

bioavailability (Tesauro et al., 2010, Dezaki et al., 2008).  As acylated ghrelin 

(AG) has different physiological functions, the research on ghrelin has been more 

extensive.  However, its counterpart, unacylated ghrelin (UnAG) received much 

less attention as it was considered a degradation product of ghrelin with no 

physiological functions.  One of the reasons that UnAG received less attention is 

that UnAG cannot bind and activate the GH secretagogue receptor type 1a 

(GHSR1a).  GHSR1a is a G protein-coupled receptor, after binding with AG, it 

mediates regulation of energy homeostasis and body weight (Wren et al., 2000).  

GHSR1a is not a receptor for UnAG and the receptor for UnAG remains a 

mystery.  Therefore, UnAG did not receive the attention as it deserves.  

However, Unacylated ghrelin has a significant level in both systemic blood and 
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pancreatic blood flow, the amount of circulating UnAG is far greater than its 

counterpart, AG (Dezaki et al., 2006, Hosoda et al., 2000).  Moreover, UnAG 

has been found to have various physiological effects including improving blood 

glucose level in patients with diabetes.  Recently, the investigation of UnAG has 

entered phase Ib clinical trial in type 2 diabetes and phase II clinical trial in 

hyperphagia in Prader-Willi syndrome.  

In this section, the role of UnAG in the body and the effects of administration of 

UnAG are discussed   

 

2.3.1 Unacylated ghrelin as a metabolic hormone  

UnAG has been reported to associate with body weight.  UnAG level is 

consistently lower in obese mice and humans, while AG levels in obese animals 

and animals with normal weight are similar (Pacifico et al., 2009, Nonogaki et al., 

2006).  Studies investigating ratio between AG and UnAG have found that 

AG-to-UnAG ratio is higher in obese subjects (Barazzoni et al., 2007, St-Pierre et 

al., 2007).  These results imply that UnAG is possibly a metabolic hormone 

affecting glucose and fat metabolism.  The following studies support the above 
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argument.   

 

Co-administration of AG and UnAG via intravenous (IV) injection decreases 

concentration of insulin in obese subjects.  The 50% decrease in insulin 

concentration and unchanged glucose level suggest that the AG and UnAG can 

increase the insulin sensitivity.  This is contrary to the study conducted by 

Broglio et al., in which UnAG alone can outweigh the insulin resistance induced 

by AG alone (Broglio et al., 2004).   In the same study, AG has been shown to 

induce growth hormone, decrease insulin levels and increase blood glucose level.  

UnAG has reversed all the alterations made by AG and normalized the blood 

glucose level.  The effects of UnAG is similar to the effects of a peptidic GHS-R 

antagonist [D-Lys(3)]GHRP-6 which reduces food intake in mice fed with 

high-fat diet and standard diets, body weight and blood glucose level.  It is not 

known whether the beneficial effects induced by [D-Lts(3)]GHRP-6 and UnAG 

are mediated by the same pathway.   Besides insulin resistance, body weight 

also seems to be affected by the level of UnAG.  It has been shown that level of 

UnAG is lower in obese patients, at the same time, the ratio between AG and 

UnAG is more than doubled in obese subjects (Barazzoni et al., 2007).  
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Therefore, the AG and UnAG balance is suggested to mediate insulin action in 

obese subjects with metabolic syndrome.  Asakawa et al. has proposed similar 

effects of AG and UnAG in another study, in which AG was successfully used to 

induce a positive energy balance and UnAG was used to induce a negative energy 

balance (Asakawa et al., 2005).  Moreover, in the same study, transgenic mice 

over-expressing UnAG were thinner with decreased food intake.  In a human 

study, overnight continuous infusion of UnAG improves glucose metabolism by 

decreasing glucose area under the curve by 14% at night and inhibits lipolysis in 

normal subjects (Benso et al., 2012).  Apart from its metabolic properties, it can 

also exert non-metabolic effects on liver beta-cells and skeletal muscle.  
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2.3.2 Effects of administration of unacylated ghrelin 

Both AG and UnAG are pro-survival for β-cells.  It has been demonstrated that 

either AG or UnAG promotes β-cells proliferation and downregulates apoptosis in 

β-cells (Granata et al., 2007).  A decrease in the number of β-cells accelerates 

the progress of T2DM (Donath et al., 2005).  Therefore, AG or UnAG may 

prevent the development of T2DM by promoting β-cells proliferation and 

suppressing β-cells apoptosis.  Interestingly, even a fragment of UnAG 

(sequence of UnAG fragment: SPEHQRVQ-NH2; sequence of UnAG: 

GSSFLSPEHQRVQQRKESKKPPAKLQPR-COOH) can prevent diabetes in 

streptozotocin (STZ) -treated rats (Granata et al., 2012).  Besides its anti-diabetic 

effect, some fragments can also reduce oxidative stress and aging in human 

circulating endothelial progenitor cells.   Chen et al. has shown that AG induces 

fasted motor activity, which is feeding stimulatory, in both antrum and the 

duodenum, however, UnAG disrupts the fasted motor activity of the antrum in 

rats (Chen et al., 2005).    The physiological effects of AG and UnAG can be so 

different, however, they can behave similarly in certain situations.   Both AG 

and UnAG induce phosphorylation of Akt in skeletal muscle and impair muscle 

atrophy induced by fasting.  Of note, the effects of AG and UnAG can still be 



 

36 

 

observed in GHSR-deficient mice, which implies the effects of AG and UnAG 

can be mediated by an unknown receptor (Porporato et al., 2013).  Yu et al. has 

shown that both AG and UnAG can inhibit the doxorubicin-induced apoptosis and 

enhance a pro-survival pathway, autophagy (Yu et al., 2014).  Recently, AG has 

been proposed to treat cancer cachexia as it can ameliorate muscle wasting and 

regulate systemic inflammation (Tsubouchi et al., 2014).  On the other hand, 

UnAG, but not AG, has been demonstrated to induce skeletal muscle regeneration 

in response to ischemia through p38MAPK pathway (Togliatto et al., 2013).  

UnAG can also protect skeletal muscle and endothelial cells from ROS imbalance 

in hind limb ischemia in obese mice through upregulating sirtuin 1 (SIRT 1) 

activity and superoxide-dismutase-2 (SOD-2) (Togliatto et al., 2015).  UnAG 

was originally considered having no physiological functions and is now 

considered having both metabolic and non-metabolic functions through different 

pathways.  It can increase insulin sensitivity, improve glucose metabolism, 

ameliorate muscle wasting and induce muscle regeneration.  However, there is 

no study conducted to investigate how UnAG modulates impaired insulin 

signaling in skeletal muscle.    
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2.4 Exercise: a cornerstone of diabetes management 

Type 2 diabetes mellitus is a major public health problem.  According to the 

International Diabetes Federation, it is estimated that about 8% of adults suffer 

from T2DM now and the total number of T2DM patients will exceed 590 million 

by 2035.  Besides medical treatment, exercise has been proposed to be a 

cornerstone of diabetes management.  American College of Sports Medicine 

(ACSM) urges healthcare professionals to assess and review patients’ physical 

activity level and exercise level as both physical activity and exercise are 

important in disease prevention and medical treatment.  Randomized trials have 

demonstrated that 150 mins/week of physical activity and diet-induced weight 

loss of about 5% decreases chance of progression from insulin resistance to 

T2DM by about 60% (Tuomilehto et al., 2001, Knowler et al., 2002).  Another 

study has also shown that exercise alone is sufficient to slow down the 

progression from insulin resistance to diabetes (Pan et al., 1997).  For diabetic 

patients, a meta-analysis on the effects of structured exercise interventions on 

HbA1C has shown that post-intervention HbA1C is decreased after exercise even 

body weight remains unchanged (Boule et al., 2001).  Therefore, the beneficial 

effect of structured exercise on HbA1C is independent of the effect of exercise on 
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body weight.  Most importantly, the amount of HbA1C reduction is sufficient to 

reduce the risk of diabetic complications.  The beneficial effects of exercise on 

diabetes management or prevention are clear and indisputable, however, the 

possible mechanisms mediating the beneficial effects of exercise remain to be 

elucidated.  

In this section, three common types of exercise and positive impacts of exercise 

on skeletal muscle will be discussed. 

 

2.4.1 Three common types of exercise 

According to the Centers for Disease Control and Prevention and the 2008 

Physical Activity Guidelines for Americans, adults are suggested to perform two 

types of physical activity per week to improve their cardiorespiratory system and 

muscular system.  In order to obtain health benefits, it is recommended that 

adults should perform at least 150 minutes of moderate-intensity physical activity 

(e.g. brisk walking and light jogging) and resistance training on two or more days 

a week that focus on all large muscle groups (e.g. legs, hips, back, abdomen, chest, 

shoulders, and arms).  Or, if you have adapted well to group exercise, you can 
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choose to perform 75 mins of vigorous-intensity aerobic exercise instead of 

performing the 150 minutes of moderate-intensity physical activity.  Therefore, 

according to the guidelines, two types of exercise are recommended – the 

aerobic exercise and resistance exercise.  Apart from the aforementioned 

conventional types of exercise, a new type of exercise, named high-intensity 

interval training, has received significant attention.  Although high-intensity 

interval training is not mentioned in the traditional exercise prescription, it has 

been shown that it can improve oxygen uptake even to a greater extent than the 

conventional aerobic exercise.  These three kinds of exercise will be introduced 

below. 

 

Aerobic exercise is a physical exercise that depends mainly on the aerobic 

energy-generating system, which means the use of oxygen is sufficient to 

generate energy for sustaining the exercise for an extended period of time.  As 

the aerobic exercise, including brisk walking, light jogging, swimming and 

cycling, recruits almost all large muscles groups and is inexpensive, it has been 

studied extensively (Pan et al., 1997, Boule et al., 2001, Price et al., 1996, 

Umpierre et al., 2011).   
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Resistance exercise is a physical exercise that, with the use of resistance (e.g. 

dumbells, body weight and elastic bands), force a particular muscle (or a group of 

muscles) to contract in order to work against a resistive load.  Resistance has 

been receiving increasing attention as it provides significant benefits and 

improvement in human health (Winett and Carpinelli, 2001).  Moreover, 

resistance training is particularly popular among disabled persons and people with 

limited mobility (Alexander et al., 2001, Durstine et al., 2000).   

 

High-intensity interval training (HIT) is a physical exercise that involves 

burst-and-recover cycles.  In conventional aerobic training, people are suggested 

to exercise at a moderate-intensity level (i.e. 60-75% maximum heart rate).  For 

HIT, the exercise intensity is categorized as ‘all-out’, ‘maximal’ or ‘high’ (i.e. 

90-95% maximum heart rate).  A growing body of evidence has shown that HIT 

can be an alternate to conventional aerobic exercise as it induces same or even 

better physiological adaptations in both healthy and disabled population (Gibala 

et al., 2012).    
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2.4.2 The positive impacts of exercise on skeletal muscle and the underlying 

mechanisms 

The positive impacts of exercise are numerous, including but not limited to 

enhancing muscular strength, facilitating better utilization of oxygen in skeletal 

muscle and other tissues, increasing body lean mass, increasing size and strength 

of skeletal muscle, decreasing intracellular fat content in skeletal muscle cell and 

so on (Powers et al., 1999, Pedersen and Febbraio, 2012).  To be more 

mechanistic, exercise can affect chromatic dynamics such as modulation of 

chromatin modifiers and chromatin modifications and, hence, decreases aging 

process in skeletal muscle (Benayoun et al., 2015).  The exercise-induced 

epigenetic remodelling may positively affect the gene expression and protein 

translation which, in turns, induce beneficial effects in skeletal muscle (Koltai et 

al., 2010).  Over the past few years, skeletal muscle has been found to be an 

important secretory organ.  Muscle fibers secrete cytokines and peptides which 

exert autocrine, paracrine or endocrine effects mediating protective effects of 

muscular exercise (Pedersen and Febbraio, 2012).  Irisin, one of the 

exercise-induced myokines secreted by skeletal muscle, converts white fat into 

brown fat through the expression of PGC-1α (Bostrom et al., 2012).  The 
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browning of fat contributes to energy consumption as it dissipates energy as heat.  

The activation of brown adipose tissue may, therefore, reverse the trend of 

chronic periods of positive energy balance in obese population (Seale and Lazar, 

2009).   

 

Furthermore, exercise has been demonstrated to effectively reduce HbA1C of 

patients with T2DM (Umpierre et al., 2011).  Most of the above-mentioned 

alternations in skeletal muscle are related to some degree of changes of its 

metabolic properties.  In recent years, autophagy has been frequently mentioned 

as a potential mechanism mediating the metabolic benefits of exercise training 

(Galluzzi and Kroemer, 2012, Galluzzi et al., 2014, Shanware et al., 2013).  In 

2012, the importance of exercise in glucose homeostasis has been well 

demonstrated in an article published in Nature.  He et al. have proposed that 

inactivation of autophagy leads to impaired glucose metabolism (He et al., 2012).  

Mice without exercise-induced autophagy show abnormal glucose homeostasis 

and reduced endurance.  Therefore, the metabolic benefits of exercise are very 

likely mediated by the autophagic mechanism.  In another well conducted study, 

autophagy has been shown to be required for exercise-induced skeletal muscle 
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adaptation and improvement in endurance (Lira et al., 2013).  Molecular 

regulation of autophagy is certainly an important mechanism that bridges exercise 

and skeletal muscle metabolism.  The activation or inactivation of autophagy 

may contribute to human health and disease.  In the following section, 

autophagic responses to physical exercise in skeletal muscle will be 

comprehensively reviewed.    
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2.5 Autophagic responses to exercise in skeletal muscle and other tissues 

Skeletal muscle is an organ with remarkable adaptive capability in the body 

(Guller and Russell, 2010, Katz, 2007).  Conventionally, the main function of 

skeletal muscle is limited to the control of movement and posture.  Recently, 

skeletal muscle is found related to various health problems such as obesity and 

type 2 diabetes mellitus (Katz, 2007).  Accumulating findings suggest that 

skeletal muscle plays a central role in orchestrating the metabolism and functions 

of different organs.  Lack of physical activity due to different reasons such as 

microgravity (Delp et al., 2000), cancer cachexia (Poole and Froggatt, 2002, 

Tisdale, 2009) and aging (Doherty, 2003, Koopman and van Loon, 2009) may 

lead to muscle atrophy and other consequences that are detrimental to human 

health.  Different interventions using physical exercise are shown to be useful to 

counteract the negative consequences brought by muscle atrophy (Gibala et al., 

2012, Praet and van Loon, 2007, Combaret et al., 2005). However, how metabolic 

and molecular remodeling of skeletal muscle mediates the benefits of exercise 

remains unclear. 

 

Malfunction of autophagy may cause different diseases such as Parkinson’s 
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disease, amyotrophic lateral sclerosis and Alzheimer’s disease (Rubinsztein, 

2006).  Moreover, understanding the molecular pathways that rule muscle 

growth and death is indispensable to improve human health.  Autophagy, a 

catabolic machinery of muscle cells, is undoubtedly an important mechanism in 

human development and exercise adaptation as the cytosolic rearrangement after 

exercise might require the mediation of autophagy.  Autophagy is a lysosomal 

pathway involving the degradation of protein aggregates and subcellular 

organelles in cells.  The degraded products can be recycled to yield energy to 

support cell metabolism.  There are three different kinds of autophagy namely 

microautophagy, chaperone-mediated autophagy and macroautophagy.  The 

cellular responses of macroautophagy, which is primarily responsible for the 

elimination of macromolecules and subcellular organelles (Mizushima, 2007), to 

physical exercise in skeletal muscle are discussed in this review. 

 

In myofiber atrophy, the rate of protein breakdown operates over the rate of 

protein synthesis.  In eukaryotic cells, there are two proteolytic systems involved 

in protein degradation: ubiquitin-proteasome system and autophagy lysosomal 

system.  For autophagy lysosomal system, a double membrane named 
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phagophore is formed to engulf the target proteins and/or organelles.  An 

autophagic vacuole named autophagosome is formed after sequestering the target 

materials. Then, the autophagosome fuses with the lysosome to create an 

autolysosomes and the autophagosome is degraded by lysosomal enzymes 

(Maiuri et al., 2007).  Muscle mass has been demonstrated to be affected by the 

ubiquitin-proteasome system and autophagy lysosomal system.  The 

over-activation of the systems has been suggested to result in muscle atrophy.  In 

the following paragraphs, we focus on the molecular mechanisms of autophagy 

lysosomal system and provide evidence showing the regulation of autophagy 

through physical exercise.   
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2.5.1 Physiological Function of Autophagy 

Autophagy has physiological functions in maintaining cellular homeostasis 

especially during energy-deficit situations.  Mice lacking autophagy-related 

protein (Atg) Atg5 at birth have been shown to die within one day of delivery 

(Kuma et al., 2004).  This result has proved that the conversion of intracellular 

proteins to amino acids is important in the restoration of energy homeostasis 

during early development.  Besides maintenance of homeostasis, autophagy at 

basal level in different cells can assure the intracellular quality of cells.  

Ubiquitinated proteins and other malfunctioned protein aggregates accumulate in 

cells (Hara et al., 2006).  Tissue-specific knockout models have shown the 

importance of autophagy in different tissues.  Liver-specific Atg7-/- mice have 

been demonstrated to suffer from hepatomegaly and hepatic failure (Komatsu et 

al., 2005).  Neural cell-specific Atg5 and Atg7 knockout mice were shown to 

develop neurodegeneration and progressive motor deficits (Hara et al., 2006).  In 

fact, many neurodegenerative diseases including Alzheimer’s disease, Parkinson’s 

disease and Huntington’s disease are related to aberrant autophagy.  Intriguingly, 

the symptoms of these diseases were shown to be relieved or prevented by 

activating autophagy (Elfrink et al., 2013, Caccamo et al., 2013, Xiong et al., 
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2013, Weihl, 2013).  Therefore, it is very likely that the accumulation of 

long-lived proteins contributes to the pathology of the neurodegenerative 

disorders.  Re-activation of autophagy might be proposed as a potential target of 

the therapeutic strategy.  In a cell culture study, H2O2-treated senescent 

fibroblasts have been shown to be protected from apoptosis by the activation of 

autophagy (Guo et al., 2012). In contrast, the dysregulation of autophagy has been 

shown to contrbute to myopathy.  A recent study (Grumati et al., 2010) indicated 

that defective autophagy contributes to skeletal muscle cell death, which leads to 

collagen VI muscular dystrophies.  Intriguingly, re-activation of autophagy by 

different means was demonstrated to restore myofiber survival and relieve the 

dystrophic muscle phenotype of the collagen VI-null mice.  The Forkhead box 

protein transcription factors (FoxO) have been shown to be upregulated through 

the expression of inhibitor of pyruvate dehydrogenase complex leading to 

5'AMP-activated protein kinase (AMPK) activation.  This reinforces the 

cytoprotective role of autophagy in cells as AMPK inhibits the mammalian target 

of rapamycin (mTOR) (Kim et al., 2011). mTOR is extensively manipulated to 

induce or to suppress autophagy.  Suppression of mTOR relaxes the inhibition of 

autophagy which recycles the protein aggregates.  However,  a study has shown 

that the use of mTOR inhibitors (e.g., rapamycin) might lead to adverse effects on 
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inclusion body myopathy (Ching et al., 2013).  Therefore, it is noted that the 

activation of autophagy induced by the inhibition of mTOR may not necessarily 

deliver beneficial effects to skeletal muscle.    
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2.5.2 Molecular Mechanism of Autophagy 

Autophagy is highly inducible.  Physical exercise (He et al., 2012, Ogura et al., 

2011), nutrient starvation (Wohlgemuth et al., 2010) and withdrawal of growth 

factor have been shown to induce autophagy (Lum et al., 2005).  In the above 

stresses to muscle cells, autophagy is crucial in recycling of macromolecules in 

order to provide nutrients and energy to muscle cells.  A number of Atg proteins 

have been identified to control the major steps of autophagy.  To date, 31 Atg 

genes have been identified (Yorimitsu and Klionsky, 2005, Burman and Ktistakis, 

2010).  Autophagy consists of several essential processes namely initiation, 

nucleation, elongation, fusion and degradation.  These processes are tightly 

regulated to locate and gather the targeted organelles and long-lived protein to 

autophagosomes which will then be fused with lysosomes for breakdown.  The 

contents inside the autophagosomes will ultimately be degraded by the hydrolytic 

enzymes provided by the lysosomes (Xie and Klionsky, 2007).   

 

Initiation 

The formation of autophagosome starts from phagophore although the origin of 



 

51 

 

the phagophore remains unclear.  The formation of the phagophore should be 

built up on a platform called phagophore assembly site (Tooze and Yoshimori, 

2010).  The origin of phagophore has been proposed to be from plasma 

membrane or organelles possessing lipid membrane (Hayashi-Nishino et al., 2009, 

van der Vaart and Reggiori, 2010, Hailey et al., 2010, Ravikumar et al., 2010a).  

Both endoplasmic reticulum(Hayashi-Nishino et al., 2009) and 

mitochondria(Hailey et al., 2010) are suspected to be the source of the 

phagophore.  In summary, no conclusion on the exact origin of the phagophore 

has been reached as yet. 

 

Mammalian target of rapamycin (mTOR) is the central switch for the activation 

of autophagy (Figure 1).  Autophagy has been demonstrated to be induced by the 

inhibition of mTOR due to pharmacological induction (Patschan et al., 2008), 

nutrients deprivation (Wohlgemuth et al., 2010) and exercise training (He et al., 

2012).  A stable complex has been shown to form by mTOR, 

serine/threonine-protein kinase (Ulk1), FAK-family interacting protein (FIP200), 

Atg13 and Atg101 under nutrient-rich environment.  Oppositely, under 

nutrient-deficient situation, mTOR detaches from the complex.  The remaining 
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multi-protein complex localizes to the phagophore (Chan, 2009, Ganley et al., 

2009).   

 

Nucleation and Elongation  

Nucleation of phagophore requires a complex comprising of phosphoinositide 

3-kinase (class III PI3K complex), Beclin-1, vacuolar protein sorting (Vps) 15, 

ambra1, Vps34, and Atg14/UV irradiation resistance-associated tumor suppressor 

gene (UVRAG).  Immunoprecipitation analysis has shown that the class III 

PI3K complex contains either Atg14 or UVRAG (Matsunaga et al., 2009).  The 

complex containing Atg14 has been found during the early autophagosome 

formation and the complex containing UVRAG was found during the endosome 

maturation (Zhong et al., 2009).  

 

Both B cell leukemia/lymphoma-2 (Bcl-2) and B-cell lymphoma-extra large 

(Bcl-XL) are able to bind to Beclin-1.  This binding inhibits autophagy because 

Bcl-2 affects the interaction between the Vps34 and Beclin-1 (He and Levine, 

2010).  Phosphorylation of Bcl-2 or Beclin-1 has been shown to result in the 



 

53 

 

dissociation of Bcl-2 from Beclin-1 (He et al., 2012).  It has been demonstrated 

that C-Jun N-terminal kinase 1 (JNK1) can phosphorylate Bcl-2 (Pattingre et al., 

2009, Wei et al., 2008b).  Therefore, JNK1 can also trigger autophagy by 

releasing Beclin-1 from the binding of Bcl-2.  In addition, Beclin-1 has been 

shown to be phosphorylated by the death-inducing kinase (DAP-kinase) (Zalckvar 

et al., 2009).  The unbound Beclin-1 is proposed to be a key autophagic protein 

governing autophagy by recruiting Atg proteins for autophagosomes formation 

(Figure 1) (Kang et al., 2011).   

 

The elongation of autophagosome involves different Atgs.  Briefly, Atg5 

covalently binds to Atg12 through the catalysis of Atg7 and Atg10.  The 

Atg5-Atg12 complex then interact with Atg16 to form the Atg12-Atg5-Atg16 

complex which later mediate the conjugation of phosphatidylethanolamine (PE) 

to the microtubule-associated protein 1 light chain 3-I (LC3-I) to form LC3-II 

which binds to the autophagosome membrane (Figure 1).  There are several 

steps involved in the formation of LC3-II from LC3.  The LC3 has an amino 

acid tail.  Atg4 removes the C-terminal arginine of LC3, then the glycine residue 

left on the LC3 is activated by Atg7 which then transfers the LC3-I (the activated 
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form of LC3) to Atg3.  Finally, the PE binds to the LC3-I through the mediation 

of Atg3 and Atg12-Atg5-Atg16 complex to form LC3-II (Kirisako et al., 2000, 

Yorimitsu and Klionsky, 2005).  The amount of LC3-II has been shown to 

correlate with the extent of autophagosome formation (Kabeya et al., 2000). 

 

Maturation and Degradation 

After elongation, the autophagosome fuses with the lysosome, an acidic and 

enzyme-rich organelle, for the degradation of proteins inside the autophagosome.  

During maturation, the small GTP-binding protein Ras-related protein (Rab7) and 

lysosomal membrane protein 1 (LAMP-1) and 2 (LAMP-2) are required to 

facilitate maturation and degradation.(Humphries et al., 2011, Beertsen et al., 

2008)  Amino acids are exported to the cytosol after the degradation process 

through lysosomal amino acid transporter 1 and 2 (Agulhon et al., 2003, Sagne et 

al., 2001). 

During exercise, skeletal muscle is damaged mechanically and metabolic 

homeostasis is disturbed.  Under such a stressful condition, skeletal muscle can 

remove damaged proteins and organelles by autophagy in order to release useful 
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materials to the nutrient pool inside the muscle cells (Figure 1).  Therefore, this 

series of molecular mechanisms have been proposed to play an important role in 

maintaining homeostasis of skeletal muscle during physical exercise (Hara et al., 

2006, Weihl, 2013, Lee et al., 2013).     
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2.5.3 Role of FoxO Transcription Factors in Autophagy in Skeletal Muscle 

It has been reported that activation of FoxO3 is essential for fiber atrophy and the 

expression of atrogin-1 during muscle denervation and fasting (Sandri et al., 

2004).  Besides activation of the ubiquitin-proteasome system, the autophagy 

lysosomal system has been shown to mediate the process of muscle proteolysis.  

FoxO3 induces the expression of different Atg genes such as LC3-II, 

Gamma-aminobutyric acid receptor associated protein-like 1 (GABARAPL1), 

Vps34, Ulk2, Atg12, Atg4 and Beclin-1 in denervated and fasted adult mice (Zhao 

et al., 2007).  Recent works have shown that posttranslational modifications of 

FoxOs are important in the coordination of muscle mass.  The activity of FoxOs 

can possibly be altered by different mechanisms such as phosphorylation, 

protein-protein interaction and acetylation.  Phosphorylation of FoxO3 by 

AMPK or serine/threonine-specific protein kinase (Akt) may activate or inhibit 

the transcriptional activity of FoxO3.  Phosphorylation of FoxO3 by Akt causes 

inhibition of transcriptional activity whereas phosphorylation of FoxO3 by 

AMPK on Ser588 leads to the upregulation of transcriptional activity (Figure 2.1) 

(Sanchez et al., 2012).  For protein-protein interaction, no interactions have been 

detected between FoxO3a and Beclin-1, Ulk1, Atg13, Atg5, LC3, or 
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GABARAPL1.  These results have indicated that FoxO3a acts only as the 

transcription factor (Sanchez et al., 2012).  It has been postulated that FoxO3 

interacts with the histone acetyl-transferase p300, and the acetylation of FoxO3 

causes cytosolic degradation via proteasome system (Bertaggia et al., 2012).  

Although the effect of the acetylation of FoxO3 on autophagy remains unclear, it 

is possible that the degradation of FoxO3 suppresses autophagy as FoxO3 is 

known to induce autophagy in skeletal muscle (Nakashima and Yakabe, 2007, 

Mammucari et al., 2007).  Simultaneously, p300 has been shown to be 

responsible for the acetylation of different Atg proteins.  The knockdown of 

p300 has been used to experimentally activate autophagy (Lee and Finkel, 2009).  

Therefore, p300 can regulate both the FoxO3 and Atg proteins by acetylation.  

Fine regulation of FoxO family is important in regulating autophagy.  It is noted 

that the relationship between exercise and FoxO expression remains unclear.  

Additional studies are needed to explore how exercise regulates FoxO expression 

and posttranslational modifications of transcription factors and kinases in muscle 

autophagy.    
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Figure 2.1  The key molecular signaling pathways and cellular events in 

exercise-induced autophagy - exercise activates AMPK as the AMP to ATP ratio 

increases.  Moreover, the skeletal muscle contractions during exercise stimulate 

Akt.  A downstream target of AMPK and Akt is mTOR which can be inhibited 

by AMPK and activated by Akt simultaneously.  mTOR is regarded as a central 

switch which balances the input signals from AMPK and Akt.  In 

exercise-induced autophagy, mTOR may release its inhibition on Ulk1/2 which 

leads to the induction of autophagy.  Ulk1/2 can also phosphorylate the Beclin-1 

which leads to the detachment of Beclin-1 from Bcl-2.  Also, exercise increases 

the activity of JNK which phosphorylates Bcl-2.  Phosphorylated Bcl-2 can also 
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detach from Beclin-1.  Unbound Beclin-1 induces autophagy.  2) Exercise leads 

to phosphorylation of FoxO which is mediated by AMPK.  After 

phosphorylation, the transcriptional activity of FoxO will be enhanced.  FoxO is 

an important transcription factor of different autophagy-related genes such as 

Bnip3, LC3 and Atgs.  3) During autophagy induction, the formation of 

autophagosome starts from a phagophore which is suspected to develop from 

membranes of mitochondria and endoplasmic reticulum.  Nucleation of 

phagophores requires a complex comprised of Beclin-1.  Elongation of 

autophagosomes involves different Atg proteins.  Atg5 covalently binds to 

Atg12 through the catalysis of Atg7 and Atg10.  The Atg5-Atg12 complex will 

then interact with Atg16 non-covalently to form the Atg12-Atg5-Atg16 complex 

which mediates conjugation of PE to the LC3-I (which is formed by cleaving LC3 

at its C-terminus by Atg4) to form LC3-II that binds to autophagosome 

membranes.  Autophagosomes sequester malfunctioned organelles and 

long-lived proteins.  Finally, autophagosomes fuse with lysosomes which 

degrade the contents inside autophagosomes. 4) Activation of AMPK through 

exercise triggers deacetylation of PGC-1α which is a transcription coactivator.  

The deacetylated PGC-1α stimulates mitochondrial biogenesis and angiogenesis 

which enhance fiber-type switching.  By the mediation of AMPK, autophagy 
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and mitochondrial biogenesis may be activated simultaneously.  Any mismatch 

between them may have detrimental effects to cells.  

 

A link has been evidently proposed between ubiquitin proteasome system and 

autophagy lysosomal system (Sanchez et al., 2012, Bertaggia et al., 2012, 

Goodman et al., 2011).  Recently, deficiency of MuRF1 has been demonstrated 

to cause elevation of expression of Muscle Atrophy F-box (MAFbx) and reduction 

of expression of Beclin-1 in skeletal muscle after denervation, suggesting that 

deficiency of MuRF1 may downregulate the denervation-associated activation of 

autophagic signaling (Gomes et al., 2012).  As FoxO3 has been shown to 

regulate both the ubiquitin proteasome system and the autophagy lysosomal 

system, the change in expression of FoxO3 can unsurprisingly affect the two 

systems simultaneously (Mammucari et al., 2008).  The molecular mechanisms 

underlying the FoxO3-mediated connection between the ubiquitin-proteasome 

system and the autophagy lysosomal system remain largely unclear.  More 

studies are required to gain a clear picture of the link and interactions between 

autophagy and the proteasome system in skeletal muscle.   
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Under some conditions such as ultra-endurance exercise (Jamart et al., 2012a) and 

muscle atrophy (Romanello et al., 2010), the ubiquitin proteasome system and the 

autophagy lysosomal system have been shown to be activated simultaneously.  

Failure of the activation of autophagy has been found in Atg5-/- or Atg7-/- mice, 

leading to the aggregation of ubiquitinated proteins (Raben et al., 2008, Masiero 

et al., 2009).  It has been speculated that the ubiquitinated proteins could be 

degraded via autophagy as significant accumulation of ubiquitin is uncommonly 

seen in mice with basal autophagy (Mizushima, 2007).  As the ubiquitin 

proteasome system and the autophagy lysosomal system have been shown to be 

responsive to physical exercise, it is possible that exercise can be taken as an 

intervention used to preserve muscle mass possibly through the mediation of these 

two cellular systems (Masiero et al., 2009).  In the next section, the effects of 

physical exercise on skeletal muscle autophagy are discussed.    
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2.5.4 Effects of Physical Exercise on Skeletal Muscle Autophagy 

Different responses of autophagy in skeletal muscle have been reported following 

different kinds of physical exercise namely single bout exercise exposure and 

habitual/regular chronic exercise training.  In this part, we discuss different 

autophagic responses to a single bout of aerobic exercise and chronic aerobic 

exercise training.  The findings of the effects of acute and chronic exercise on 

muscle autophagy are summarized and presented in Table 2.1 and 2.2, 

respectively.   

  



 

63 

 

Table 2.1 Summary - autophagic response to short-term exercise 

 

 

Animal 
type 

Exercise Intervention Major findings on Autophagic Responses 

Mice  Wild type mice performing 80min (~900 m) of 
running or maximal exercise 
(Soleus, tibialis anterior and extensor digitorum 
longus) 
 
 
 
 

  
BCL2AAA mice performing 80min (~900 m of 
running) or maximal exercise  
(Tibialis anterior and extensor digitorum longus) 
 
 
 

 ↑Number of autophagosomes(~48% in soleus; 93% in tibialis 
anterior; 83% inextensor digitorum longus) 

 ↑Conversion of LC3-I to LC3-II 
 ↑Degradation of p62 
 ↓Bcl-2-Beclin-1 complex  
 ↓Plasma insulin (~90%) after performing maximal exercise  
 ↓Blood glucose (~51%) after performing maximal exercise 
  
 ↑Number of autophagosome (~ 54% in tibialis anterior; ~33% in 

extensor digitorum longus) 
 ↓Conversion of LC3-I to LC3-II 
 ↓Degradation of p62 
 ↓Dissociation of the Bcl-2-Beclin-1 complex 
 ↓Plasma insulin (~53%) after maximal exercise 
  

Mice  Mice exercising on a treadmill for 50 mins at a 
speed of 12.3m/min with a slope of 5˚  

 (Gastrocnemius)  

 ↓LC3-II (>90% at 3, 6 and 12 hours compared to the control) 
 ↓Beclin-1 (>90% immediately after exercise; ~80% at 3h; ~62% 

at 6h; ~52% at 12h) 
 ↓Atg7 (~50% immediately after exercise; ~53% at 3h; ~80% at 

6h; ~70% at12h) 
 ↓Atg12-5 (~30% immediately after exercise; ~23% at 3h; ~50% 

at 6h; ~81% at 12h) 
 ↓Lamp2a (no significant change after exercise; ~67% at 3h; 

~76% at 6h; ~84% at 12h) 
 

Mice WT mice running for 1 hour, speed increasing 
from 10cm/s to 40cm/s in the training hour.  

 

Col6a-/- mice  running for 1 hour, speed 
increasing from 10cm/s to 40cm/s in the training 
hour.  

 ↑LC3-II/LC3-I (~580%, compared to WT sedentary group) 
 ↓P-Akt (~50%, compared  to WT sedentary group) 

 

  
↓LC3-II/LC3-I (~89%), compared to WT exercise group) 
↑P-Akt (~205%, compared  to WT exercise group) 

Humans  Male subjects running at their freely chosen 
speed for 24 hours without sleep (Vastus 
lateralis) 

 ↑LC3-II (554%) 
 ↑Atg12-5 (36%) 
  No significant change for Atg7, Atg3 and Beclin-1 
 ↓ Phosphorylation state of Akt (~74%) 
 ↓ Phosphorylation state of FoxO3a (~49%) 
 ↓ Phosphorylation state of mTOR at Ser2448 (~32%) 
 ↓ Phosphorylation state  state of 4E-BP1 (~34%) 
 ↑ Phosphorylation state of AMPK (~247%) 

 

Human   Male runners running a 200-km race in, on 
average, 28h 3min.  
(Vastus lateralis)   
 

 ↑Atg 4b mRNA(~49%) 
 ↑Atg 12 mRNA (~57%) 
 ↑Gabarapl1 mRNA (~286%) 
 ↑LC3 mRNA(~103%) 
 ↑Cathepsin L mRNA (~123%) 
 ↑Bnip3 and Bnipl mRNA (~113%) 
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Animal 
type 

Exercise Intervention Major findings on Autophagic Responses 

Mice Functional overload – mice were subjected to 
bilateral functional overload of plantaris muscle by 
surgically removing their soleus and one-half of the 
gastrocnemius muscles. 
(Plantaris) 

 ↑Akt Ser-473 phosphorylation (~100% on 7th day of FO) 
 ↑p70s6k Thr-389 phosphorylation (~185% on 7th day of FO) 

Mice 

 

 Myostatin null mice swimming at 35-37˚C for 
60min/day, five times a week, for five weeks. 
(Digitorum longus, gastrocnemius, rectus femoris)  
 

  
Myostatin null mice running in unidirectional 
running wheel for 2 – 2.5km/day 
 
 
 
Wild type mice running (or swimming) according to 
the above protocols. 

  

 ↑LC3 mRNA (~93% on 2nd day after training ) 
 ↑Bnip3 mRNA (~15% on 2nd day after training ) 
 ↓p62 mRNA (~20% on 2nd day after  training ) 
 ↑CathepsinL mRNA (~27% on 2nd day after training ) 

 
 ↑Bnip3 mRNA (~48% on 2nd day after training ) 
 ↑CathepsinL mRNA (~107% on 2nd day after training ) 
 ↑ATF4 mRNA (~84% on 2nd day after training ) 
 ↑Beclin-1 mRNA (~112% on 2nd day after training ) 

 
 No significant change in the following mRNA: LC3, Bnip3, p62, 

CathepsinL, ATF4 and Beclin-1. 
 

Mice 

 

WT mice running voluntarily for 3 months 
 
Col6a-/- mice running voluntarily for 3 months 

 

No signicant change in LC3-II/ LC3-I ratio. 
 
↓LC3-II/ LC3-I ratio (~56%, compared to WT running group) 
↑p-Akt (~460%) 

 

Mice 

 

4-week voluntary running 
 Protein expression in two different types of muscle 

would be analyzed 

Two muscles were analyzed  
Plantaris (mixed fiber type) 
↑LC3-II (~92%) 
↑LC3-II/LC3-I (~36%) 
↓p62 (~18%) 
↑LC3 (~77%) 
↑Atg6 (~45%) 
↑Bnip3 (~47%) 
 
Soleus (oxidative fiber type) 
↑LC3-II (~83%) 
↑p62(~51%) 
↑LC3 (~103%) 
↑Atg7 (~67%) 
↑Atg6 (~50%) 
 

Mice WT mice running on a treadmill for 40 mins at 
16.3m/min on a slope of 5, 5days/week for 8weeks 

For young mice (2-month old) 
↓Beclin-1 in EDL (~39%) 
↓Beclin-1 in gastrocnemius (~50%) 
↓Atg7 in EDL (~18%) 
 
For old mice (10-month old) 
↑LC3-II in EDL(~62%) 
↑LC3-II in gastrocnemius (~26%) 
↑Beclin-1 in EDL (~60%) 
↑Atg7 in EDL (~32%) 
↑MuRF-1 in EDL (~80%) 
↑MuRF-1 in gastrocnemius (~65%) 
 

Rats  Following the initial adaptation phase, rats 
exercising for 60 min/ day at 30 m/min for 5 days 
(approximately equals to 70% of maximum oxygen 
consumption) 

 (Soleus) 

 No significant change was found in Atg12 mRNA, Atg12 
protein, Atg12-Atg5 protein, Atg4 mRNA, Atg4 protein, Atg7 
protein, LC3 mRNA, LC3-II/ LC3I, Cathepsin B mRNA, 
Cathepsin D mRNA, Cathepsin L mRNA, Cathepsin L protein 
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Table 2.2 Summary - autophagic response to long-term exercise  

 

Rats  Rats at 24 months of age with 8% life-long calorie 
restriction performing voluntary exercise (peak 
running activity: 2500m/day; average: 1145m/day) 
(Plantaris) 
 

 No significant change (compared with Rats with 8% life-long 
calorie restriction only) was found in Beclin-1, LC3-II/I ratio, 
LC3 mRNA. 
↑Atg7 (~42%) 

 ↑Atg9 (~43%) 
 ↑Lamp2 mRNA (~129%) 
  

Rats  Rats running at 20m/min and a grade of 5˚ for 1 hour 
per day, 6 days per week for 8 weeks 
(Soleus) 

 ↑Atg7 (~80%) 
 ↑Beclin-1 (~197%) 
 ↑LC3 (~124%) 
  
 ↓PGC-1α (~31%) 
 ↑p53 (~145%) 
 ↑p21 (~67%) 
 ↑MnSOD (~88%) 
 ↑FoxO3mRNA (~115%) 

 

Rats  Diabetic rats swimming for 1 hour per day, 5 days 
per week for 4 weeks 

 (Digitorum longus) 

↓ LC3(~55%) compared to non-exercise group 

Human
s 

 Following the initial adaptation phase, participants 
(overweight women) walking at an intensity level of 
13 on Borg Perceived Exertion scale and performing 
strength training at an level of 15-16 for 6 months 

 (Vastus lateralis)  
 

 ↑Atg7 mRNA (3-fold) 
 ↑LC3 mRNA (3-fold) 
 ↑Lamp2 mRNA (3-fold, p=0.07) 
 ↑FoxO3A mRNA (8-fold, p=0.057) 
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Acute Effect of Single Bout of Aerobic Exercise  

LC3-II and Atg12-Atg5 conjugation have been demonstrated to be increased after 

ultra-endurance exercise (Jamart et al., 2012b).  Both LC3-II and Atg12-Atg5 

conjugation are suggested to be related to damage of muscle tissue.  They are 

also regarded as two important protein complexes in regulating the size of 

autophagosomes(Maiuri et al., 2007, Sandri, 2010) and imposing curvature on the 

crescent phagophore (Zalckvar et al., 2009).  Moreover, it is important to keep 

replenishing the LC3 protein so as to maintain autophagy because LC3 is 

continuously consumed during autophagy (Mammucari et al., 2007).  During the 

situation of energy deficit such as ultra-endurance exercise, muscle protein is 

degraded into amino acids in order to provide energy to muscle cells to sustain the 

demand of energy metabolism. Inverse correlation between Akt activity and 

autophagy induction has been demonstrated in wild type muscle after 1-hour 

treadmill exercise (Grumati et al., 2011).  The decrease in phosphorylation state 

of Akt has been suspected to cause the increase in LC3-II/LC3-I ratio.  The 

dephosphorylation of Akt has been postulated to be associated with the 

dephosphorylation of FoxO3 (Mammucari et al., 2008).  Dephosphorylated 

FoxO3 can freely translocate to the nucleus for the transcription of other genes.  
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Upregulation of LC3 has been shown to be regulated by FoxO3 (Mammucari et 

al., 2007).  Therefore, it is reasonable to suspect that ultra-endurance exercise 

might stimulate autophagy via dephosphorylation of FoxO3.  An ultra-endurance 

running study has shown that the phosphorylation state of FoxO3 is decreased by 

about 50% and the expression of LC3-II is increased by more than 5-fold after 

exercise (Jamart et al., 2012b).  The effect of dephosphorylation of FoxO3 is not 

only limited to the regulation of autophagy but extended to the effects on the 

ubiquitin proteasome system.  MuRF1 protein expression has been shown to be 

increased after ultra-endurance exercise (Jamart et al., 2012b).  The alterations 

of the ubiquitin proteasome system and autophagy lysosomal system have been 

suggested to be regulated by the FoxO3-Bnip3 pathway in C2C12 myotubes 

(Mammucari et al., 2007, Zhao et al., 2007).  This may imply a link between the 

ubiquitin proteasome system and the autophagy lysosomal system during skeletal 

muscle degradation after performing a long duration of endurance exercise.  

Similarly, another study has demonstrated that ultra-endurance exercise increases 

the gene expression of Atg4b, Atg12, cathepsin L, GABARAP1, LC3, Bnip3 and 

Bnip3l (Jamart et al., 2012a).  GABARAP1 and LC3 are homologues of Atg8, 

which are important in the formation of autophagosome (Cabrera et al., 2010).  

Generally, cathepsin L is regarded as a typical marker of muscle protein 
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breakdown (Bechet et al., 2005).  The increased expression of cathepsin L may 

indicate the high rates of protein turnover.  Bnip3 and Bnip3l have been shown 

to induce autophagy by disrupting the Bcl-2-Beclin-1 complex and by 

antagonizing the activity of Bcl-2 (Mazure and Pouyssegur, 2009).  Although the 

gene expressions of the autophagic factors have been shown to be increased after 

ultra-endurance exercise, the protein expressions of the key autophagy-related 

factors have not been examined.  It is worth noting that variations might exist for 

the correlation of mRNA-protein expressions (Guo et al., 2008).  Even though 

findings related to the expression of autophagic factors at mRNA level are 

valuable for understanding the mechanisms of exercise-induced autophagy, the 

mRNA data might not be exactly predictive of protein alteration (Guo et al., 2008, 

Vogel and Marcotte, 2012) and, more importantly, direct evidence of activation of 

autophagy.  Also, it is worth noting that the intensity and duration of exercise 

and the food and water intake were unable to be controlled in the situation of this 

ultra-endurance exercise study.  Athletes were permitted to eat and drink ad 

libitum during the experimental period.  If some athletes chose to eat less, caloric 

deficiency or restriction can be a factor influencing autophagy (Jamart et al., 

2012a).   
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Acute treadmill exercise has been shown to induce autophagy in skeletal muscle 

(He et al., 2012).  Key autophagic proteins including LC3-II and p62 are found 

to be significantly altered after exercise.  The change in autophagic proteins is 

consistent with the observation of increased autophagosomes after exercise.  

More importantly, disruption of the Bcl-2-Beclin-1 complex is demonstrated to be 

the key step in autophagy-mediated exercise adaptation.  Bcl-2-Beclin-1 

complexes are found to be largely disrupted 30 minutes after exercise.  

Subsequently, genetic mutant Bcl-2AAA mice (mice lacking three conserved 

phosphorylation residues for impairing exercise-induced phosphorylation), 

Beclin-1+/- mice and Atg16L1HM mice (both mice exhibit deficiency of 

exercise-induced autophagy in skeletal muscle) are used to further demonstrate 

the importance of autophagy on glucose metabolism (He et al., 2012).  The 

mutant mice have been shown to have impaired redistribution of glucose 

transporters 4 (GLUT4) in muscle in response to exercise. This impairment has 

been shown to be associated with decreased exercise-induced AMPK 

phosphorylation, which is known to be important in regulation of localization of 

GLUT4 and glucose metabolism in skeletal muscle (Hardie, 2011).    In the 

same study, exercise training has been shown to improve the glucose tolerance in 

mice fed with a high-fat diet but not in Bcl-2AAA mice (mice that are incapable of 
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inducible autophagy in skeletal muscle).  This suggests that activation of 

autophagy induced by physical exercise is critical to mediate the exercise-induced 

improvement of glucose metabolism in diet-induced obesity (He et al., 2012).  

Nonetheless, deficiency of autophagy in skeletal muscle has also been shown to 

increase beta oxidation and protect animals from high-fat-diet induced insulin 

resistance (Kim et al., 2013a).  These conflicting results have demonstrated that 

both activation and inhibition of autophagy might improve glucose homeostasis.  

While additional efforts are required to reveal the exact role of autophagy in 

glucose and energy metabolism in muscle, the use of different transgenic mice 

may account for the different results obtained.  Transgenic mouse models have 

been widely used to study the roles and functions of genes.  However, a global 

gene knockout approach (He et al., 2012) may give results different from those 

obtained from a study adopting tissue-specific knockout approach (Kim et al., 

2013a) as secondary/indirect effects might have arisen from other organs that 

contribute to the observed phenotypes (Davey and MacLean, 2006). 

 

Recently, a single bout of exercise was shown to decrease the expression of some 

autophagic proteins including LC3-II, Beclin-1, Atg7 and LAMP-2 during the 
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recovery period (Kim et al., 2012).  These findings demonstrated that single bout 

of treadmill exercise might attenuate the autophagic signaling in skeletal muscle.  

Notably, the autophagic response observed in this study is contrary to the findings 

reported by He et al (He et al., 2012).  In accompaniment with the decreased 

expression of autophagic proteins, MuRF1 protein expression is significantly 

increased during the recovery period (Kim et al., 2012).  It has been argued that 

the protein degradation regulated by MuRF1 might serve as a compensatory 

mechanism for the reduction of autophagy.  Furthermore, both the duration and 

intensity of exercise applied might be insufficient to trigger autophagy.  There 

are some possible explanations for the contradictions observed among different 

studies. Firstly, differences in energy consumption may determine the activation 

of autophagy.  The ratio of AMP-to-ATP has been considered an important 

upstream signal to activate AMPK (Corton et al., 1994, Hardie et al., 2000).  The 

increase in the ratio of AMP-to-ATP increases the activity of AMPK.  The 

enhanced activity of AMPK may activate autophagy through the 

mTOR-dependent pathway (Kim et al., 2011).  Therefore, differences in energy 

consumption leading to different ratio of AMP-to-ATP may cause different 

autophagic responses.  Secondly, pre-exercise muscle glycogen concentration 

may result in different autophagic responses.  The pre-exercise muscle glycogen 
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concentrations have been found to be inversely correlated to the degree of 

activation of AMPK (Derave et al., 2000, Wojtaszewski et al., 2002).  Last but 

not least, there are a number of intrinsic and extrinsic factors that may affect the 

results of studies such as the muscle type being studied, time of sacrifice and 

tissue collection, diet and age.   

 

Chronic Effect of Long-term Aerobic Exercise 

Aside from the single bout exercise, long-term chronic exercise training has also 

been shown to result in different autophagic responses in skeletal muscle.  The 

results of long-term exercise training are found to be diversified as summarized in 

Table II.   

 

No significant changes in protein expressions of Beclin-1, Atg12, Atg4, Atg7, 

LC3, Atg12-Atg5 complex and cathepsin L have been demonstrated in mice after 

performing five consecutive days of treadmill exercise for 60 min/day at 30 

m/min (Smuder et al., 2011).  In contrast to the aforementioned acute exercise 

studies that harvested the muscle tissues within 3 hours after the single bout of 
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exercise, the muscle tissues were collected 24 hours after the last bout of exercise 

and, therefore, basal autophagy rather than acute autophagic response was 

evaluated in this chronic exercise study.  Exercise has been shown to protect 

muscle against doxorubicin-induced autophagic changes in skeletal muscle.  

Doxorubicin is an anti-tumor agent used in cancer treatment but doxorubicin is 

known to have toxicity that causes significant muscle wasting associated with 

elevation of autophagy (Yamamoto et al., 2008).  LC3-II/LC3-I ratio has been 

shown to be significantly increased after doxorubicin therapy (Smuder et al., 

2011).  Intriguingly, endurance exercise training has been found to restore 

elevated levels of the expression of key autophagic genes such as Beclin-1, Atg12, 

Atg4 and Atg7 and LC3-II/LC3-I ratio in the skeletal muscle of 

doxorubicin-treated mice.(Smuder et al., 2011)  It is speculated that endurance 

exercise training upregulates major antioxidant enzymes such as superoxide 

dismutase and glutathione peroxidase in muscles (Leeuwenburgh et al., 1994).  

Thus, muscles are protected against the oxidative stress induced by doxorubicin.  

In this connection, endurance exercise training might inhibit the 

doxorubicin-induced activation of autophagy.   
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Caloric restriction has been found to attenuate aging (Wohlgemuth et al., 2010).  

A mouse study has attempted to examine the additional benefit gained from 

performing life-long daily voluntary wheel running together with 8% caloric 

restriction in diet.  No significant difference has been found in protein 

expressions of Beclin-1, LC3-I, LC3-II, Atg7 and Atg9 in muscles of rats with 

8% caloric restriction when compared to muscles of rats with 8% caloric 

restriction plus life-long exercise (Wohlgemuth et al., 2010).  Life-long exercise 

is found not to confer additional effects on autophagy.  In contrast, Atg7, 

Beclin-1, FoxO3 and LC3 have been found to be upregulated in muscle of rats 

after 8 weeks of training comprising of running on a motorized treadmill at 20 

m/min and a grade 5° for an hour per day, 6 days per week (Feng et al., 2011).  

In the same study, it has been concluded that exhaustive exercise activates 

autophagy leading to muscle atrophy which impairs the endurance capacity of 

skeletal muscle (Feng et al., 2011).  Conversely, different types of exercise have 

been widely reported to bring various health benefits to human (LaMonte et al., 

2005).  Even in this study, however, exhaustive exercise led to over-activation of 

autophagy and had detrimental effects on skeletal muscle.  
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The combination of dietary restriction and exercise has been hypothesized to 

activate autophagy and the ubiquitin proteasome pathway and reduce 

inflammation and apoptosis (Wohlgemuth et al., 2011).  Obese older adults who 

participated in a 6-month weight loss program combined with moderate intensity 

exercise have showed significant changes in autophagy markers including LC3, 

Atg7 and LAMP-2 at mRNA level (Wohlgemuth et al., 2011).  However, it is 

worth noting that, in this study, the changes in genes expression were not solely 

due to the effects of exercise.  It would be interesting if the measurements of the 

mRNA and protein expressions can be conducted in an exercise-only group, so 

that the effects of exercise can be interpreted.  

 

Most of the studies did not consider the sustainability of the activation of 

autophagy in response to exercise.  In most of the chronic exercise training 

studies, animals were sacrificed at least 24 hours after completing the last bout of 

exercise in order to study the basal level of autophagy (Feng et al., 2011, 

Matsakas et al., 2012, Lee et al., 2012b, Lira et al., 2013).  The basal autophagy 

flux and autophagy protein expression have been reported to be increased after a 

4-week voluntary running (Lira et al., 2013).  Some key markers important in 
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examining autophagic flux including LC3-II/LC3-I ratio, LC3-II and p62 have 

been found to be upregulated (Lira et al., 2013).  Proteins important in initiating 

and regulating autophagy like Beclin-1, Bnip3 and Atg7 have also been found to 

be upregulated (Lira et al., 2013).  Different types of muscles have been shown 

to have different autophagic responses even when exposed to the same exercise 

stimulus (Lira et al., 2013).  Basal autophagy flux and autophagy protein 

expression have been shown to be increased in parallel with mitochondrial 

biogenesis in plantaris with mixed fiber types.  However, no significant increase 

in basal autophagy flux and mitochondrial biogenesis was observed in oxidative 

soleus muscle after a 4-week voluntary running.  A transgenic animal model has 

been developed to investigate whether basal autophagy is associated with 

contractile activity or the mitochondrial contents of muscle (Lira et al., 2013).  

Mice with muscle-specific overexpression of PGC-1 (characterized with increase 

in mitochondrial content but unchanged contractile activity) have been used.  

Intriguingly, the increased mitochondrial content has been demonstrated to be 

associated with elevated basal autophagy in skeletal muscle.  It is suggested that 

mitochondrial biogenesis and mitophagy (a specific autophagic elimination of 

mitochondria) should be in equilibrium in order to prevent abnormal 

accumulation or excessive degradation of mitochondria.  However, basal 
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autophagy has been shown to be attenuated with aging and the attenuation of 

autophagy might reduce the efficiency of the degradation of unfolded proteins and 

malfunctioned organelles (Kim et al., 2013b).  In this regard, aerobic exercise 

training has been shown to enhance basal autophagy in aged mice.  LC3-II, 

beclin-1 and Atg7 have been demonstrated to be upregulated following an 8-week 

of aerobic exercise training (Kim et al., 2013b).  Nonetheless, the expressions of 

beclin-1 and Atg7 in extensor digitorum longus (EDL) were found to be 

downregulated in young trained mice (Kim et al., 2013b).  This is contradictory 

to one of the previously mentioned studies which has shown that both autophagic 

flux and autophagy proteins are upregulated after a 4-week of exercise training 

(Lira et al., 2013).  Data concerning fiber type shifting and mitochondrial 

contents may help to explain these discrepancies.  However, no such data are 

available to further explain the contradictory findings and further investigations 

are required to fully understand how exercise regulates autophagy in regard to 

fiber type transformation and mitochondrial biogenesis.   

 

Exercise produces free radicals and reactive oxygen species (ROS) in skeletal 

muscle (Miyazaki et al., 2001, Peters et al., 2006, Powers et al., 2010).  ROS has 



 

78 

 

been suggested to play an important role in both physiological and pathological 

adaptations in skeletal muscle.  ROS has recently been identified to regulate 

autophagy which recycles excess protein and damaged organelles 

(Scherz-Shouval et al., 2007).  Oxidative stress may stimulate mitophagy, which 

has been shown to be mediated by p38 mitogen-activated protein kinase (MAPK) 

(O'Leary and Hood, 2009, Chu et al., 2007).  The reduction of mitochondrial 

contents may affect cell functions and susceptibility to cell death.  Therefore, it 

is important to maintain muscle integrity by enhancing mitochondrial biogenesis 

in order to maintain normal cellular function.  PGC-1α has been shown to 

stimulate mitochondrial biogenesis and accelerate the turnover of intra-cellular 

mitochondria (Wenz et al., 2009).  The recycled mitochondria are very likely to 

be replaced by the regenerated mitochondria.  Exercise has been proposed to 

induce autophagy(Grumati et al., 2011, Kim et al., 2012, Lira et al., 2013, He et 

al., 2012, Jamart et al., 2012a, Jamart et al., 2012b) and mitochondrial biogenesis 

(Baar et al., 2002, Calvo et al., 2008, Gibala et al., 2009, Pilegaard et al., 2003, 

Safdar et al., 2011).  The dynamic equilibrium between these two intracellular 

events should be important but the interactions between autophagy and 

mitochondrial biogenesis remain largely undefined and require further 

investigation.   
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Myostatin is a differentiation factor inhibiting muscle growth.  The upregulation 

of myostatin leads to muscle atrophy which is commonly seen in patients with 

cancer, chronic obstructive pulmonary disease and very low physical activity 

level (W et al., 2010, Lenk et al., 2011, Baumann et al., 2003, Penna et al., 2013, 

Paddon-Jones et al., 2006).  It has been demonstrated that myostatin increases 

the mRNA expressions of Atg4b and Ulk-2, the protein expression of LC3-II and 

the number of autophagosomes in C2C12 murine muscle cells.  Activation of 

autophagy has been accompanied by activation of proteasomal degradation 

contributing to muscle atrophy (Lee et al., 2011b).  Conversely, decreased 

expression of myostatin may cause inactivation of autophagy.  Myostatin null 

(MSTN-/-) mice exhibit abnormal muscle hypertrophy without the increase in 

muscular strength (Amthor et al., 2007).  This may be explained by the 

unfavorable accumulation of sarcoplasmic reticulum which negatively affects 

muscle contractility (Amthor et al., 2007).  Exercise has been shown to be useful 

to restore the force-generating ability in MSTN-/- mice to the level of wild type 

mice.  Surprisingly, significant increases in the mRNA levels of Bnip3 (in both 

swim training and wheel running), LC3 (in swim training), cathepsin L, ATF4 and 

beclin-1 (in wheel running) have been shown to be accompanied by enhanced 

oxidative phenotypes such as increase in number of succinate dehydrogenase 
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(SDH)-positive fibers and increase in capillary density.  Basal autophagy has 

also been found to be activated in skeletal muscle with enhanced oxidative 

phenotype in some previously discussed studies (Lira et al., 2013, Wohlgemuth et 

al., 2011).   In collagen VI null (Col6a1-/-) mice, myofiber degeneration, 

spontaneous apoptosis and decreased muscle strength together with impaired 

autophagic flux have been reported in skeletal muscles that are deficient of 

Col6a1 (Grumati et al., 2011).  Unlike the autophagic response to exercise 

observed in MSTN-/- mice, both acute and prolonged exercises were found to 

exacerbate the dystrophic phenotype of Col6a1-/-.  This observation seems to 

conflict with the previously mentioned studies related to exercise-induced 

autophagy as activation of autophagy after exercise was not found in muscle of 

Col6a1-/- mice.  The LC3-II/LC3-I ratio has been reported to be reduced after 

long-term voluntary exercise in Col6a1-/- mice (Grumati et al., 2011).  

Moreover, autophagy flux has not been shown to be increased by contractile 

activity (Grumati et al., 2011).  Of note, basal autophagy was found to be 

associated with mitochondrial content in skeletal muscle (Lira et al., 2013).  The 

improved oxidative phenotype has led to upregulation of basal autophagy.  In 

Col6a1-/- mice, tibialis anterior muscle was shown with abnormalities of SDH 

staining, implying the presence of dysfunctional mitochondria and altered 
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sarcoplasmic reticulum.  In addition, autophagy flux was found to be impaired.  

Further investigation is required to dissect the relationship between PGC-1α and 

the enhancement of basal autophagy.  The effect of metabolic adaptation (e.g., 

mitochondrial biogenesis and angiogenesis) and contractile adaptation on basal 

autophagy should be one of the focuses in the area of exercise-induced autophagy.      

 

Diabetes can reduce skeletal muscle mass by inducing muscle atrophy (Lecker et 

al., 1999).  A recent study has revealed that rats with induced diabetes show a 

significant weight loss.  Histological analysis indicates that muscle fiber 

diameter was significantly reduced in diabetic mice (Lee et al., 2012b).  LC3 

expression was quantified to reveal the underlying mechanism beneath muscle 

atrophy in diabetic muscle.  In diabetic mice, the LC3 expression was found to 

be significantly increased.  Compared to the control diabetic rats, the body mass 

of diabetic rats with exercise (swam 1 hour/day and 5 days/week for 4 weeks) was 

increased by about 30% whereas LC3 expression was reduced by 75% (Lee et al., 

2012b).  The reduction in autophagy appears to conflict with the current thought 

that autophagy could be induced by exercise.  However, LC3 expression was not 

reduced to a level lower than that from the healthy control group.  LC3 
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expression only returned to the basal level after exercise.  The restoration of LC3 

expression might actually contribute to reverse skeletal muscle wasting in diabetic 

mice.  Similar results can be found in another study which has showed that the 

phosphorylation of Akt and p70S6K1 are significantly increased in gastrocnemius 

muscle of mice subjected to bilateral functional overload (Spangenburg et al., 

2008).  Although the actual LC3 expression was not measured, the signaling 

pathway has implication on the autophagic response.  Akt and p70S6K1 act as 

upstream signaling factors for autophagy while Akt negatively regulates 

autophagy (Zhao et al., 2007, Mammucari et al., 2007).  Phosphorylation of Akt 

may lead to the inactivation of autophagy through the PI3K-Akt-mTOR-mediated 

pathway.  In the diabetic study, exercise-inhibited autophagy seems to protect 

the diabetic rats from high blood glucose and muscle wasting.  This is 

contradictory to a previous study which has demonstrated that exercise-induced 

autophagy improves impaired glucose tolerance in diet-induced obesity (He et al., 

2012).  There are some possible explanations for the discrepancies between 

these two studies.  Firstly, muscle tissues were collected at different time points.  

Autophagy level varies with time and cellular nutrient state, therefore, protein 

expression is likely to be different at different time and nutrient state (Ravikumar 

et al., 2010b).  It has been demonstrated in cardiac muscle that LC3-II 
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expression increases 1 hour after exercise and returns to basal level 3 hours after 

exercise (Ogura et al., 2011).  Similar study should be conducted in skeletal 

muscle to depict the pattern of autophagic activation and de-activation in skeletal 

muscle.  Secondly, swim and wheel running have been demonstrated to alter 

gene expression differently in skeletal muscle (Matsakas et al., 2012). Different 

exercises may affect autophagy in skeletal muscle differently.  How different 

types/forms of exercise affect autophagy should be investigated in the future as 

different types/forms of exercise at different intensities and frequencies affect 

contractile activity and the cellular nutrient states of skeletal muscle differently.  

Both contractile activity and cellular nutrient states have been demonstrated to 

stimulate Akt (Sakamoto et al., 2003, Deldicque et al., 2008, Atherton and Smith, 

2012) and AMPK (Wadley et al., 2006, Friedrichsen et al., 2013, Hardie and 

Hawley, 2001) signaling which regulate autophagy via mTOR-dependent 

pathway (Sanchez et al., 2012, Mammucari et al., 2008, Jung et al., 2010).   

 

A previous study has discussed the association of GLUT4 localization with 

activation of autophagy (He et al., 2012).  GLUT4 expression is reduced in 

skeletal muscle of type 1 and type 2 diabetic patients (Ren et al., 1994, Douen et 
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al., 1990).  The traditional diabetic drug metformin pharmacologically activates 

AMPK (Russo et al., 2013, Musi et al., 2002) and consequently, stimulates 

glucose uptake by skeletal muscle and inhibits liver gluconeogenesis (Musi et al., 

2002, Zhou et al., 2001).  Interestingly, exercise can also stimulate the 

phosphorylation of AMPK (Dreyer et al., 2006, Musi et al., 2001) which regulates 

autophagy and GLUT4 localization.  Hence, uptake of glucose by skeletal 

muscle can be enhanced by exercise.  Notably, the AMP/ATP ratio is 

continuously altered during exercise.  This alteration can be sensed by AMPK 

(Hardie and Hawley, 2001) which can activate autophagy.  However, a recent 

study has shown that exercise alone cannot reduce the level of serum glucose and 

improve insulin resistance in mice fed with high-fat diet through the activation of 

AMPK (Cui et al., 2013).  After 6 weeks of exercise training, the 

phosphorylation state of AMPK and the LC3-II/LC3-I ratio remained unchanged.  

It is possible that AMPK was not activated by the exercise protocol in a mildly 

energy-deprived state (Cui et al., 2013).  It is believed that further understanding 

of the role of autophagy in exercise adaptation would help to hasten the 

development of novel effective exercise-based therapies to combat metabolic 

diseases such as diabetes mellitus.  
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2.5.5 Conclusion and Perspective  

Autophagy is important in maintaining the cellular homeostasis of skeletal muscle 

fiber.  Exercise appears to be an effective intervention to activate autophagy.    

However, our understanding of the effects of autophagy on skeletal muscle 

adaptation is very limited.  Autophagy has been considered to be an important 

mechanism to recycle long-lived proteins and malfunctioned subcellular 

organelles (He et al., 2012).  Disruption of autophagy would seriously destroy 

the homeostasis of skeletal muscle cells.  However, new findings suggested that 

inhibition of autophagy may confer protection against high-fat diet induced 

obesity and insulin resistance (Kim et al., 2013a).  Furthermore, differences in 

signaling pathways, metabolic characteristics of skeletal muscles, time points for 

sacrificing animals, transgenic animal models, disease models and exercise 

types/forms/protocols may affect autophagic response to physical exercise.   

 

Although the roles of different autophagic signaling molecules have been studied 

extensively, how exercise modulates autophagy in skeletal muscle remains a 

mystery.  Some unanswered questions remain to be solved.  Muscular 

contraction and metabolic adaptation seem to be associated with the alteration of 
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autophagy in skeletal muscle during exercise. However, how the effect of exercise 

is mediated with the autophagic signaling pathway is not known.  The 

relationship between mitochondrial biogenesis and autophagy needs to be 

comprehensively studied as any imbalance between these two vital intracellular 

processes may cause detrimental effects to skeletal muscle cells.  Furthermore, 

the term “exercise-induced autophagy” has been generally used to describe the 

activation of autophagy following physical exercise. However, transient 

upregulation of autophagy and chronic elevation of basal autophagy following 

exercise intervention are not usually comprehensively distinguished in the 

literature.  Future studies are needed to further investigate how these two 

adaptations (i.e., transient upregulation of autophagy and chronic elevation of 

basal autophagy following exercise) contribute to the resulting metabolic effects 

of exercise.  Importantly, LC3-II/LC3-I ratio, quantification of LC3-II 

expression and p62 degradation and identification of autophagosomes are 

suggested as means for unambiguously monitoring cellular autophagic activity 

(Mizushima et al., 2010).  Experimental findings collected and integrated from 

multiple aspects/levels (i.e., mRNA level, protein level, qualitative measurement 

and actual function of the skeletal muscle) are desirable when deciding whether 

autophagy is induced after exercise intervention. In sum, the efforts and findings 
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in the past years have considerably improved our knowledge in skeletal muscle 

autophagy in response to the stimulus of physical exercise.    
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2.6 Cell death and its potential role in pressure ulcer 

There is a famous saying in Buddhism goes like this – “Life is uncertain, 

death is certain”.  Death is the final destiny of cells.  Although cell death is 

certain, the ways they die are still uncertain.  There are number of mechanisms 

leading to cell death, for example – depletion of ATP, damage to mitochondria, 

influx of calcium, oxidative stress and damage to DNA and proteins.  Different 

causes or combination of causes such as hypoxia, chemical insults, mechanical 

insults, infections and nutritional imbalances may trigger cell death through the 

above mechanisms (Elmore, 2007).  When cells are irreversibly damaged, cells 

may die in two different ways – necrosis or apoptosis.   In this section, two 

different types of cell death will be introduced.  After that, apoptosis and how 

apoptosis mediates pathogenesis of pressure ulcer will be discussed.   

 

2.6.1 Classification of cell death – apoptosis, necrosis and apoptotic secondary 

necrosis  

Apoptosis is a tightly regulated form of cell death in which nuclear condensation 

and fragmentation, cleavage of chromosomal DNA into fragments and packaging 
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of the deceased cell into apoptotic bodies without plasma membrane breakdown 

can be observed.  After DNA fragmentation and shrinkage of cell, apoptotic 

bodies will be identified and cleared by macrophages.  If the rate of removal of 

apoptotic bodies is higher than the rate of generation of apoptotic bodies, 

apoptosis does not cause any notable inflammation around the dead cells.   

 

On the contrary, necrosis is thought to be an uncontrolled type of cell death.  If 

apoptosis is regarded as an active suicidal event, necrosis is a passive accident 

(Edinger and Thompson, 2004).   Cells die via necrosis show increased cell size 

due to cytoplasmic swelling, morphological changes (from pyknosis and 

karyorrhexis to karyolysis), disrupted plasma membrane, leakage of cellular 

contents and signs of inflammation (Kanduc et al., 2002).  Chemical insults and 

physical damage to cells may also lead to necrosis.   

 

What makes the cell death pathway complicated is that there is no clear-cut 

between necrosis and apoptosis.  As mentioned earlier, under normal situations, 

macrophages remove apoptotic bodies, however, when the massive apoptosis 
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outweigh the phagocytosis capacity, this may still result in leakage of cellular 

components which further induces inflammation (Rock and Kono, 2008).  

Therefore, cytoplasmic and mitochondrial swelling and damaged cytoplasmic 

membrane are observed, however, unlike the classical necrosis, nuclear 

fragmentation and intense chromatin condensation can still be detected.  This 

kind of execution is neither apoptosis nor necrosis, this is called apoptotic 

secondary necrosis (Silva et al., 2008).  It is likely that both active suicidal cell 

death and passive necrotic cell death are mediated by apoptosis or partially 

mediated by apoptosis.  Of note, cell death due to necrosis could possibly be a 

final outcome of apoptosis, therefore, this catastrophic cellular event could be 

inhibited by targeting apoptotic pathway.  In the following section, classical 

theories of mitochondria-mediated apoptosis will be discussed in details.  

 

2.6.2 Mitochondria mediated apoptosis – Bax/Bak-dependent mechanism  

Mitochondria are often referred to as power plants of a cell as it generates energy 

by oxidative phosphorylation which leads to life.  However, in response to 

different cellular stresses, pro-apoptotic proteins are activated and programmed to 

oligomerize and form pores on the outer membrane of mitochondria through 
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which other pro-apoptotic factors, including cytochrome c and second 

mitochondria-derived activator of caspase (Smac) are released and causing 

activation of caspases which leads to death (Brunelle and Letai, 2009).  

Therefore, mitochondria take part in controlling life, stress and death of cells. 

 

The role of mitochondria in muscle atrophy and muscle cell death remains unclear.  

Mitochondria are organelles responsible for the generation of ATP as well as 

other events like fatty acid Beta-oxidation, phospholipid biosynthesis, calcium 

signaling and reaction oxygen species (ROS) formation.  Besides those 

important events, mitochondria play an important role in the process of apoptosis 

as different apoptotic factors and anti-apoptotic factors can be found inside the 

mitochondria (Green and Streuli, 2004).   

 

Mitochondria are involved in both extrinsic and intrinsic pathway, these two 

pathways leading to apoptosis in muscle cells.  The extrinsic pathway starts from 

the ligation of death receptors on the cell membrane, the ligation leads to the 

generation of the death-inducible signaling complex (DISC).  The DISC 
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transforms the pro-caspase-8 to caspase-8 which activates pro-caspase-3, hence, 

cleaving target proteins.  The cleavage of the target protein leads to apoptosis.  

In some cases, caspases-8 can also cleaves Bid, which leads to the 

oligomerization and insertion of Bax and/or Bak into the mitochondrial outer 

membrane.  After the translocation of Bax and Bak into the mitochondrial outer 

membrane, cytochorome c will be released from the mitochondria, the 

cytochorome c will then forms a cytosolic apoptosome complex with apoptosis 

activating factor-1 (Apaf-1) and pro-caspase-9 in the presence of dATP.  This 

results in the activation of pro-caspase-9, which leads to the activation of 

pro-caspase-3 (Orrenius et al., 2003).  For the intrinsic, mitochondria-mediated 

pathway, the key players are: 

i. Bcl-2 family proteins, responsible for the regulation of cytochrome c  

release 

ii. inhibitor of apoptosis proteins (IAPs), responsible for the inhibition of 

caspases  

iii. second mitochondrial activator of caspases (Smac) 

iv. Omi, the negative regulators of IAPs 



 

93 

 

v. pro-thymosin-alpha (Pro-T) and tumor suppressor putative 

HLA-DR-associated protein (PHAP), responsible for the regulation of 

apoptosome function 

 

Of those, the Bcl-2 family proteins are responsible for the control and regulation 

of the apoptotic mitochondrial events (Cory and Adams, 2002).  Protein p53 has 

an important role in regulation of the Bcl-2 family (Schuler and Green, 2001). 

The Bcl-2 family proteins control mitochondrial membrane permeability.  They 

can be pro-apoptotic or anti-apoptotic.  Some genes have been identified in the 

Bcl-2 family as anti-apoptotic – Bcl-2, Bcl-x, Bcl-XL, Bcl-XS, Bcl-w; or 

pro-apoptotic – Bcl-10, Bax, Bak, Bid, Bad, Bim, Bik and Blk (Elmore, 2007).  

The expression of the above proteins determines the fate of a cell – whether it 

commits to apoptosis or aborts the apoptosis.  The actions of the proteins 

regulate the release of cytochrome c from the mitochondria by altering the 

membrane permeability of mitochondria.   

 

To date, there are three models depicting the regulation of Bax/Bak-dependent 

apoptosis.  They are the  
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i. indirect/ displacement model  

ii. direct model 

iii. embedded together model 

 

Indirect/displacement model 

For the indirect model, Bak and Bax are assumed to be constitutively active.  

However, the Bak and Bax can be neutralized by binding with the Bcl-2 family 

proteins – Bcl-2, Bcl-XL, Bcl-W, A1 and Mcl-1 which are anti-apoptotic proteins.  

Another group of proteins, the BH3-only proteins such as Bad, Bid, Bim, Puma, 

Noxa, can bind to anti-apoptotic Bcl-2 proteins.  When the anti-apoptotic Bcl-2 

proteins are occupied by the BH3-only proteins, Bax and Bak will be set free.  

The Bax and Bak will localize to the mitochondrial outer membrane followed by 

the release of several proteins from the mitochondrial intermembrane space, 

including cytochrome c which forms a cytosolic apoptosome complex with 

Apaf-1 and pro-caspase-9 . 

 

Direct model 
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Bax and Bak are inactive in nature in the direct model.  The activation of Bax 

and Bak requires Bim and Bid.  During the process, the anti-apoptotic proteins 

will bind to the activator proteins, the Bim and Bid.  Another group of proteins 

called sensitizer proteins, for example Bad, Noxa and Puma, can bind to the 

anti-apoptotic proteins so that the Bim and Bid can be displaced by the sensitizer 

proteins in order to activate Bax and Bak (Kim et al., 2006). 

 

Embedded together model  

In embedded together model, activator proteins Bim and Bid can activate both 

Bax and Bak and different anti-apoptotic proteins by recruiting them to 

mitochondrial membranes (Billen et al., 2008). 

 

From the above three models, it is remarked that both Bak and Bax are key 

initiators of apoptosis, cells lacking both Bak and Bax cannot induce apoptosis 

(Cheng et al., 2001).  To examine the importance of Bak and Bax, researchers 

have studied the molecular requisites for platelet apoptosis induced in Bcl-XL 

knockout model.  With the Bcl-XL knocked out, the activator proteins can 
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activate the Bax and Bak without any binding by the anti-apoptotic proteins.  

Severe thrombocytopenia induced by thrombocyte-specific Bcl-XL knock-out has 

been stopped by a Bak and Bax double knock-out background (Kodama et al., 

2011).  The single knockout of either Bax or Bak cannot reverse the apoptosis.  

The same model has been used in deficiency of Bid, Bim, or both.  The 

apoptosis could not be reversed.  This result indicates that both Bax and Bak are 

essential in the activation of apoptosis and Bcl-XL is important in preventing 

apoptosis by interacting with the Bax and Bak.   

 

Although the effects of Bax/Bak double knock-out have been studied in cell lines 

and tissues in animal models, it has not been studied in muscle tissue yet.  As 

mentioned in following section, muscle apoptosis leads to pressure ulcer.  It has 

been proposed that muscle cell apoptosis is an early event that appears before any 

morphological change found in muscle tissue (Teng et al., 2011a).  Pressure 

ulcer may be prevented by terminating apoptosis.   
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2.6.3 Pathophysiology of pressure ulcer  

Pressure ulcer, also known as bed sores, which is caused by sustained pressure 

and shear force being applied on a particular part of the body. Common sites of 

pressure ulcer are sacrum, scapulae and heels (Enoch et al., 2006).  It is 

commonly seen in patients with limited mobility including patients who are 

bedridden, wheelchair bound, or wearing a prosthesis or orthosis.  The 

seriousness of pressure ulcer is determined by anatomic depth of involvement, 

ranging from skin surface to deep muscle layer.  However, data from our 

research group has shown that the pressure ulcer can first develop in the deep 

muscle layer without damaging the skin surface (Siu et al., 2009a, Sin et al., 

2013).  This ‘ bottom-to-top’ model is completely contrary to the 

‘top-to-bottom’ model which suggests that the injury begins from the skin layer 

and gradually ‘spread’ to the deeper muscle layer.  Although the existing 

pressure ulcer grading system is formulated based on the ‘top-to-bottom’ 

approach, it has been challenged that injury should firstly develop in the deeper 

muscle tissue as the metabolically active muscle tissue is more sensitive to the 

pressure generated on it over a bony prominence (Daniel et al., 1981, Cichowitz 

et al., 2009). 
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External mechanical load and mechanical deformation contribute significantly to 

pressure ulcer.  External mechanical load is a broad term refers to different 

loadings applied to a patient.  According to a new pressure ulcer conceptual 

framework (Coleman et al., 2014), the external mechanical load can be 

subdivided into three loads – 1. normal force (force that acts perpendicular to the 

skin surface); 2. shear force (force that acts parallel to the skin surface) and; 3. 

pressure (force per unit area).  External mechanical load leads to localized 

ischemia which has been considered the major etiological factor causing pressure 

ulcer (Peirce et al., 2000).  The reduced blood flow to compressed area results in 

decreased supply of nutrients to cells and impaired removal of metabolites in the 

compressed region.  Furthermore, when pressure is relieved, the unloading 

reperfusion may further amplify the deep tissue injury by generating free radicals 

(Peirce et al., 2000).  Besides the ischemia-reperfusion injury, muscle tissue 

deformation has also been demonstrated to induce pressure ulcer.  Unlike 

ischemia-reperfusion injury which induces pressure ulcer over a relatively long 

period of time, tissue deformation leads to cell death and, hence, induces pressure 

ulcer over a very short period of time (Gefen et al., 2008).  The major 

determinants of pressure ulcer have been identified, however, the signaling 

pathways mediating the development of pressure ulcer remain unclear.  Data 
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previously reported by our research group have proposed that 

mitochondria-mediated apoptosis is responsible for the development of pressure 

ulcer.  
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2.6.4 The role of cell death in pressure ulcer 

Apoptosis has been proposed to be the mechanism mediating the development of 

pressure ulcer.  Static pressure of 100 mmHg applied on tibialis region of rats for 

6 hours a day on two consecutive days induce pressure-induced deep tissue injury 

(Siu et al., 2009a).  The mRNA contents of Bax, caspase-3, caspase-8 and 

caspase-9 and DNA fragmentation have been upregulated after compression.  

The involvement of muscle apoptosis was also reported in different studies (Teng 

et al., 2011a, Sin et al., 2013, Teng et al., 2011b), however, the relationship of 

apoptosis and pressure ulcer had not been found until it has been demonstrated 

that caspase inhibitor can prevent the development of compression-induced 

muscle injury through the inhibition of apoptosis (Teng et al., 2011b).  There 

might be a causal link between apoptosis and pressure ulcer.  Although apoptosis 

has a critical role in pressure ulcer, whether there is any causality between 

apoptosis and pressure ulcer remains unclear.  A mechanistic study is required to 

dissect the relationship between apoptosis and pressure ulcer.    
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2.7 Conditional knockout mouse model  

In early 2000, the human genome project has identified approximately 20,500 

human genes constructed by three billion base pairs.  Their locations are now 

known, but their functions and roles in human health and diseases remain to be 

unravelled.  One of the best ways to understand and investigate human genes is 

to study functions of homologous genes in animal models, for instance, a mouse 

model.  Methodologies are now available to delete a particular sequence, insert a 

functional sequence, invert or exchange chromosomal DNA with high stability.  

By deleting a particular gene (or genes) in a specific tissue at a chosen time point, 

the functions and roles of the studied gene (or genes) can be identified and 

analysed.  A site-specific recombinase technology, known as Cre-loxP 

recombination, has been used in most of the conditional gene knockout systems.  

This is widely used to delete a target sequence in a specific cell type at a 

particular time point.   

 

2.7.1 The Cre-loxP system 

Cre recombinase is a protein that causes recombination and loxP is a sequence on 
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the bacteriophage P1 consisting of 34 bp.  Cre recombinase catalyzes 

site-specific recombination of DNA between loxP sites.  Therefore, any 

sequence between loxP sites is removed by the Cre recombinase which acts like a 

molecular scissor cutting DNA and the two ends are ligated by DNA ligase which 

acts like a molecular glue (Metzger and Chambon, 2001).  The gene (or genes) 

of interest should be modified with the loxP which allows deletion and ligation.  

The activity of Cre must be carefully controlled.  To make the Cre-loxP system 

inducible, Cre is fused to a mutated estrogen receptor ligand-binding domain 

(CreMer).  The Cre can be activated by an external source, for example, 

tamoxifen.  When Cre binds with tamoxifen, it can localize to nuclei and exert 

its effect excising the floxed chromosomal DNA.   Floxed chromosomal DNA 

refers to the ‘sandwiching of a DNA sequence’.  The floxed sequence is usually 

a gene of interest or a segment of the gene of interest.  The genetic materials (e.g. 

the gene of interest) flanked by the two loxP sites would be removed by the 

tamoxifen-activated Cre.   

 

2.7.2 Generation of inducible knockout mice  

In order to generate inducible tissue-specific knockout mouse, two lines of mouse 
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are needed.  The first line of mouse should be animals expressing CreMer 

recombinase with a tissue-specific promoter.  The second line of mouse should 

be animals carrying an interested gene flanked by two loxP sites.  The breeding 

strategy is different for different target animals.  The most commonly used 

animal model is an inducible single-knockout mouse model.  A typical breeding 

scheme is shown in figure 2.2 (Feil et al., 2009).    
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Figure 2.2 A typical breeding scheme (Feil et al., 2009)  
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2.7.3 Induction of recombination 

Generation of inducible knockout mice is the first step, induction of 

recombination in animal cells by an external reagent is the second.  Tamoxifen 

has been used to generate Cre-loxP-mediated gene deletion in vivo.  The 

previously introduced Cre-ER fusion protein is sensitive to tamoxifen but not 

estrogen as the estrogen receptor is mutated.  After binding with tamoxifen, the 

Cre-ER behaves like the estrogen receptor.  Tamoxifen induces conformational 

change in the estrogen receptor and nuclear translocation of Cre which catalyzes 

recombination of the floxed regions.  Different dosages, ranging from 25 mg/kg 

to 200 mg/kg) have been used to induce knockout in mouse models (Schuler et al., 

2005, Weber et al., 2001).  The use of dosage depends on the target tissue of 

interest.  It has been suggested that the rate-limiting step in vivo is the time to 

accumulate an adequate concentration of tamoxifen in the target tissue.  

Recently, two intraperitoneal (IP) injections of tamoxifen in oil have successfully 

induced gene knockout in cardiac muscle of mice.  Another tamoxifen 

administration route is adding tamoxifen to dry non-pelleted feed (0.5 mg/g feed).  

Both administration routes are effective in inducing gene disruption (Andersson et 

al., 2010).    
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2.8 Significance of studies  

Role of skeletal muscle in metabolic diseases is undoubtedly important.  Skeletal 

muscle constitutes the largest insulin-sensitive tissue in human body.  Skeletal 

muscle insulin resistance has been shown to be a fundamental problem of 

metabolic dysregulation associated with obesity and physical inactivity (Stump et 

al., 2006).  Therefore, it is important to study the insulin signaling in both 

healthy and diabetic skeletal muscle.   

 

Recently, UnAG receives attention due to its anti-diabetic action in human.  

Although there is still debate about whether UnAG can be developed as a 

anti-diabetic drug (Tong et al., 2014, Barazzoni et al., 2015), UnAG analog was 

proven effective in lowering blood glucose levels and increasing insulin 

sensitivity in a clinical trial in healthy volunteers and obese subjects.  The effects 

of UnAG on insulinsignaling in skeletal muscle have not been studied yet, 

therefore, the current thesis examined the effects of UnAG on skeletal muscle.  

We assume that UnAG, as a metabolic hormone, will alter the metabolic signaling 

in skeletal muscle.   
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There is an emerging body of evidence supports an idea that impaired autophagy 

leads to accumulation of malfunctioning organelles and, hence, generation of 

reactive oxygen species (ROS) (Wei et al., 2008a, Gonzalez et al., 2011).  The 

ROS has been proposed to result in insulin resistance (Houstis et al., 2006).  

Therefore, basal autophagy in skeletal muscle is important in maintaining skeletal 

muscle health.  Moreover, there may be a crosstalk between autophagy and 

insulin signaling.  Understanding the relationship between autophagy and insulin 

signaling is important in searching for therapeutic targets treating diabetes.  In 

the current thesis, long-term habitual exercise will be used as a 

non-pharmacological intervention to enhance basal autophagy in skeletal muscle 

and cardiac muscle.  Furthermore, the role of autophagy in muscle fiber-type 

shifting will be studied.  Of note, increased number of type IIb muscle fiber is 

associated with insulin resistance in diabetic muscle (Petersen et al., 2004).  If 

exercise can transform type IIb muscle fiber to type IIa muscle fiber and enhance 

basal autophagy in skeletal muscle, risk of developing T2DM may be lower.  

Therefore, whether long-term habitual exercise is able to transform type IIb 

muscle fiber to type IIa muscle fire have been studied.   
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The National Pressure Ulcer Advisory Panel added deep tissue injury in the 

pressure ulcer staging system in 2007.  In deep tissue injury, wounds on patients 

can only be observed when their skin becomes not intact.  The ulceration of skin 

may represent a late stage of pressure ulcer.  There is an urgent need to solidly 

prove that pressure ulcer can often develop from the deep tissue layer before it is 

visible on the skin.  Furthermore, apoptosis has been proposed to mediate the 

pressure ulcer in skeletal muscle.  No mechanistic study has been performed to 

confirm the essential role of apoptosis in the development of pressure ulcer.  

More importantly, whether silencing of apoptosis in skeletal muscle can stop 

pressure ulcer remains a mystery.  Therefore, a mechanistic study is warranted to 

identify the role of apoptosis in pressure ulcer.     
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2.9 Study objectives 

1. To study the modulating effects of unacylated ghrelin on impaired insulin 

signaling and abnormal autophagic signaling in skeletal muscle (Studied in 

Chapter 3) 

2. To determine whether long-term habitual exercise could enhance basal 

autophagy in skeletal muscle and cardiac (Studied in Chapter 4 and 5) 

3. To identify if there are any associations between skeletal muscle autophagy 

and muscle fiber-type shifting (Studied in Chapter 4) 

4. To investigate whether pressure-induced injury in skeletal muscle is 

mediated by mitochondria-mediated apoptosis (Studied in Chapter 6)  

5. To remedy pressure-induced injury by targeting skeletal muscle apoptosis 

(Studied in Chapter 6)  
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Chapter 3 Unacylated Ghrelin Restores Insulin and Autophagic Signaling 

in Skeletal Muscle of Diabetic Mice 
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3.1 Introduction 

Skeletal muscle is a significant contributor to insulin-stimulated disposal of 

glucose (Ferrannini et al., 1988). Defects at different levels of insulin 

signaling pathway in skeletal muscle lead to insulin resistance, in which 

muscle cells do not respond adequately to normal insulin concentration and is 

a key feature of type 2 diabetes (DeFronzo and Tripathy, 2009). Under normal 

physiological conditions, insulin receptor (IR) phosphorylates insulin receptor 

substrate (IRS) proteins which further activate two downstream pathways 

namely phosphatidylinositol 3-kinase (PI3K)-Akt pathway and 

Ras-mitogen-activated protein kinase (MAPK) pathway. The PI3K-Akt 

pathway, mediated by 3-phosphoinositide-dependent protein kinase 1 (PDK1) 

and atypical protein kinase C (PKCλ/ζ), regulates translocation of glucose 

transporter type 4 (Glut 4) from cytoplasm to cell membrane to transport 

glucose into muscle cells. The MAPK pathway is responsible for gene 

expression, proliferation and differentiation [Reviewed in (Avruch, 1998). 

There are a lot of physiological and genetic conditions contributing to insulin 

resistance and most of them share a common dysregulated signaling pathway. 

In general, enhanced phosphorylation of IRS-1 on important sites (e.g., 

Ser302, Ser307, Ser312 and Ser636, which are the inhibitory serine 

phosphorylation resulted in insulin resistance) blocks the phosphorylation of 

IRS-1 on tyrosine sites by IR (Morino et al., 2005).  Recently, a study has 

shown that hyperinsulinemia promotes insulin resistance which is also 

induced by increased serine/threonine phosphorylation of IRS-1 and 

decreased IRS-1 tyrosine phosphorylation (Hancer et al., 2014).  The 
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inhibitory serine phosphorylation of IRS-1 reduces the binding of IRS-1 to 

PI3K leading to the suppressed insulin signaling.  PI3K is regarded as the 

major insulin signaling regulator as it activates PDK1 which, in turn, activates 

Akt and PKCλ/ζ regulating Glut 4 translocation (Scheid et al., 2005).   

 

Recently, a highly regulated cellular process known as autophagy has been 

linked to insulin resistance in skeletal muscle. Autophagy is a catabolic 

process that degrades cytoplasmic constituents including long-lived proteins 

and damaged organelles. The autophagic machinery is crucial in maintaining 

cellular homeostasis. Inactivated or insufficient autophagy in skeletal muscle, 

liver and adipose tissue has been shown to result in (or associate with) 

defective insulin signaling (Lv et al., 2014, He et al., 2012, Yang et al., 2010). 

The skeletal muscle glucose depletion has been demonstrated to be impaired 

in autophagy-deficient animals. A transgenic animal study has demonstrated 

that autophagy-deficient mice such as Bcl-2 knock-in mutated mice, Beclin1
+/-

 

mice and Atg16
L1HM

 mice have defective stimulus-induced redistribution of 

Glut 4 leading to impaired glucose tolerance (He et al., 2012). Similarly, 

another loss-of-function study has reported that autophagy-related protein 7 

(Atg7) knock down leads to enhanced endoplasmic reticulum stress and 

defective insulin signaling in liver tissue of mice.  The decreased protein 

expression of beclin-1, Atg5, Atg7 and microtubule-associated protein 1 light 

chain 3 (LC3) and accumulation of sequestosome 1 (SQSTM1, also known as 

p62) has also been found in ob/ob mice. The reconstitution of Atg7 in liver of 

ob/ob mice can reinstate the defective insulin signaling as well as the down 
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regulated autophagy (Yang et al., 2010). In contrast, skeletal muscle-specific 

autophagy deficiency has been demonstrated to protect mice from 

diet-induced obesity and insulin resistance (Kim et al., 2013a). Thus, it is not 

clear whether or not increasing autophagy can improve insulin sensitivity.   

 

Ghrelin, a stomach-produced 28-amino acid peptide, has two major molecular 

forms – acylated ghrelin (AG) and unacylated ghrelin (UnAG). AG and 

UnAG have opposite physiological properties; the former is pro-diabetic 

whereas the latter is anti-diabetic (Reviewed in (Delhanty et al., 2012)). 

UnAG has received attention for its ability to improve glucose tolerance, 

insulin sensitivity, diabetes-associated vascular health by targeting adipose 

tissue, pancreatic beta-cell and endothelial progenitor cell (Granata et al., 

2012, Togliatto et al., 2010). However, the effects of UnAG on skeletal 

muscle insulin signaling pathway and autophagic signaling pathway remain 

largely unknown. In the present study, we provided evidence that UnAG 

restores insulin signaling and reactivates suppressed autophagy in a type 2 

diabetic experimental mouse model (db/db mice).    
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3.2 Methodology  

3.2.1 Animals and experimental design 

Male 14- to 18-week-old db/db mice obtained from the Laboratory Animal 

Services Centre of The Chinese University of Hong Kong were used. The 

db/db mouse is a well-established leptin receptor-deficient animal model 

(homozygous allelic deficient for the leptin receptor gene) that mimics the 

disease phenotype of human type 2 diabetes mellitus. Non-diabetic db/+ mice 

(heterozygous allelic deficient for the leptin receptor gene) were used as the 

non-diabetic control because db/db mice and db/+ mice have similar genetic 

background except that db/db mice exhibit abnormal blood glucose level and 

show the type 2 diabetic phenotype. Mice were housed in a humidity- and 

temperature-controlled environment and were exposed to a 12:12-hour light: 

dark cycle in the Centralised Animal Facilities of The Hong Kong Polytechnic 

University. Mice were allowed to have access to standard animal diet and 

water ad libitum. Animal ethics approval was obtained from the Animal 

Ethics Sub-committee of The Hong Kong Polytechnic University.   

 

3.2.2 Experimental Protocol 

Mice in the non-diabetic group (db/+) and diabetic group (db/db) were 

randomly assigned to the following sub-groups: db/+CON (n = 6), 

db/+UnAG (n = 6), db/dbCON (n = 6), and db/dbUnAG (n = 6). The diabetic 

status of our examined db/db mice was confirmed by the measurements of 

fasting blood glucose level (db/db mice vs. db/+ mice: 27.1 ± 1.0 mmol/L vs. 
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7.8 ± 0.5 mmol/L) and HbA1c level (db/db mice vs. db/+ mice: 7.0 ± 0.4% vs. 

5.8 ± 0.1%). Mice assigned to UnAG treatment were exposed to 

intraperitoneal injection of unacylated ghrelin (Tocris Bioscience, USA) twice 

daily for ten consecutive days. Mice in control groups were intraperitoneally 

injected with the same volume of saline instead of unacylated ghrelin. The 

previously reported administered dosage of 100 µg/kg bodyweight of ghrelin 

injected twice daily was adopted (Nagaya et al., 2001, Li et al., 2006). Mice 

were weighed before and after the 10-day treatment. Food consumption of 

each mouse was also recorded during the 10-day treatment. After the 10-day 

experimental period, mice were euthanized by overdose of ketamine and 

xylazine. Blood was directly collected from the heart for assessment of fasting 

glucose by using a glucometer (Accu-Chek, Roche). Lateral and medial 

gastrocnemius were immediately removed, weighted, washed with cold 

phosphate buffered saline (PBS) and finally frozen in liquid nitrogen and 

stored at -80 ºC for later analysis. 

 

3.2.3 Immunofluorescence staining  

Ten-micrometer-thick transverse frozen sections were used to study the Glut 4 

localization by immunohistochemical staining. Frozen sections were air-dried 

at room temperature and fixed in cold acetone for 10 minutes. Sections were 

then rehydrated with phosphate buffered saline (PBS) for 10 minutes. 

Background activity was minimized by blocking the sections with 1% BSA in 

PBST for 30 minutes at room temperature. Sections were then incubated with 
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rabbit IgG anti-Glut 4 (#1404, Millipore, 1:400) and mouse IgG 

anti-dystrophin (D505, Vector Laboratories 1:50) in 1% BSA in PBST in a 

humidified chamber overnight at 4°C. Negative controls were performed by 

eliminating the primary antibody. Sections were washed with PBS for 3 times 

with 5 minutes each and incubated with fluorescein-conjugated anti-rabbit 

IgG (Alexa Fluor 488, Life technologies, 1:200) and fluorescein-conjugated 

anti-mouse IgG (Alexa Fluor 594, Life technologies, 1:200) for 1 hour. 

Sections were then washed with PBS and mounted with mounting medium 

containing 4’-6-diamidino-2-phenylindole (DAPI, H-1200, Vector 

Laboratories). The sections were finally examined under confocal microscope 

(Eclipse T1, Nikon) with microscopy imaging software (SPOT advanced 

software version 4.6, Diagnostic Instruments).  In addition, fiber area was 

estimated by outlining myofibers as indicated by the dystrophin staining.  

The area of at least 1,000 individual myofibers per group was measured using 

Image J software (1.46v, NIH, USA). 

 

3.2.4 Protein Fraction Preparation 

Protein fractions were extracted from muscle homogenates as previously 

described (Pei et al., 2014). Forty milligrams of tissue samples were minced 

and homogenized in ice-cold lysis buffer (10 mmol/L NaCl, 1.5 mmol/L 

MgCl2, 20 mmol/L HEPES, pH 7.40, 20% glycerol, 0.1% Triton X-100, and 1 

mM dithiothreitol) in which the homogenates were subject to centrifugation at 

875 × g for 5 minutes at 4 ºC. The supernatant was obtained and subject to 

further centrifugation at 3,500 × g for 5 minutes at 4 ºC in which these 
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procedures were repeated thrice. Supernatant obtained from the last cycle of 

centrifugation was collected as the cytoplasmic protein fraction. Protease 

inhibitor cocktail (P8340, Sigma-Aldrich) was added to a portion of the 

cytoplasmic protein fraction. A commercially available plasma membrane 

protein extraction kit (#k268-50, BioVision, Mountain View, CA, USA) was 

used to extract plasma membrane protein from skeletal muscle. The plasma 

membrane protein was extracted according to the manufacturer’s instructions. 

The respective protein concentrations were then quantified in duplicate by 

Bradford assay (Coomassie Protein Assay, Pierce) with bovine serum albumin 

used as standard.   

 

3.2.5 Western Blot Analysis 

The protein abundances of oxidative stress markers [4-Hydroxynonenal 

(4-HNE), nitrotyrosine and ubiquitin)], insulin signaling proteins 

[phospho-IRS1, IRS1, phosphor-PDK1, PDK1, phosphor-PKC, PKC, 

phospho-Akt, Akt, phospho-proline-rich Akt substrate of 40kDa (PRAS40), 

PRAS40 and Glut 4] and autophagic factors [phospho-5’ AMP-activated 

protein kinase alpha (AMPKα), AMPKα, phospho-Unc-51 like autophagy 

activating kinase 1 (Ulk1), Ulk1, Beclin-1, Atg5, LC3B, p62] were evaluated 

by Western blotting.  Forty micrograms of protein were denatured at 95 ºC 

for 5 minutes in Laemmli buffer with 5% β-mercaptoethanol.  The protein 

samples were subject to gel electrophoresis on 10% SDS-PAGE gel. Resolved 

proteins were then transferred to polyvinylidene difluoride (PVDF) 
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membranes (Immobilon P, Millipore) by using the Bio-Rad Mini Protein II 

system. The membrane was then blocked with 5% skimmed milk powder in 

PBS/0.1% Tween-20 (PBST) followed by incubation with respective primary 

antibodies overnight at 4 ºC. The primary antibodies used were anti-ubiquitin, 

anti-phospho-IRS1 (Ser307), anti-phospho-IRS (Tyr895), anti-IRS1, 

anti-phospho-Akt (Ser473), anti-Akt, anti-phospho-PDK1 (Ser241), 

anti-PDK1, anti-phospho-PKC (Thr410/403), anti-PKC, 

anti-phospho-PRAS40 (Thr246), anti-PRAS40, anti-phospho-AMPKα 

(Thr172), anti-AMPKα, anti-phospho-Ulk1 (Ser555), anti-Beclin-1, anti-Atg5, 

anti-LC3B and anti-p62 from Cell Signaling, anti-nitrotyrosine from Santa 

Cruz, anti-4-HNE from Oxis, anti-Glut 4 from Millipore and anti-Ulk1 from 

Sigma-Aldrich.  Sources and dilution used for primary antibodies were 

reported in table 3.1.  Membranes were incubated with appropriate 

secondary antibodies, either anti-mouse IgG or anti-rabbit IgG horseradish 

peroxidase (HRP)-conjugated antibodies (Cell Signaling, 1:4000), after 

washing.  The resulting immunoreactivity was determined using the ECL 

chemiluminescence reaction kit (Perkin Elmer) and the images were captured 

by ChemiDoc (Bio-Rad camera, USA).  Detection of β-tubulin was used as 

the internal control. The arbitrary units of the blot signal are presented as net 

intensity x band area, normalized to the signal of β-tubulin or the respective 

total protein for phosphorylation status.  
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Table 3.1  Primary antibodies used in western blot analysis 

Antibody Dilution factor Source 

4-HNE 1: 1000 #24327, Oxis 

Ubiquitin 1: 1000 #3936, Cell Signaling 

Nitrotyrosine 1: 500 #32731, Santa Cruz 

p-IRS Ser307 1: 1000 #2381, Cell Signaling  

p-IRS Tyr895 1: 400 #3070, Cell Signaling  

IRS 1: 1000 #2382, Cell Signaling 

p-PDK1 Ser241 1: 1000 #3438, Cell Signaling 

PDK1 1: 1000 #3062, Cell Signaling 

p-PKCζ Thr410/403 1: 1000 #9378, Cell Signaling 

PKCζ 1: 1000 #9616, Cell Signaling 

p-Akt Ser473 1: 1000 #9271, Cell Signaling 

Akt 1: 1000 #9272, Cell Signaling 

p-PRAS40 Thr246 1: 1000 #2997, Cell Signaling 

PRAS40 1: 1000 #2691, Cell Signaling 

Glut 4 1: 400 07-1404, Millipore  

Dystrophin 1: 400 D8168, Sigma-Aldrich 

p-AMPKα Thr172 1: 1000 #2535, Cell Signaling 

AMPKα 1: 1000 #5831, Cell Signaling 

p-Ulk1 Ser555 1: 1000 #5869, Cell Signaling 

Ulk1 1: 2000 A7481, Sigma-Aldrich 

Beclin-1 1: 1000 #3738, Cell Signaling 

Atg5 1: 1000 #2630, Cell Signaling 

LC3B 1: 1000 #2775, Cell Signaling 

P62 1: 1000 #5114, Cell Signaling 

β-tubulin 1: 2000 T0198, Sigma-Aldrich 
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3.2.6 Pyruvate dehydrogenase (PDH) activity   

Pyruvate dehydrogenase (PDH) activity was determined by a commercially 

available kit (K679-100, Pyruvate Dehydrogenase Activity Colorimetric 

Assay Kit, BioVision). PDH converts pyruvate into intermediate which 

reduces the developer to a colored product with strong absorbance at 450 nm 

measured by a microplate reader (Infinite F200, Tecan, Switzerland). The 

assay and enzymatic activity were performed and calculated according to the 

manufacturer’s assay protocol.   

 

3.2.7 Data analyses 

Statistical analyses were conducted using the SPSS 21.0 software package 

(IBM, Chicago, IL, USA). A normality test was performed to examine data 

distributions. All data were expressed as means + standard error of the mean 

(SEM). Two-way ANOVA was used to examine the interaction and main 

effects of the two experimental factors (i.e., diabetes and UnAG). Significant 

results were further analysed using Tukey’s HSD post-test and where 

appropriate, post hoc pair wise comparisons were performed using student’s 

t-test. Statistical significance was set at p < 0.05. 
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3.3 Results 

The body weight of db/db mice was higher than the body weight of db/+ mice. 

The difference in body weight before and after the treatment was significantly 

larger in db/db UnAG mice. The mean body weight was dropped by 4.5% 

after UnAG treatment (Table 3.2). However, there was no significant 

difference in food consumption between db/db saline and db/db UnAG groups 

(Table 3.3). 

 

3.3.1 Size of skeletal muscle and markers of oxidative damages  

Lateral gastrocnemius muscles harvested from db/db mice were smaller than 

that harvested from db/+ mice (Figure 3.1). The mass of right lateral 

gastrocnemius (RLG) to total body mass ratio of db/db mice was 69% lower 

than that of db/+ mice (Figure 3.2). The fiber area of RLG isolated from 

db/db mice and db/+ mice appeared to follow normal distribution (Figure 3.3). 

The average fiber area of RLG isolated from db/db mice was 17% 

significantly smaller than that from db/+ mice (Figure 3.4). Our immunoblot 

analysis showed a significant elevation of 4-HNE and ubiquitin protein 

content by 100% and 38% in gastrocnemius muscles of db/db mice (Figure 

3.5 & 3.6). Elevated nitrotyrosine protein content was observed in the 

gastrocnemius muscles of db/db mice when compared to db/+ mice, however, 

this elevation was alleviated after UnAG treatment (Figure 3.7).  
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 Average body 
weight before 
treatment (g) 

Average body 
weight after 
treatment (g) 

Difference in 
body weight 

between 
before and 

after treatment 
(g) 

Mean percent 
change of 

body weight 
after 

treatment (%) 

db/+ 

saline 

29.48±0.90 29.38±1.00 -0.1±0.70 -0.26±2.52 

db/+ 

UnAG 

29.07±1.19 28.52±1.13 -0.55±0.37 -1.81±1.29 

db/db 

saline 

44.15±1.02
##

 44.87±0.95
##

 0.71±0.25 +1.64±0.57 

db/db 

UnAG 

45.12±2.09
##

 43.03±1.77
##

 -2.09±0.45
**

 -4.5±0.87
**

 

##
P<0.01 versus db/+ mice; **P<0.01 versus db/db saline 

 

Table 3.2  Effects of UnAG administration on body weight  
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 Food consumption 
(g/day) 

Food consumption per 
body weight (mg/g) 

db/+ saline 3.63±0.05 123.9±5.07 

db/+ UnAG 3.52±0.10 122.6±4.01 

db/db saline 7.48±0.52
##

 167.4±9.89
##

 

db/db UnAG 7.18±0.59
##

 167.6±8.10
##

 

##
P<0.01 versus db/+ mice 

 

Table 3.3  Effects of UnAG administration on food consumption 
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Figure 3.1 Representative photographs of lateral gastrocnemius muscle of 

db/+ and db/db mice with and without UnAG treatment 
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Figure 3.2 Mass of gastrocnemius to body mass  
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saline 

db/+ 

UnAG 

db/db 

UnAG 
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Figure 3.3 Muscle fiber size’s distribution  
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Figure 3.4 Average fiber area of muscle fibers 
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Figure 3.5 4-HNE protein content in skeletal muscle from different groups  
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Figure 3.6 Ubiquitin protein content in skeletal muscle from different groups 
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Figure 3.7 Nitrotyrosin protein content in skeletal muscle from different groups  
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3.3.2 Insulin signaling proteins 

The abundance of insulin signaling proteins including phospho-IRS, IRS, 

phospho-PDK1, PDK1, phospho-PKCζ, PKCζ, phospho-Akt, Akt, 

phospho-PRAS40 and PRAS40 were measured in gastrocnemius muscle. 

Increase in serine307 phosphorylation of IRS-1 (negative regulation on insulin 

action) is a hallmark of insulin resistance (Le Marchand-Brustel et al., 2003, 

Bandyopadhyay et al., 2005). In the present study, the protein abundance of 

phospho-IRS-1 was significantly increased by 113% in gastrocnemius muscle 

of db/db mice relative to gastrocnemius muscle of db/+ mice whereas 

phospho-IRS-1 content was decreased in UnAG-treated db/db mice (Figure 

3.8).  Decrease in tyrosine891 phosphorylation of IRS-1 (positive regulation 

on insulin action) was found in gastrocnemius muscle of db/db mice (Figure 

3.9). Insulin signaling downstream events including phospho-PDK1, 

phospho-PKCζ and phospho-Akt were significantly attenuated by 55%, 60% 

and 85%, respectively, in gastrocnemius muscle of db/db mice relative to that 

of db/+ mice, suggesting that defects in insulin signaling was consistent along 

the signaling pathway (Figure 3.10 – 3.12). UnAG alleviated defective insulin 

signaling by increasing the protein content of phospho-PDK1 and 

phospho-Akt by 130% and 300% in muscle of UnAG-treated db/db mice 

compared to that of db/db control mice (Figure 3.10 – 3.12). PRAS 40 is an 

important mediator of insulin and autophagic signaling (Vander Haar et al., 

2007, Volkers et al., 2014). The content of phospho-PRAS40 in muscle of 

db/db mice was significantly elevated by 180% when compared to muscle of 

db/+ mice. Intriguingly, the protein abundance of phospho-PRAS40 was 
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tended to be normalized to basal level in muscle of db/db mice after the 

treatment of UnAG (Figure 3.13).   
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Figure 3.8 Phosphorylation statuses of IRS (Ser307) in skeletal muscle 

from different groups of animals  
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Figure 3.9 Phosphorylation statuses of IRS (Tyr891) in skeletal muscle 

from different groups of animals  

AB 
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Figure 3.10 Phosphorylation statuses of PDK1 (Ser241) in skeletal muscle 

from different groups of animals  

C  
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Figure 3.11 Phosphorylation statuses of PKCζ (Thr410/403) in skeletal 

muscle from different groups of animals  

AD 
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Figure 3.12 Phosphorylation statuses of Akt (Ser473) in skeletal muscle 

from different groups of animals  

E  
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Figure 3.13 Phosphorylation statuses of PRAS40 (Thr246) in skeletal 

muscle from different groups of animals  

F  
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3.3.3 Glut 4 expression, PDH activity and fasting glucose   

Our immunoblot analysis showed that there was no significant difference in 

total Glut 4 protein abundance among groups (Figure 3.14). However, the 

plasma membranous Glut 4 content was significantly lowered in muscle of 

db/db mice compared to that of db/+ mice. UnAG increased the plasma 

membrane Glut 4 in UnAG-treated db/db mice (Figure 3.15). To further 

assess the beneficial effects of UnAG on intracellular insulin signaling in 

muscle of db/db mice, we measured the enzymatic activity of PDH in muscle. 

PDH regulates glucose oxidation, compromised PDH activity has been seen as 

a causative factor for the insulin resistance in skeletal muscle (reviewed in 

(Constantin-Teodosiu, 2013)). Our data demonstrated that PDH activity was 

significantly decreased by 65% in muscle of db/db mice when compared to 

db/+ mice (Figure 3.16). Intriguingly, UnAG reversed the negative effects by 

upregulating PDH activity by 109% in muscle of UnAG-treated db/db mice 

when compared to db/db control mice (Figure 3.16). Besides the alterations in 

insulin signaling and enzymatic activity, UnAG also tended to ameliorate the 

fasting blood glucose concentration of db/db mice. Although the fasting blood 

glucose concentration of db/db mice did not return to the normal level, 10-day 

treatment with UnAG tended to lower fasting blood glucose concentration in 

db/db mice by 28% (p=0.067) (Figure 3.17). 
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Figure 3.14 Western blot analysis of Glut 4 protein content in skeletal 

muscle from different groups 
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Figure 3.15 Western blot analysis of plasma membrane fraction of Glut 4 

protein in skeletal muscle and representative images of single skeletal muscle 

cells labelled with anti-dystrophin (red) and anti-Glut 4 (green)  
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Figure 3.16 PDH activity in skeletal muscle from different groups of 

animals  
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Figure 3.17 Fasting blood glucose concentration in different groups of 

animals  
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3.3.4 Autophagic signaling  

The abundances of autophagic factors including phospho-AMPK, AMPK, 

phospho-Ulk1, Ulk1, Beclin-1, LC3-II and p62 and LC3-II to LC3-I ratio 

were determined in gastrocnemius muscle. AMPKα, as a key regulator in 

autophagic signaling, activates Ulk1 and inhibits mammalian target of 

rapamycin (mTOR). In this study, UnAG increased phospho-AMPKα by 

114% in muscle of UnAG-treated db/db mice when compared to db/db control 

mice (Figure 3.18). Consistently, phospho-Ulk1 was increased by 132% in 

UnAG-treated db/db mice when compared to db/db control mice (Figure 4B). 

Protein abundances of Beclin-1 and Atg5, which are proteins essential for the 

activation of autophagy, were decreased by 64% and 62% in muscle of db/db 

mice relative to db/+ mice (Figure 3.20 & 3.21). UnAG was found to 

upregulate the protein abundances of Beclin-1 and Atg5 by 215% and 140%, 

respectively, in muscle of UnAG-treated db/db mice when compared to db/db 

control mice. We further examined the autophagic flux by measuring LC3-II 

to LC3-I ratio (LC3 ratio) and clearance of p62. Skeletal muscle autophagy 

was impaired in db/db control mice as indicated by the 79% decrease in LC3 

ratio and 164% increase in p62 accumulation in db/db diabetic muscle relative 

to db/+ non-diabetic muscle (Figure 3.22 & 3.23). Intriguingly, UnAG 

restored the suppressed autophagy in muscle of UnAG-treated db/db mice by 

increasing LC3 ratio and reducing p62 accumulation by 638% and 67%, 

respectively, when compared to db/db control mice. 

 



 

145 

 

 

 

 

 

Figure 3.18 Phosphorylation statuses of AMPKα (Thr172) in skeletal 

muscle from different groups of animals  
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Figure 3.19 Phosphorylation statuses of Ulk1 (Ser555) in skeletal muscle 

from different groups of animals  
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Figure 3.20 Beclin-1 protein content in skeletal muscle from different 

groups of animals 
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Figure 3.21 Atg5 protein content in skeletal muscle from different groups 

of animals 

  

 



 

149 

 

 

 

 

 

Figure 3.22 LC3-II to LC3-I protein content ratio in skeletal muscle from 

different groups of animals 
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Figure 3.23 p62 protein content in skeletal muscle from different groups of 

animals 
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3.4 Discussion 

Several lines of evidence suggest that dysregulated insulin signaling in 

different insulin-sensitive tissues may be associated with inadequate 

activation of autophagy (Fujitani et al., 2009, He et al., 2012, Xie et al., 

2011b). Therefore, pharmacologically restoration of the impaired insulin 

signaling by targeting autophagy in skeletal muscle might be a valuable 

strategy to ameliorate disorders related to aberrant glucose metabolism. Here, 

we demonstrated that unacylated ghrelin restored the impaired insulin 

signaling and re-activated the suppressed autophagic signaling in skeletal 

muscle of db/db diabetic mice.   

 

3.4.1 Diabetes induced muscle atrophy in db/db mice 

The soleus and gastrocnemius muscle size of db/db diabetic mice was 

distinguishable in appearance from that of age-matched db/+ non-diabetic 

mice (Figure 3.1). The mass of lateral gastrocnemius muscle to total body 

mass ratio and average fiber area were significantly lowered in db/db muscle 

when compared to db/+ muscle. These data suggested that our examined 

diabetic muscle was atrophic and are consistent with other investigations 

studying the diabetic effects on skeletal muscle (Wang et al., 2006, Andersen 

et al., 1997). Indeed, the observed muscle atrophy can be reasonably 

explained by our findings of the aberrant insulin signaling in diabetic skeletal 

muscle. It has been widely reported that the increase in phosphorylation of 

Serine 307 of IRS-1 is responsible for the inhibition of insulin signaling 
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(Aguirre et al., 2002, Aguirre et al., 2000). In the present study, the increased 

phosphorylation of IRS-1 at Ser307 leads to the suppression of activation of 

PDK1 and Akt, as reflected by the decrease in phosphorylation of PDK1 and 

Akt at Ser241 and Ser473, respectively. Akt signaling is important in 

regulating skeletal muscle hypertrophy and preventing muscle atrophy. 

Inactivation of the Akt signaling is sufficient to incur muscle atrophy in db/db 

mice. Besides the impaired Akt signaling, phosphorylation of PRAS40 at 

Thr246 leading to suppression of autophagy may also result in muscle 

degradation and weakness (Masiero and Sandri, 2010). Our data also 

suggested that some oxidative stress markers (4-HNE, nitrotyrosine and 

ubiquitin) might be involved in mediating this catabolic process. 4-HNE is 

produced during oxidation of lipids in cells and it is considered as one of the 

possible oxidants leading to diabetes (Pillon et al., 2012). During the 

oxidation process, another product, nitrotyrosine, would also be formed. It has 

been shown that both lipid oxidation and protein nitration impair the insulin 

signaling in skeletal muscle (Torres et al., 2004, Pillon et al., 2012). 

Consequently, the oxidative stress in diabetic muscle induces ubiquitination 

which plays a key role in muscle atrophy (Gomes-Marcondes and Tisdale, 

2002, Attaix et al., 2008). Our data showed that UnAG treatment could not 

reverse the increased abundance of 4-HNE and upregulated ubiquitination. 

However, UnAG considerably reduced the nitrotyrosine level in diabetic 

muscle. Reactive nitrogen species (RNS) are commonly formed in diabetic 

muscle (Martins et al., 2012). Intriguingly, the commonly used anti-diabetic 

drugs such as rosiglitazone and thiazolidinedione have been shown to inhibit 
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the effects and actions of RNS (e.g. nitrosation, nitrosylation and nitration), 

and, hence, restore the impaired insulin signaling and reduce inflammation 

(Kwon et al., 1999, Cuzzocrea et al., 2004). In the present study, UnAG 

reduced the protein tyrosine nitration and restored insulin signaling in diabetic 

skeletal muscle making it a potential drug to treat diabetes. 

 

3.4.2 Unacylated ghrelin restored impaired insulin signaling in diabetic 

muscle  

UnAG has been recently investigated as a potential treatment agent in human 

subjects with type 2 diabetes. Systemic administration of UnAG has been 

shown to improve endothelial cell function and insulin sensitivity without 

causing apparent adverse side effects (Ozcan et al., 2014, Togliatto et al., 

2010). UnAG has also been demonstrated to activate Akt signaling in 

pancreatic β-cells (Granata et al., 2007). However, the effects of UnAG at 

molecular level in skeletal muscle remain undetermined. Here, we have 

demonstrated that UnAG can restore the impaired insulin signaling in skeletal 

muscle of db/db diabetic mice.  

 

We demonstrated that insulin signaling, PDH activity and fasting blood 

glucose were impaired in skeletal muscle of db/db diabetic mice. However, 

UnAG could reduce phosphorylation of IRS-1 at Ser307 and enhance 

activation of several downstream kinases such as PDK1 and Akt in skeletal 

muscle of db/db mice. PDK1 phosphorylates both PKCζ and Akt, which are 
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crucial in maintaining normal glucose metabolism as they are important in 

regulating the localization of Glut 4 to the plasma membrane (Wang et al., 

1999, Tremblay et al., 2001). A successful localization and trafficking of Glut 

4 requires four steps, namely, translocation, targeting, disengagement and 

fusion (Leto and Saltiel, 2012). Firstly, Akt activates Akt substrate of 160kDa 

(AS160) leading to the reduced Rab GTPase activity which promotes 

translocation of Glut 4 vesicles to plasma membrane (i.e., translocation) 

(Lansey et al., 2012). Secondly, Akt activates ras-related protein Ral-A 

(RALA, presents in Glut 4 vesicles) which guide Glut 4 vesicles to exocyst 

anchored at plasma membrane (i.e., targeting) (Chen et al., 2011b). Thirdly, 

PKCζ is required to inhibit the interaction between RALA and exocyst before 

vesicle fusion (i.e., disengagement) (Chen et al., 2011a). Finally, PKCζ binds 

to mammalian uncoordinated-18 (munc18) inducing a conformational change 

in munc18, therefore, it has reduced affinity for syntaxin-4. This permits 

vesicle-associated membrane protein 2 (VAMP-2) to bind to syntaxin-4, 

therefore, permitting Glut 4 vesicle fuse to the plasma membrane 

(Hodgkinson et al., 2005) (i.e., fusion). Although the activation of Akt 

improved the Glut 4 translocation (i.e., 1
st
 step) in the present study, as 

evidenced by the plasma membranous fractionation Western blot results, the 

limited activation of PKCζ restricted successful disengagement and fusion 

(i.e., 4
th

 step). Therefore, the limited Glut 4 fusion with plasma membrane 

might possibly limit further improvement on glucose uptake in skeletal 

muscle cell. We observed that the malfunctioned Glut 4-mediated glucose 

transportation plays a decisive role in decreased glycolysis and glucose 
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oxidation, as reflected by the reduced PDH activity in the skeletal muscle of 

db/db diabetic mice. Our immunofluorescence staining and plasma 

membranous fractionation Western blot results confirmed that the 

translocation of Glut 4 to the sarcolemma of diabetic muscle was enhanced by 

the treatment of UnAG. The findings of increased PDH activity further 

suggested that UnAG improved the insulin sensitivity through Akt-mediated 

Glut 4 localization, thus improving the status of glucose metabolism (Mayers 

et al., 2005). Moreover, our data have shown that fasting blood glucose 

concentration in db/db mice were improved by the UnAG treatment, although 

it did not return to the normal level. It could be due to the fact that UnAG 

could not significantly upregulate the impaired tyrosine phosphorylation of 

IRS-1 (positive regulation). Hence, the other important downstream molecules, 

such as PKCζ and Akt, were not fully activated. Insufficient phosphorylation 

of PKCζ would limit the Glut4 fusion with the plasma membrane and, hence, 

impede improvement of fasting blood glucose. 

 

In the present study, we have demonstrated that 10 days of UnAG treatment is 

sufficient to partially restore the insulin signaling and lower fasting blood 

glucose concentration in diabetic mice. However, we do not expect to see 

tremendous alternations in fasting blood glucose concentration and glucose 

tolerance in db/db mice as the normalization of fasting blood glucose might 

require other intensive interventions such as nutritional management and 

physical exercise. Our present findings also support the concept of another 

study proposing that UnAG can rapidly modulate the expression of 
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metabolically important genes in skeletal muscle and, hence, improves insulin 

sensitivity in muscle (Delhanty et al., 2010). 

PRAS40 is a novel downstream molecule of insulin signaling pathway as well 

as a regulator of autophagic pathway. PRAS40 has been shown to regulate the 

activity of mammalian target of rapamycin complex 1 (mTORC1), which is a 

signaling hub connecting insulin signaling and autophagic signaling pathway 

(Wang et al., 2012). PRAS40 has received increasing attention as a potential 

therapeutic target for the treatment of insulin resistance as it has been 

demonstrated to reduce systemic hyperglycemia and ameliorate insulin 

sensitivity of obese mice (Volkers et al., 2014, Vander Haar et al., 2007). 

Over-expression of PRAS40 in skeletal muscle has been shown to improve 

insulin sensitivity whereas knockdown of PRAS40 abolished insulin action 

(Wiza et al., 2013). In the present study, we showed that UnAG significantly 

reduced the phosphorylation of PRAS40 at Thr246 in diabetic muscle.  

Phosphorylation of PRAS40 has been shown to relieve the inhibitory effect of 

PRAS40 on mTORC1 (Sancak et al., 2007).  Our results showed that the 

compromised PRAS40-mediated inhibition of mTORC1 might lead to 

inhibitory phosphorylation of IRS-1 at Ser307 in diabetic muscle. Consistent 

with our results, physiological hyperinsulinemia has been shown to 

downregulate phosphorylation of Akt at Ser473 and upregulate 

phosphorylation of PRAS40 at Thr246 (Nascimento et al., 2006, Morino et al., 

2005).  Conversely, another study indicated that insulin-activated Akt 

regulates mTOR by phosphorylating PRAS40 at Thr246 (Vander Haar et al., 

2007). However, we observed that PRAS40 is highly phosphorylated without 
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Akt activation in diabetic muscle. These findings suggested that the 

phosphorylation of PRAS40 can be mediated by an Akt-independent pathway 

and the abolished inhibitory effect of PRAS40 on mTOR signaling could be 

one of the origins of insulin resistance in skeletal muscle. Collectively, our 

data illustrated that UnAG partially restored the dysregulated insulin signaling 

in diabetic skeletal muscle by modulating and resetting the phosphorylation 

status of IRS-1, PDK1, PKCζ, Akt and PRAS40.   

 

3.4.3 Unacylated ghrelin normalized the suppressed autophagic signaling 

in diabetic muscle 

Basal autophagy has been regarded as a quality control mechanism that 

removes long-lived proteins and dysfunctional organelles in different tissues 

including skeletal muscle (Tam et al., 2015, Tam and Siu, 2014b). It has been 

shown that basal autophagy is inhibited in rat skeletal muscle under 

hyperglycemia status induced by glucose-infusion (Lv et al., 2014) and is 

highly repressed in muscle from patients with type 2 diabetes (Sala et al., 

2014).  Another study has also demonstrated that deficient in 

exercise-induced autophagy impaired Glut 4 localization and, hence, glucose 

metabolism (He et al., 2012). Therefore, optimal autophagic flux is important 

for maintaining muscle mass and muscle metabolism (Neel et al., 2013). In 

the current study, we demonstrated that UnAG could normalize the inhibited 

autophagic signaling in diabetic muscle. 
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AMPKα positively regulates autophagy through mTOR-dependent and 

mTOR-independent pathway.  The activation of AMPKα depends on the 

phosphorylation status at Thr172, which is reduced in skeletal muscle of 

obese rodents (Sriwijitkamol et al., 2006).  It has been demonstrated that 

autophagy is impaired in diabetic skeletal muscle with decreased 

phosphorylation of AMPKα (Lv et al., 2014, He et al., 2012).  In the present 

study, UnAG increased phosphorylation of AMPKα. Administration of UnAG 

has been shown to induce negative energy balance by reducing food intake, 

delaying gastric emptying and selectively decreasing glucose and fructose 

consumption (Asakawa et al., 2005, Tong et al., 2014). The negative energy 

balance may lead to the increase in AMP-to-ATP ratio which results in the 

activation of AMPKα and, hence, its downstream kinase Ulk1 in skeletal 

muscle of db/db mice. However, our data seem not directly supporting this 

interpretation as UnAG did not reduce the food intake in db/db mice in our 

experiment, but decreased the body weight of db/db mice by 4.5%. Similarly, 

another study (Cederberg et al., 2011) found that the increase in UAG during 

an exercise training program was associated with reduced body weight 

without reducing calorie intake. This prompted us to speculate that UnAG 

might induce body weight loss by regulating neuronal activity (Stevanovic et 

al., 2014) in the hypothalamus and brainstem which controls energy 

homeostasis and body weight (Schneeberger et al., 2014). Yet, further 

investigation is required to examine this speculation. Phosphorylation of Ulk 

at Ser555 is required to induce autophagy through Beclin-1. As 

UnAG-induced autophagy was clearly observed at the upstream, we next 
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determined the autophagic flux in skeletal muscle of UnAG-treated mice. 

LC3-II to LC3-I ratio and abundance of p62 have been used to examine the 

cytosolic autophagic flux (Mizushima and Yoshimori, 2007). Our observed 

increased LC3-II to LC3-I ratio and reduced accumulation of p62 indicated 

that autophagic flux was re-activated in the UnAG-treated diabetic muscle. 

Accumulation of p62 has been demonstrated to dis-equilibrate cellular 

homeostasis in different tissues leading to diseases such as diabetes, myopathy 

and dementia (reviewed in (Murrow and Debnath, 2013)). The crosstalk 

between autophagic and insulin signaling pathways in skeletal muscle has not 

been fully addressed. Traditionally, mTOR has been a central focus in the 

crosstalk as it connects and controls the two pathways. In the current study, 

we speculate that two other downstream markers, p62 and PKCζ, might 

establish another crosstalk (Figure 3.24). PKCζ, besides binding with 

munc18c leading to the Glut 4 vesicle fusion to the plasma membrane 

(Hodgkinson et al., 2005), has also been demonstrated to interact with p62 in 

different cell lines and tissues (Chamoux et al., 2013, Duran et al., 2004, 

Huang et al., 2009, Sanchez et al., 1998). Therefore, the binding between 

PKCζ and p62 might affect the interaction between PKCζ and munc18c . We 

speculate that UnAG might have reactivated the inhibited basal autophagy to 

clear the intracellular accumulated p62 and, hence, reduce possible binding 

between p62 and PKCζ. Nonetheless, further investigation is required to 

confirm our speculation and to elucidate the exact interaction between p62 

and PKCζ in skeletal muscle. 
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Figure 3.24 Possible crosstalk between insulin and autophagic signaling 

nodes. In diabetic skeletal muscle, the phosphorylation status of IRS-1 is 

abnormally high which negatively regulates IRS-1 and, hence, suppresses 

PDK1 and Akt. The inhibited Akt leads to increased phosphorylation of 

PRAS40. The phosphorylation of PRAS40 relieves the inhibitory effect of 

PRAS40 on mTORC1. The less inhibited mTORC1 inhibits both IRS-1 in 

insulin signaling node by increasing phosphorylation of Ser307 and Ulk1 in 

autophagic node by decreasing phosphorylation of Ser555. The increase in 

phosphorylation of Ser307 in IRS-1 and over-active mTOR signaling 

produces a vicious cycle in the insulin signaling node. Moreover, the 
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over-active mTOR signaling suppresses autophagic signaling and leads to 

impaired autophagic flux as reflected by the accumulation of p62. As mTOR 

modulates both insulin and autophagic signaling nodes, it often serves as a 

focus of signaling crosstalk. Here we speculate on the possible interactions 

between p62 and PKC. It is possible that the accumulated p62 binds to PKC 

which is important for the PKC-mediated Glut 4 translocation. The 

degradation of p62 by autophagy may lead to PKC-p62 detachment and, 

hence, the free PCK can help to mediate Glut 4 localization.    
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3.5 Conclusion  

In conclusion, UnAG is effective in normalizing autophagy and partially 

restoring the impaired insulin signaling in skeletal muscle of diabetic mice. 

Coincidentally, the re-activation of autophagy restored the impaired 

IRS/Akt/mTOR signaling in diabetic muscle. The modulation of autophagy 

might be valuable for identifying the potential therapeutic target for diabetes. 

Although UnAG is only an unacylated product of ghrein, it clearly possesses 

beneficial cellular effects on muscle insulin signaling in diabetic muscle. 

Nonetheless, the cellular receptor for UnAG, which has been suggested to be 

different from the GHSR-1a receptor for acylated ghrelin, remains to be 

identified. The identification of the unknown receptor for unacylated ghrelin 

would help us to better understand the precise working mechanisms of UnAG.   
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Chapter 4 Autophagic adaptation is associated with exercise-induced 

fiber-type shifting in skeletal muscle  
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4.1 Introduction 

Exercise-induced autophagy is important in maintaining muscle cell 

homeostasis and improving physical performance (Lira et al., 2013).  

Physical exercise has been shown as a potent intervention to induce autophagy 

in different tissues such as skeletal muscle (Grumati et al., 2011, He et al., 

2012, Lira et al., 2013).  Autophagy is crucial in recycling macromolecules 

such as long-lived proteins and malfunctioning organelles. This recycling 

process provides nutrients and energy to muscle cells under stressful 

conditions so that intracellular homeostasis can be maintained.  

Autophagy-related proteins (Atg) control the major steps of autophagy. 

Through different autophagic steps (namely initiation, nucleation and 

elongation, fusion, and degradation), the malfunctioning organelles and 

misfolded proteins are trapped in autophagosomes, which are formed during 

the process of nucleation and elongation followed by lysosomal degradation. 

 

The physiological significance of autophagy has been implicated in gene 

ablation studies. The allelic loss of the autophagic gene Beclin-1 and the 

hypomorphic autophagy-related gene Atg16 has been shown to cause 
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impairment of muscle glucose uptake and decline in exercise endurance in 

mice (He et al., 2012).  Moreover, allelic loss of Atg6 has also been shown to 

limit the improvement of endurance capacity and metabolic adaptation in 

mice in response to 5-week of exercise training (Lira et al., 2013).  These 

gene ablation results demonstrate the importance of autophagy in adaptations 

of skeletal muscle to endurance exercise. Additionally, human studies have 

shown the activation of autophagy following a single bout of endurance 

exercise (Jamart et al., 2012a, Jamart et al., 2012c).  Acute or transient 

activation of autophagy has been illustrated after exercise (Hittel et al., 2010, 

Kim et al., 2013b, Kim et al., 2012).  Collectively, exercise-induced 

autophagy is suggested to have potential therapeutic value for remedying 

metabolic diseases (Choi et al., 2013). 

 

Sirtuin family of proteins has been demonstrated to regulate 

starvation-induced and exercise-induced autophagy (Suwa et al., 2008, Lee et 

al., 2008).  As a functional regulator of peroxisome proliferator-activated 

receptor-gamma coactivator (PGC-1α), NAD-dependent deacetylases sirtuin-1 

and -3 (SIRT1 & SIRT3) deacetylate and activate PGC-1α.  PGC-1α is a 

coactivator inducing gene expression of mitochondrial proteins, and hence, 
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respiration (Finck and Kelly, 2006).  In contrast, autophagy is a cellular 

process degrading organelles such as mitochondria.  Little is known about 

whether chronic exercise-induced sirtuin would upregulate both basal 

autophagy and mitochondrial biogenesis simultaneously.  The possible 

cross-talk between autophagy and mitochondrial biogenesis may associate 

with the sirtuin family of proteins. 

 

According to the Centers for Disease Control and Prevention of the United 

States of America, adults are recommended to perform at least 2.5 hours of 

moderate-intensity aerobic activity every week and muscle-strengthening 

activities for at least 2 days a week, and these activities should involve all 

major muscle groups. Both accumulated and continuous exercises are 

beneficial to health as long as exercise is habitually engaged (Murphy et al., 

2009, Tanaka et al., 2000a).  Habitual participation in exercise, either at high- 

or moderate-intensity, is beneficial to health. Nonetheless, the responses and 

involvement of autophagy in the physiological adaptations (e.g., fiber-type 

shifting) to habitual exercise are largely unknown. Therefore, there is a vital 

need to reveal the autophagic responses to long-term habitual exercise in 

skeletal muscle. Instead of studying acute autophagic responses, the present 
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study examined the basal autophagy, which is regarded as a quality control 

process that selectively recycles long-lived proteins and malfunctioning 

organelles (Murrow and Debnath, 2013), after 5-month habitual exercise.  

 

4.2 Methodology 

4.2.1 Animals  

Adult female Sprague-Dawley rats aged ~2 months with similar weight (172 ± 

4 g) were used.  Female rats have been demonstrated to have a higher 

propensity for habitual voluntary running (Yamamoto et al., 2002), and 

therefore were chosen for this study. The rats were housed in pathogen-free 

conditions at 22°C in the Centralized Animal Facilities at The Hong Kong 

Polytechnic University. All rats were kept in a 12h-12h light-dark cycle each 

day, fed with a standard nutrient diet and allowed water ad libitum during the 

study period. Animal research ethics approval was obtained from the Animal 

Ethics Subcommittee of The Hong Kong Polytechnic University.  All 

experiments were conducted according to the recommendations for the care of 

laboratory animals as stated by American Association for Accreditation of 



 

168 

 

Laboratory Animal Care.  This study is conform with the good publication 

practice in physiology 2013 guidelines for Acta Physiologica . 

 

4.2.2 Habitual exercise 

Sixteen rats were randomly assigned to two groups: 20 week control (n = 8) 

and 20 week exercise (n = 8).  Rats in the exercise group were kept 

individually in cages with 24-hour free access to an in-cage running wheel 

with diameter of 38 cm.  The revolutions of wheels were counted by 

magnetic digital counters and the daily running distance was recorded.  For 

the control group, rats were kept in the cages without running wheels and 

placed next to the exercise group.  After 20 weeks of experimental period, 

rats were sacrificed 24 hours after the removal of the running wheels.  

Plantaris muscles and gastrocnemius muscles were immediately taken and 

frozen at -80°C for later analyses.  We examined the effects of long term 

habitual exercise on fiber-type shifting in both gastrocnemius muscles and 

plantaris muscles.  Besides the examination of muscle fiber types, all 

experiments were performed in the plantaris muscles only.  
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4.2.3 Quantitative real-time polymerase chain reaction analysis  

The mRNA abundances of autophagic genes (Atg5, Atg7, Beclin-1, p62, 

Bnip3 and Parkin) in plantaris muscle was analysed by real-time polymerase 

chain reaction (PCR). Total RNA was extracted from plantaris muscle in 

ice-cold TriReagent (Molecular Research, Cincinnati, OH, USA) based on the 

guanidinium thiocyanate method (Chomczynski and Sacchi, 2006). Extracted 

RNA was quantified at 260 nm, and the ratios of 260/280 and 260/230 were 

checked to ensure the purity of RNA. Two hundred nanograms of RNA and 

Superscript III reverse transcriptase kit (Invitrogen Life Technology, Carlsbad, 

CA, USA) were used to perform reverse transcription to prepare 

complementary DNA (cDNA). One µl of cDNA together with SYBR 

green/ROX qPCR Master Mix (Fermentas, Glen Burnie, MA, USA), 0.2 µM 

of forward and reverse primers and RNase/DNase free water were used in the 

real-time PCR by using ABI7500 real-time PCR System (Applied Biosystems, 

Foster City, CA, USA). PCR amplification was optimized, and the threshold 

for kinetic detection was set to occur over linear amplifications. GAPDH was 

used as an internal housekeeping control gene. All samples were run in 

triplicate. Samples from the control group and the exercise group were run on 
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the same plate. Relative standard curves were prepared for target genes and 

references genes for quantification of PCR products. The curves were 

generated by dilution of cDNA from the calibrator. Samples from the control 

group and the exercise group were pooled to prepare the cDNA and used as 

the calibrator to generate the standard curves. The mRNA expression was 

normalised to the housekeeping gene. 

 

4.2.4 Immunoblot analysis 

The protein abundances of autophagic factors [phospho-FoxO3 (Thr32), 

FoxO3, phospho-ERK1/2 (Thr402-Tyr204), ERK1/2, phospho-AMPKα 

(Thr172), AMPKα, phospho-Akt(Ser473), Akt, Atg 5, Atg 7, Beclin-1, p62 , 

LC3-I and LC3-II, Bnip3 and Parkin], mitochondrial biogenesis factor 

(PGC-1α, cytochrome c, Complex I-V) and mitochondrial protein (Sirt1) were 

measured. Protein extracts were boiled at 95˚C for 5 min in Laemmli buffer 

with 5% β-mercaptoethanol. Fifty micrograms of protein were loaded on 10% 

polyacrylamide gel. After electrophoretic separation by SDS-PAGE, the 

proteins were transferred to PVDF membranes (ImmobilonP, Millipore). 

Equal loading and transfer efficiency were checked by staining gels with 
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Coomassie blue and the membranes with Ponceau S red. After the transfer 

process, the membranes were blocked in 5% non-fat milk (for FoxO3, 

ERK1/2, AMPKα, Akt, Atg 5, Atg 7, Beclin-1, p62, LC3-I, LC3-II, Bnip3, 

Parkin, PGC-1α, cytochrome c, Sirt1) in phosphate buffered saline with 0.1% 

Tween20 (PBST) or 5% BSA (for phospho-FoxO3, phospho-ERK1/2, 

phospho-AMPKα, phospho-Akt) in Tris-buffered saline with 0.1% Tween20 

(TBST) for 1 hour at room temperature and incubated overnight at 4˚C with 

the corresponding primary antibody in PBST or TBST with 2% BSA. After 

the incubation, PBST-treated and TBST-treated membranes were washed in 

PBST and TBST, respectively, for three times. After washing, the membranes 

were incubated with horseradish peroxidase (HRP)-conjugated secondary 

antibodies at room temperature for 1 hour (1:4000 dilution; 7076 for 

anti-mouse IgG antibody, 7074 for anti-rabbit IgG antibody, Cell signaling 

Technology, Inc., Danvers, MA, USA; and sc2020 for anti-goat IgG antibody, 

Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). Luminol reagent 

(NEL103001EA, Perkin Elmer) for chemiluminescence detection of HRP was 

added onto the membranes before exposure under ChemiDoc (Bio-Rad 

camera, USA). The resulting bands were quantified as optical density (OD) × 

band area and expressed as arbitrary units. Glyceraldehyde 3-phosphate 
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dehydrogenase (GAPDH) was used as an internal control protein. Data were 

normalized to the GAPDH.  

 

4.2.5 Fiber-type composition and fiber cross-sectional area 

10µm-thick serial transverse frozen sections were used for fiber typing by 

immunohistochemical staining of myosin heavy chain (MHC) isoforms 

including MHC I, MHC IIA, MHC IIX and MHC IIB.  Sections were then 

incubated with mouse IgG anti-MHC I (BA-D5, 1:400), mouse IgG anti-MHC 

IIA (SC-71, 1:400), mouse IgM anti-MHC IIX (6H1, 1:200) or mouse IgM 

anti-MHC IIB (BF-F3, 1:400) in 2% serum in PBS at 4
o
C overnight. Negative 

controls were performed by excluding the primary antibody. Sections were 

washed with PBS for 3 times with 5 minutes each and incubated with 

fluorescein-conjugated anti-mouse IgG (1:200, for MHC I and MHC IIA) or 

Alexa Fluor 555-conjugated anti mouse IgM (1:200, for MHC IIX and MHC 

IIB) for 30 minutes. Sections were then washed with PBS and mounted with 

fluorescence mounting medium (Dako). The stained sections were finally 

examined under confocal microscope (Eclipse T1, Nikon) with microscopy 

imaging software (SPOT advanced software version 4.6, Diagnostic 
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Instruments). Five random images were captured at 100× magnification from 

each section. Fiber type I, IIA, IIX and IIB were identified by positive 

staining of corresponding primary antibody. For fiber-type analysis, all fiber 

in the five different fields were characterized. The fiber-type composition was 

determined by counting the total number of positive staining fibers. The 

results were expressed as the average percentage of specific MHC isoform by 

dividing the positively stained fiber counts by the number of total muscle fiber 

counts in all five fields. 

 

The measurement of fiber cross-sectional area was performed on the stained 

fibers. Fiber area analysis was conducted by measuring in total sixty random 

muscle fiber of each fiber diameter from five random fields (or all fibers in 

five fields if there were not enough positive stained fibers) with SPOT 

microscopy imaging software. 
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4.2.6 Immunofluorescence staining  

10µm-thick transverse frozen sections were used to determine the capillary 

density by immunohistochemical staining.  Sections were then incubated 

with mouse IgG anti-CD31 (MCA1334G, 1:400), rabbit IgG anti-LC3B 

(NB100-2220, Novus), mouse IgG anti-dystrophin (D8168, Sigma), and 

rabbit IgG anti-Sirt3 (H-40, Santa Cruz, 1:100) in 2% serum in PBS at 4
o
C 

overnight respectively.  Negative controls were performed by excluding the 

primary antibody. Sections were washed with PBS for 3 times with 5 minutes 

each (For LC3B, sections were washed with PBS for 3 times with 10 minutes 

each) and incubated with fluorescein-conjugated anti-mouse IgG (1:200) or 

fluorescein-conjugated anti-rabbit IgG (1:200) for 30 minutes. Sections were 

then washed with PBS and mounted with fluorescence mounting medium 

(Dako). The sections were finally examined under confocal microscope 

(Eclipse T1, Nikon) with microscopy imaging software (SPOT advanced 

software version 4.6, Diagnostic Instruments). Five random images were 

captured at 20× magnification from each section.  
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The capillary density was determined by counting the total number of 

capillaries in plantaris muscle. The results were expressed as capillary-to-fiber 

(C/F) ratio by dividing the number of capillaries by the number of muscle 

fibers in all five fields. To further ensure the analysis of capillary density was 

not subject to error from the change of fiber size, the result was also presented 

in capillary-to-fiber-size (C/FS) ratio. The value of average fiber size was 

obtained from the previous fiber cross-sectional area measurement. The 

calculated values were validated by direct fiber-size measurement on 

CD31-positively stained fibers.  The number of LC3-positive puncta was 

quantified by fluorescence microscopy as described (Qu et al., 2003).  

Briefly, 5 randomly chosen images (using a 20X objective) per plantaris 

muscle section were examined by an observer blinded to intervention 

allocation and the number of LC3-positive puncta per 2500 µm
2
 was then 

calculated as described (He et al., 2012).  The percentage of Sirt3-positive 

muscle fiber in pixel was determined by the area of Sirt3-positively stained 

muscle fiber divided by the total area of the muscle fiber.   
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4.2.7 Sirtuin activity  

To measure total sirtuin activity, Cyclex Sirt1/Sir2 Deacetylase Fluorometric 

Assay Kit (CycLex Co., Ltd, Nagano, Japan) was used according to an 

established protocol (Koltai et al., 2010).  Briefly, 20µl of cytosolic extracts, 

without protease inhibitors, of plantaris muscle were mixed with a cocktail 

reagent containing, 4mM MgCl2, 0.5mM DTT, 50mM Tris-HCl (pH=8.8) 

0.25mAU/ml lysyl endopeptidase, 1µM trichostatin A, 20µM fluoro-substrate 

peptide, and 200µM NAD
+
 in a microplate.  The samples and the cocktail 

reagent were mixed thoroughly and incubated at room temperature for 10 min.  

Fluorescence intensity would be recorded, every 10 min, for 2 hours.  The 

readings are normalized to their corresponding protein contents that were 

determined by Bradford method (Coomassie Protein Assay; Pierce).  
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4.2.8 Data analysis 

Statistical analyses were processed using the SPSS20.0 software package 

(SPSSInc., Chicago, IL, USA). The normality of data was assessed by 

Kolmogorov-Smirnov test. Independent t-test was performed to examine the 

significant difference between control and exercise groups.  Relationships 

between given variables were examined by computing the Pearson 

product-moment correlation coefficient (r).  Statistical significance was 

accepted at P < 0.05. All data are expressed as means ± standard error of 

mean.  
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4.3 Results 

4.3.1 Long-term habitual exercise causes fiber-type shifting  

To study whether long-term habitual exercise leads to fiberfiber-type shifting, 

we performed immunohistochemical staining for examining the 

transformation of myosin heavy chain (MHC) isoforms among MHC I, MHC 

IIA, MHC IIX and MHC IIB. The immunofluorescence analysis of MHC 

isoforms is traditionally used to classify different types of muscle fiber and to 

indicate the presence of fiber-type shifting (Waters et al., 2004, Ennion et al., 

1995, Termin et al., 1989, Yan et al., 2011).  Our results revealed that the 

proportion of type I fiber and type IIB fiber in plantaris muscle of exercise 

animals were not significantly changed in both plantaris muscle (Figure 4.1) 

and gastrocnemius muscle (Figure 4.2) when compared to control animals. 

The proportion of type IIA fiber was significantly increased in both plantaris 

muscle (Figure 4.1) and gastrocnemius muscle (Figure 4.2) of exercise 

animals compared to control animals. In contrast, the proportion of type IIX 

fiber was significantly reduced in both plantaris muscle (Figure 4.1) and 

gastrocnemius muscle (Figure 4.2) of exercise animals compared to control 

animals. These results suggested that long-term habitual exercise resulted in 

fiber-type shifting from type IIX (fast glycolytic type) to type IIA (fast 
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oxidative type) in 2 different muscle groups of rats.   

 

Next, we assessed the cross-sectional area of different fiber types.  The 

cross-sectional area of type I fiber, type IIA fiberfiber and type IIB fiber were 

significantly increased by 16.8%, 13.8% and 17.4%, respectively, in plantaris 

muscle of exercise animals relative to control animals (Figure 4.1).  

Furthermore, The cross-sectional area of type I fiber, type IIA fiber and type 

IIX fiber were significantly increased by 38.7%, 20% and 31.4%, respectively, 

in gastrocnemius muscle of exercise animals relative to control animals 

(Figure 4.2).   

 

To further investigate whether long-term habitual exercise leads to other 

metabolic adaptations in plantaris muscle, we examined the protein abundance 

of PGC-1α in plantaris muscle.  Long-term habitual exercise resulted in 

105% increase in PGC-1α content in exercise muscle (Figure 4.3).  

Interestingly, the proportion of type IIA fiber was found to be positively 

correlated to the PGC-1α protein abundance (r = 0.53, P < 0.05) (Figure 4.4).  

PGC-1α is responsible for mitochondrial biogenesis and angiogenesis.  

Therefore we checked protein contents of cytochrome c and mitochondrial 
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oxidative phosphorylation proteins (complex I – V) in plantaris muscle.   

Long-term habitual exercise resulted in 44.8% increase in cytochrome c 

protein content in exercise muscle (Figure 4.5).  The protein contents of 

mitochondrial complex I – V were also increased by 40%, 44.8%, 86.2%, 

59.8% and 18.1% in exercise muscle when compared to the control muscle 

(Figure 4.6).  For angiogenesis, capillary-to-fiber ratio and 

capillary-to-fiber-size ratio in the plantaris muscle were analysed.  

Long-term habitual exercise resulted in 60.3% increase in capillary-to-fiber 

ratio and 33.3% increase in capillary-to-fiber-size ratio in exercise muscle 

(Figure 4.7). Taken together, these results demonstrate that the muscle 

harvested from exercise animals adapt physiologically to the 5-month habitual 

exercise.  
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Figure 4.1 Images of immunohistochemical staining for MHC I (BA-D5), 

MHC IIA (SC-71), MHC IIX (6H1) and MHC IIB (BF-F3) on plantaris 

muscle harvested from exercise (exe) and control (con) animals (Scale bar = 

100 µm).  The proportion (%) of type I, type IIA, type IIX and type IIB 

muscle fibers of plantaris muscle harvested from exercise (exe) and control 

(con) animals.  The cross-sectional area (µm
2
) of type I, type IIA, type IIX 

and type IIB muscle fibers of plantaris muscle harvested from exercise (exe) 

and control (con) animals. **P < 0.01  
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Figure 4.2 Images of immunohistochemical staining for MHC I (BA-D5), 

MHC IIA (SC-71), MHC IIX (6H1) and MHC IIB (BF-F3) on medial 

gastrocnemius muscle harvested from exercise (exe) and control (con) animals 

(Scale bar = 100 µm). The proportion (%) of type I, type IIA, type IIX and 

type IIB muscle fibers of medial gastrocnemius muscle harvested from 

exercise (exe) and control (con) animals. The cross-sectional area (µm
2
) of 

type I, type IIA, type IIX and type IIB muscle fibers of medial gastrocnemius 

muscle harvested from exercise (exe) and control (con) animals.  **P < 0.01, 

*P < 0.05 
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Figure 4.3 The protein abundance of PGC-1α in plantaris muscle tissues 

harvested from exercise (exe) and control (con) animals. *P < 0.05  
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Figure 4.4 Association PGC-1α protein abundance and % of MHC 

IIA-positively stained muscle fiber was examined by Pearson’s correlation 

coefficient (r) analysis.  *P < 0.05  
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Figure 4.5 The protein abundance of cytochrome c in plantaris muscle 

tissues harvested from exercise (exe) and control (con) animals. *P < 0.05 
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Figure 4.6 Representative blot and protein abundance of mitochondrial 

complex I, II, III, IV and V in plantaris muscle tissues harvested from exercise 

(exe) and control (con) animals. **P < 0.01, *P < 0.05  
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Figure 4.7 Images of immunohistochemical staining for CD31 (MCA 

1334G) on muscle tissues harvested from exercise (exe) and control (con) 

animals. The capillary-to-fiber ratio of skeletal muscle tissues harvested from 

exercise (exe) and control (con) animals. The capillary-to-fiber-size ratio of 

skeletal muscle tissues harvested from exercise (exe) and control (con) 

animals. **P < 0.01, *P < 0.05  
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4.3.2 Long-term habitual exercise promotes basal autophagy in plantaris 

muscle and the elevated LC3-II is associated with fiber-type shifting 

in plantaris muscle 

 

To determine whether long-term habitual exercise alters basal autophagy in 

plantaris muscle, we assessed microtubule-associated protein-1 light chain 

3-II (LC3-II) to LC3-I ratio. Although LC3-II to LC3-I ratio has been 

commonly used as an indicator of autophagy, the inclusion of sequestosome 

(p62) degradation provides more comprehensive evidence for the examination 

of basal autophagy.  p62 is an ubiquitin-binding scaffold protein that binds to 

LC3 and is degraded by autophagy (i.e., autophagy induction decreases p62 

abundance and impaired autophagy leads to p62 accumulation). The 

assessment of both LC3-II to LC3-I ratio and abundance of p62 reflects the 

degree of autophagy in skeletal muscle. As shown in Figure 4.8, we observed 

that there was a trend of increased LC3-II to LC3-I ratio (P = 0.07).  Also, 

protein contents of LC3-II and total LC3 was increased in exercise muscle 

(Figure 4.8).  Our LC3-immunostaining result was consistent with the result 

obtained by western blotting of LC3.  Our immunofluorescence staining data 

showed that LC3-positive puncta was increased by 74% in plantaris muscle of 
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exercise animals compared to control animals (Figure 4.9).  Although the 

mRNA level of p62 was highly upregulated after exercise (Figure 4.11), we 

observed the protein abundance of p62 in exercise muscle remained 

unchanged after exercise (Figure 4.12).  This may imply the increased basal 

autophagy leads to increased degradation of p62, hence, the protein 

abundance of p62 remained at the same level although transcription of p62 

was increased (Sanchez et al., 2014).  These observations suggested that the 

basal autophagy was enhanced in plantaris muscle after the long-term habitual 

exercise.  Intriguingly, our analysis further showed that the proportion of 

type IIA fiber was positively correlated to the LC3-II protein content (r = 

0.703, P < 0.01) (Figure 4.10).  On the contrary, the proportion of type IIX 

fiber was negatively correlated to LC3-II protein content (r = -0.546, P < 0.01) 

(Figure 4.10).  A significant positive correlation association was also 

revealed between LC3-II protein content and the key regulatory factor of 

mitochondrial biogenesis, PGC-1α (r = 0.539, P < 0.05) (Figure 4.10).  A 

significant positive association was found between the LC3-II protein content 

and Bnip3 protein content (r = 0.754, P < 0.01) (Figure 4.10). 
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Figure 4.8 Representative blot of LC3 normalized to GAPDH.  

LC3-II/LC3-I, protein abundance of LC3-II and total LC3 in plantaris muscle 

harvested from exercise (exe) and control (con) animals. *P < 0.05 
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Figure 4.9 Images of immunohistochemical staining for LC3-positive 

puncta on plantaris muscle tissues harvested from control (con) and exercise 

(exe) animals. The number of LC3-positive puncta (per 2500 µm
2
) in plantaris 

muscle harvested from control (con) and exercise (exe) animals. *P < 0.05 
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Figure 4.10 Association of % of MHC IIA-positively stained muscle fiber 

and LC3-II protein abundance, % of MHC IIX-positively stained muscle fiber 

and LC3-II protein abundance, PGC-1α protein abundance and LC3-II protein 

abundance and Bnip3 protein expression and LC3-II protein abundance were 

examined by Pearson’s correlation coefficient (r) analysis.  
##

P < 0.01, 
#
P < 

0.05  
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4.3.3 Upstream autophagic signaling pathway and autophagy proteins in 

plantaris muscle 

 

To further dissect the effect of long-term habitual exercise on autophagy 

protein expression, we examined the transcript and protein abundance of the 

key autophagic regulatory factors. Our analysis demonstrated that the 

transcript abundances of autophagic genes including Atg5, Atg7, Beclin-1, 

Bnip3 and Parkin in plantaris muscle of exercise animals remained unchanged 

after long-term habitual exercise (Figure 4.11).  However, the transcript 

abundance of p62 was significantly increased by 129% in plantaris muscle of 

exercise animals compared to control animals.  We then examined the 

protein abundances of different autophagic factors – Atg5, Atg7, Beclin-1, p62, 

mitophagic factors - Bnip3 and Parkin and phosphorylation statuses of four 

key regulatory proteins at the upstream autophagic pathway – FoxO3, 

AMPKα, ERK1/2 and Akt. The protein abundances of Atg5, Atg7, Beclin-1 

and p62 in plantaris muscle of exercise animals remained unchanged when 

compared to control animals (Figure 4.12).   However, the mitophagy 

protein Bnip3 was significantly increased by 100% in skeletal muscle of 

exercise animals relative to control animals (Figure 4.12).  We also observed 
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a trend of increased Parkin (p=0.08), another mitophagy protein, in plantaris 

muscle of exercise animals (Figure 4.12).  The phosphorylation status of 

5’AMP-activated protein kinase alpha (AMPKα) was not changed in the 

exercise muscle, indicating that the intracellular homeostasis was not 

threatened by long-term habitual exercise (Figure 4.13) (Richter and 

Ruderman, 2009).   

 

Another major player in determining the autophagic activities is Beclin-1, 

which binds to class III PI3 kinase complex (PI3KC3) for inducing the 

formation of autophagosomes (Wang, 2008).  In the current study, long-term 

habitual exercise resulted in unchanged Beclin-1 protein abundance in muscle 

(Figure 4.12).  Since extracellular signal-regulated protein kinases 1 and 2 

(ERK1/2) activation is implicated as a mechanism, by enhancing Beclin-1 

protein expression, for stimulating autophagy (Wang et al., 2009), we 

examined the phosphorylation status of ERK1/2 protein.  The observed 

unaltered ERK1/2 phosphorylation state in exercise muscle (Figure 4.14) was 

consistent with Beclin-1 protein expression pattern (Figure 4.12).  Next, we 

assessed the phosphorylation state of forkhead box protein 3 (FoxO3); the 

forkhead transcription factor, when activated, translocates to nuclei and 
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transcriptionally regulates the key autophagy-related genes such as Beclin-1 

and LC3 (Zhao et al., 2007).  Our immunoblot analysis indicated that there 

was no significant change in the phosphorylation status of FoxO3 in plantaris 

muscle of exercise animals (Figure 4.15), suggesting that long-term habitual 

exercise did not elevate the phosphorylation of FoxO3 in skeletal muscle.  

Exercise also resulted in no change in phosphorylation status of Akt in 

plantaris muscle of exercise animals (Figure 4.16), which is a negative 

regulator of autophagy.  Collectively, our results demonstrated that long-term 

habitual exercise resulted in the absence of the activation of the upstream 

signaling events for stimulating autophagy.   
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Figure 4.11 The mRNA levels of autophagic factors including Atg5, Atg7, 

Beclin-1, p62, Bnip3 and Parkin in plantaris muscle harvested from exercise 

and control animals were determined by real-time PCR analysis.  *P < 0.05 
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Figure 4.12 Representative blots of autophagic and mitophagic proteins 

normalized to GAPDH.  The protein abundances of autophagic factors 

including Atg5, Atg7, Beclin-1, p62, Bnip3 and Parkin in muscle tissues 

harvested from exercise (exe) and control (con) animals. *P < 0.05 
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Figure 4.13 The phosphorylation statuses of upstream autophagic signaling 

molecules AMPKα (Thr172) in muscle tissues harvested from exercise (exe) 

and control (con) animals  
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Figure 4.14 The phosphorylation statuses of upstream autophagic signaling 

molecules ERK1/2 (Thr402-Tyr204) in muscle tissues harvested from exercise 

(exe) and control (con) animals  
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Figure 4.15 The phosphorylation statuses of upstream autophagic signaling 

molecules FoxO3 (Thr32) in muscle tissues harvested from exercise (exe) and 

control (con) animals  
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Figure 4.16 The phosphorylation statuses of upstream autophagic signaling 

molecules Akt (Ser473) in muscle tissues harvested from exercise (exe) and 

control (con) animals  
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4.3.4 Augmentation of sirtuin expression and activity in plantaris muscle 

after long-term habitual exercise  

 

Sirt1 has been demonstrated to be induced by endurance exercise (Suwa et al., 

2008) and regulate autophagy in skeletal muscle (Lee et al., 2008), therefore, 

we checked whether the long-term habitual exercise could increase Sirt1 

protein expression and sirtuin activity in the plantaris muscle.  The Sirt1 

protein expression was significantly increased by 73% in plantaris muscle of 

exercise animals compared to control animals (Figure 4.17).  Consistently, 

the sirtuin activity was significantly increased by 28% in plantaris muscle of 

exercise animals compared to control animals (Figure 4.18).  Besides Sirt1, 

our immunofluorescence staining data showed that Sirt3 expression was 

increased by 75% in plantaris muscle of exercise animals compared to control 

animals (Figure 4.19).  Our correlation analysis further showed that there 

were positive correlation between 1) PGC-1α protein abundance and Sirt1 

protein abundance (Figure 4.20), 2) PGC-1α protein abundance and 

proportion of Sirt3-positively stained muscle fiber (Figure 4.20), 3) proportion 

of MHC IIA-positively stained muscle fiber and Sirt1 protein abundance 
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(Figure 4.20), and 4) negative correlation between proportion of MHC 

IIX-positively stained muscle fiber and Sirt1 protein abundance (Figure 4.20). 
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Figure 4.17 The protein abundances of Sirt1 in muscle tissues harvested 

from control (con) and exercise (exe) animals.  **P < 0.01 
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Figure 4.18 The activity of total Sirtuin in muscle tissues harvested from 

control (con) and exercise (exe) animals. **P < 0.01, *P < 0.05 
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Figure 4.19 Images of immunohistochemical staining for Sirt3 on muscle 

tissues harvested from control (con) and exercise (exe) animals. The 

percentage of Sirt3-positively stained muscle fiber in muscle tissues harvested 

from control (con) and exercise (exe) animals. Data are expressed as means ± 

SEM. **P < 0.01  
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Figure 4.20 Association of PGC-1α protein abundance and Sirt1 protein 

abundance, association of PGC-1α protein abundance and proportion of 

Sirt3-positively stained muscle fiber and association of proportion of MHC 

IIA-positively stained muscle fiber and Sirt1 protein abundance were 

examined by Pearson’s correlation coefficient (r) analysis. 
##

P < 0.01, 
#
P < 

0.05  
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4.4 Discussion 

The animal model of long-term habitual exercise adopted in the present study 

mimics human habitual exercise pattern.  Our data demonstrated that 

long-term habitual exercise elevated the basal autophagy in plantaris muscle 

together with physiological adaptations including fiber-type shifting, muscle 

fiber hypertrophy and angiogenesis.  It is worth noting that rats were 

sacrificed 24 hours after the removal of the running wheels and, therefore, the 

acute/transient exercise-induced autophagy was washed out in the present 

study.  We had originally hypothesized that long-term habitual exercise 

would lead to increased basal autophagy and expression of autophagy proteins 

in plantaris muscle.  However, we only observed the increased basal 

autophagy in plantaris muscle of exercise animals.  Intriguingly, we revealed 

that the protein abundances of LC3-II and total LC3 were significantly 

elevated in plantaris muscle by chronic habitual exercise. Although the 

expression of autophagy proteins remained unchanged, the increased LC3-II 

protein content might have benefited the transient activation of autophagy 

which removes damaged mitochondria after each bout of exercise (Lo Verso 

et al., 2014).  The reserve pool of lipidated LC3 may be recruited for 
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exercise-induced autophagy in response to mitochondrial damages (Cherra et 

al., 2010).  It is speculated that the basal autophagy (i.e., increased LC3-II, 

LC3-II/LC3-I ratio and turnover of p62) is enhanced after long-term exercise 

as a result of adapted metabolic properties of plantaris muscle.  Consistent 

thoughts have been evidently illustrated in a recent study of endurance 

training (Lira et al., 2013), in which mice with PGC-1α overexpression had 

enhanced basal autophagy.  Taken together, both transgenic mice (with 

muscle-specific overexpression of PGC-1α) and exercise mice (with 

exercise-induced elevation of PGC-1α) were demonstrated to have increased 

LC3-II/LC3-I ratio and turnover of p62 in plantaris muscle.  Recent studies 

have reported that physical activity leads to mitochondrial damage and 

mitophagy is responsible for clearing the damaged mitochondria (Lo Verso et 

al., 2014, Pagano et al., 2014).  Concerning mitophagy, we found that the 

protein content of Bnip3 and Parkin was increased after the long term habitual 

exercise.  Furthermore, the protein content of cytochrome c and 

mitochondrial complex I to V was increased in plantaris muscle of exercise 

animals.  Collectively, our results show that long term habitual exercise 

promotes both mitophagy and mitochondrial biogenesis.  The increased basal 

autophagy may be particularly important for the removal of dysfunctional 
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mitochondria after exercise and the mitochondrial biogenesis is important to 

maintain the quality and quantity of mitochondria in skeletal muscle.  Bnip3, 

as an autophagy receptor, induces degradation of mitochondria (Hanna et al., 

2012) by localizing itself to the membrane of mitochondria and interacting 

with LC3.  Our correlation analysis between LC3-II and Bnip3 also supports 

the view that the upregulated basal autophagy may target the Bnip3-mediated 

mitophagy as they were found to be positively correlated.  A previous study 

has demonstrated that fasting can increase the protein expression of Parkin, 

Bnip3 and LC3-II, however, without changing the protein expression of 

autophagy proteins such as p62 and Beclin-1 (Jamart et al., 2013).  In the 

same study (Jamart et al., 2013), exercise after fasting was able to return the 

protein levels of Parkin, Bnip3 and LC3-II to basal level due to increased 

mitophagic flux.  In the current study, we observed that the protein 

expression patterns of Parkin, Bnip3, LC3-II, p62 and Beclin-1 induced by 

long-term habitual exercise were very similar to those induced by fasting.  It 

is possible that the basal autophagy in skeletal muscle of exercise animals is 

similar to the fasting-induced autophagy in skeletal muscle. The increased 

Parkin, Bnip3 and LC3-II target the dysfunctional mitochondria which are 

likely to be degraded during a new bout of exercise which increases the rate of 
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mitophagy.  Future studies should investigate whether the increased 

expression of mitophagy proteins (e.g., induced by long-term habitual 

exercise, fasting or combination of both) would lead to prevention of 

mitochondrial damage and more effective clearance of dysfunctional 

mitochondria during exercise. 

 

Over-activation of autophagy is known to produce negative consequences and 

thus the concept of “optimal autophagy” is important. Nevertheless, a narrow 

zone of “optimal autophagy” was mentioned, but has not been well defined 

and discussed in previous studies (Nair and Klionsky, 2011).  Here, we 

suspect that the unaltered expression of autophagy proteins was conferred by 

the upstream signaling molecules of autophagic pathway.  Therefore, we 

examined the phosphorylation statuses of the key regulatory molecules in the 

upstream signaling pathway of autophagy.  Our results revealed that the ratio 

of phospho-AMPKα to total-AMPKα remained unchanged.  AMPKα, a 

cellular energy sensor, is activated in situations characterized by low 

ATP/AMP and ATP/ADP ratio(Friedrichsen et al., 2012).   Normally, 

exercise depletes ATP and generates ADP and AMP, and in turn reduces 

ATP/AMP and ATP/ADP ratio.  Indeed, the acute activation of AMPKα by 
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exercise has been extensively reported (Wojtaszewski et al., 2000, Chen et al., 

2003, Birk and Wojtaszewski, 2006).  However, the increase in the 

phosphorylation status of AMPKα was not observed in our examined muscle 

following long-term habitual exercise intervention.  Without the activation of 

AMPKα, mTOR would inhibit autophagy and therefore it is not surprising to 

observe the unaltered expression of the downstream autophagic signaling 

proteins. The activation of AMPKα has been shown to be abolished after 12 

weeks of exercise training at the same relative intensity (Friedrichsen et al., 

2012).  Skeletal muscles can acquire a better capacity to maintain energy 

status after a period of training (Amati et al., 2008, Ren et al., 1994).  In our 

long-term habitual exercise model, both intensity and duration of running 

could not be finely controlled because the rats ran voluntarily in the running 

wheel in the absence of any punishments and incentives.  Hence, it is likely 

that rats in the exercise group ran at similar intensity, which does not induce 

adaptive change of the phosphorylation status of AMPKα.  Another 

possibility is that the phosphorylation status of AMPKα returned to basal level 

in 24 hours as it has been demonstrated that the AMPKα activation appears at 

the early stage of exercise (Pagano et al., 2014, Ruderman et al., 2010).  

Consistently, the phosphorylation status of another two upstream signaling 
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proteins, ERK1/2 and FoxO3, remained unaltered in plantaris muscle after our 

habitual exercise intervention.  Similar to AMPKα, the extent of 

phosphorylation of ERK1/2 depends on exercise intensity (Widegren et al., 

2000).  The present long-term habitual exercise might not be intense enough 

to increase the phosphorylation of ERK1/2.  Phosphorylation of FoxO3 leads 

to the activation of two signaling pathways, uniquitin-proteasome proteolytic 

pathway and autophagy-lysosomal degradation pathway, in skeletal muscle 

(Jamart et al., 2012a, Jamart et al., 2012c).  Thus, it would be important to 

tightly control the phosphorylation status of FoxO3 and our data suggested 

that long-term habitual exercise did not disrupt the phosphorylation status of 

FoxO3.  Consistent with the phosphorylation status of the previously 

discussed upstream markers, long-term habitual exercise did not increase Akt 

phosphorylation in plantaris muscle of exercise animals.  Several 

investigations have also suggested that Akt, a negative regulator of autophagy, 

may not be activated after exercise (Deshmukh et al., 2006, Jamart et al., 

2013).  Detection of Akt activation depends on the time points chosen for 

investigation.  Phosphorylation of Akt, AMPK and FoxO3 has been 

demonstrated to return to basal level 24 hours after exercise (Pagano et al., 

2014).  Taken together, we interpret that the upstream signaling molecules 
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consistently contributed to the stability of autophagy protein in plantaris 

muscle following chronic habitual exercise. 

 

Recent research efforts have been valuable in revealing the important 

regulatory role of autophagy in the homeostatic maintenance of muscle 

metabolism.  However, the possible role of autophagy in regulating other 

adaptive muscle remodeling processes has not been explored and is mostly 

unknown.  It has been suggested that autophagy is closely associated with 

fiber-type shifting (from glycolytic to oxidative) (Sanchez et al., 2014).  In 

the present study, our findings intriguingly provided some exciting association 

findings which provide new insights suggesting the potential role of 

autophagy in the exercise-induced fiber-type shifting in skeletal muscle.  Our 

data indicated that the LC3-II protein abundance and PGC-1α protein 

abundance were positively associated with the proportion of MHC IIA 

whereas LC3-II protein abundance was negatively correlated to the proportion 

of MHC IIX.  We speculate that the basal autophagy is probably higher in 

muscle with a larger proportion of type IIA fiber because increased autophagy 

might be required to support the elevated mitochondrial turnover in muscle 

fibers that are undergoing fiber-type shifting towards the more oxidative fast 
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type IIA fibers (Lemasters, 2005, Howald et al., 1985).  Autophagy is a 

catabolic pathway, any mismatch between mitochondrial degradation and 

biogenesis might lead to detrimental consequences to the muscle cells (Tam 

and Siu, 2014a).  Consistently, the proportion of type IIA fiber was found to 

be positively associated with the abundance of PGC-1α, an essential protein 

shown to be important in inducing augmentation of oxidative phenotype, in 

which PGC-1α probably enhances mitochondrial biogenesis to counterbalance 

the catabolic effects initiated by the increased rate of mitophagy.  The 

demonstrated positive association between LC3-II and PGC-1α further 

supports the reasonable interplay between autophagy and mitochondrial 

biogenesis.  

 

We hypothesized that long term habitual exercise would upregulate the sirtuin 

activity which, in turn, activates autophagy through the liver kinase B1 

(LKB1)-AMPK pathway.  However, we observed increased expression and 

activity of sirtuins and basal autophagy without altering the upstream 

autophagic signaling (e.g. AMPKα).  Although inactivation of AMPKα has 

been seen in different tissues treated with autophagic stimuli (Gonzalez et al., 

2004, Cui et al., 2013, Grotemeier et al., 2010), it has been shown that AMPK 
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activation is actually an early molecular event which returns to basal level 

when SIRT1 is activated (Ruderman et al., 2010, Canto et al., 2009).  

Therefore, the activation of AMPKα could be possibly not detected if it is 

examined at an incorrect time point (Pagano et al., 2014).  Another 

possibility is that exercise may activate SIRT1 in an AMPKα-independent 

manner, however, this hypothesis needs to be carefully tested as 

AMPKα-independent activation of SIRT1 was not reported in skeletal muscle 

(Gracia-Sancho et al., 2010, Caton et al., 2010).  In the current study, we 

suspect that sirtuins could directly regulate the basal autophagy in plantaris 

muscle by promoting the conversion of LC3-I to LC3-II (Morselli et al., 2010).  

The reserve pool of lipidated LC3 may be recruited for stress-induced 

autophagy.  However, this speculation needs to be tested in the future.    

Consistently, Sirt3, another NAD-dependent protein deacetylases, has been 

found to be increased in plantaris muscle after long term habitual exercise.  

In line with this, PGC-1α protein content was elevated in plantaris muscle 

after long term habitual exercise.  PGC-1α and Sirt3 have been demonstrated 

to form a positive-feedback loop inducing expression of each other (Kong et 

al., 2010).  Our finding might also reflect this phenomenon as PGC-1α has 

been found to be positively correlated to Sirt1 and Sirt3 proteins in the current 
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study which examined the basal autophagy only.  From our correlation 

analysis, we also suspected that the Sirtuin upregulation (especially Sirt1) 

might mediate the fiber-type shifting through Sirt-1mediated autophagy and 

contribute to the metabolic properties of IIA muscle fiber through 

Sirt1-PGC-1α axis.  Therefore, future studies may focus on how Sirt1 and 

Sirt3 regulate exercise-induced autophagy during or immediately after 

exercise training and the role of sirtuin family in mediating fiber-type shifting. 

 

In conclusion, long-term habitual exercise resulted in enhanced basal 

autophagy and increased expression of sirtuin family of protein in plantaris 

muscle of exercise animals.  It would be interesting to see if the autophagy is 

activated more acutely in the well-trained animals immediately after exercise 

or during calorie restriction.  The observed autophagic adaptations and 

increased SIRT1 expression were also associated with the exercise-induced 

muscle fiber-type shifting.  These novel observations are valuable in 

inspiring further research to fully elucidate the exact role of autophagy and 

sirtuin family of proteins in muscle plasticity in response to chronic exercise 

adaptation.   
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Chapter 5 Autophagic adaptations to long-term habitual exercise in 

cardiac muscle   
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5.1 Introduction 

Habitual exercise is well-known for improving cardiovascular fitness and 

body composition as well as bringing about various health benefits (Gutin et 

al., 2002).  The exercise-induced changes of cardiac metabolic phenotypes 

such as physiological hypertrophy, reduction of mitochondrial oxidant 

production, and enhancement of mitochondrial antioxidant enzymes (Kavazis 

et al., 2008) have received considerable attention, but much less is known 

about the molecular pathways and mechanisms mediating the corresponding 

adaptation processes. Although the exact molecular mechanisms for the 

exercise-induced cardiac muscle adaptation remain to be elucidated, 

autophagic regulatory process has been revealed to have important 

physiological impacts on the heart because defective or accelerated cardiac 

autophagy has been shown to be related to cardiac dysfunction including heart 

failure and cardiomyopathy (Tanaka et al., 2000b). 

 

Autophagy is an intracellular catabolic process that degrades cytoplasmic 

components such as misfolded proteins and malfunctioned organelles. 

Autophagy is activated in response to cellular stress, nutrient deprivation, 
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physical exercise, and reactive oxygen species (Choi et al., 2013). 

Malfunction of autophagy has been shown to be responsible for the 

accumulation of proteins in different disorders such as Alzheimer’s disease 

and Huntington’s disease (Zhang et al., 2009). On the contrary, 

exercise-induced autophagy has been recently suggested to be a potential 

therapeutic strategy against cardiac proteinopathy and cardiac failure 

(Bhuiyan et al., 2013, Chen et al., 2010). Intriguingly, both upregulation and 

downregulation of autophagy have been reported to be beneficial to the heart 

under different situations. Exercise has been demonstrated to promote 

recycling of autophagosomes and increase autophagic degradation, suggesting 

that the enhancement of autophagy might offer cardioprotection for the failing 

hearts (Chen et al., 2010). Another study has also shown that elevated 

autophagy might be a therapeutic target to ameliorate cardiac proteinopathy 

(Bhuiyan et al., 2013). Enhancement of autophagy, either by genetic 

manipulation or physical exercise, has resulted in reduced interstitial fibrosis, 

decreased intracellular aggregates and increased survival rate in mice with 

desmin-related cardiomyopathy (Bhuiyan et al., 2013). Furthermore, 

investigation conducted in cardiomyocytes has demonstrated that inducible 

autophagy is indeed important in maintaining the homeostasis of the heart 
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during energy deficiency (Hariharan et al., 2010). On the contrary, the 

diabetes-induced cardiac damage has been shown to be ameliorated in mice 

with heterozygous deletion of the autophagic protein gene Beclin-1 or 

hypomorphic allele of autophagy-related proteins 16 (Atg16) (Xu et al., 

2013). 

 

Recently, a growing number of studies have examined the effects of exercise 

on autophagy in cardiac muscle (Bhuiyan et al., 2013, Chen et al., 2010, 

Ogura et al., 2011). However, very few studies have been focused on basal 

autophagy, which serves as an essential intracellular mechanism preserving 

normal heart function and morphology (Nakai et al., 2007).  Furthermore, the 

effects of prolonged habitual exercise adaptation on basal autophagy have not 

been investigated in the heart. Therefore, the present study examined the 

effects of long-term (i.e., 5-month) habitual exercise in form of wheel running 

on the basal autophagy in cardiac muscle of rats.  
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5.2 Methodology 

5.2.1 Animals  

Adult female Sprague-Dawley rats aged 2 months with similar weight (172 ± 

4 g) were used. Female rats were used because they have been demonstrated 

to have a higher propensity for habitual voluntary running (Yamamoto et al., 

2002). The animals were housed in a pathogen-free condition at 22°C in the 

Centralised Animal Facilities at The Hong Kong Polytechnic University. Each 

rat was housed singly in a quarter with a 12h-12h light-dark cycle with free 

access to water and standard nutrient diet.  Animal research ethics approval 

was obtained from the Animal Ethics Subcommittee of The Hong Kong 

Polytechnic University.  All experiments were conducted according to the 

recommendations for the care of laboratory animals as stated by American 

Association for Accreditation of Laboratory Animal Care.  We confirmed 

that this study meets ethical standards of The International Journal of Sports 

Medicine (Harriss and Atkinson, 2013).  
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5.2.2 Habitual exercise 

Rats were randomly assigned to two groups, namely control group (n = 8) and 

exercise group (n = 8). Rats in the exercise group (called “exercise animals” 

hereafter) were kept in a cage with an in-cage running wheel with diameter of 

38 cm. The revolution of each wheel was counted by a magnetic digital 

counter and thus the daily running distance was monitored. For the control 

group, rats were kept in a cage in the absence of running wheel. Rats were 

euthanised after the 5-month experimental period. The running wheels were 

removed 24 hours before sacrificing the animals and harvesting cardiac 

muscle samples to avoid acute effect of the last bout of exercise as it has been 

shown that autophagy returns to basal level within 24 hours after the removal 

of different stimuli in different tissues, including cardiac muscle (Ogura et al., 

2011, Zhang et al., 2013, Lira et al., 2013, Shehata et al., 2012). Left 

ventricular muscles were immediately taken and frozen at -80°C for later 

analyses.  
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5.2.3 Capillary density  

Ten-micrometer-thick transverse frozen sections from right medial 

gastrocnemius muscle were used to determine the capillary density by 

immunohistochemical staining. Frozen sections were air-dried at room 

temperature and fixed in cold acetone for 10 minutes. Sections were then 

rehydrated with phosphate buffered saline (PBS) for 10 minutes. Background 

activity was minimized by blocking the sections with 5% horse serum (S-2000, 

Vector Laboratories) in PBS for 1 hour at room temperature. Sections were 

then incubated with mouse IgG anti-CD31 (MCA1334G) in 2% serum in PBS 

at 4
o
C overnight. Negative controls were performed by eliminating the 

primary antibody. Sections were washed with PBS for 3 times with 5 minutes 

each and incubated with fluorescein-conjugated anti-mouse IgG for 30 

minutes. Sections were then washed with PBS and mounted with fluorescence 

mounting medium (Dako). The sections were finally examined under confocal 

microscope (Eclipse T1, Nikon) with microscopy imaging software (SPOT 

advanced software version 4.6, Diagnostic Instruments). Five random images 

were captured at 100× magnification from each section. The capillary density 

was determined by counting the total number of capillaries. The results were 
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expressed as capillary-to-fiber (C/F) ratio by dividing the number of 

capillaries by the number of muscle fibers in all five fields.  

 

5.2.4 Mitochondrial volume density 

Ten-micrometer-thick transverse frozen sections from right medial 

gastrocnemius muscle were used to study the mitochondria volume density by 

immunohistochemical staining. Frozen sections were air-dried at room 

temperature and fixed in cold acetone for 10 minutes. Sections were then 

rehydrated with phosphate buffered saline (PBS) for 10 minutes. Background 

activity was minimized by blocking the sections with 5% horse serum (S-2000, 

Vector Laboratories) in PBS for 1 hour at room temperature. Sections were 

then incubated with mouse IgG anti-COX subunit I (1D6E1A8) in 2% serum 

in PBS at 4
o
C overnight. Negative controls were performed by eliminating the 

primary antibody. Sections were washed with PBS for 3 times with 5 minutes 

each and incubated with fluorescein-conjugated anti-mouse IgG for 30 

minutes. Sections were then washed with PBS and mounted with fluorescence 

mounting medium (Dako). The sections were finally examined under confocal 

microscope (Eclipse T1, Nikon) with microscopy imaging software (SPOT 
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advanced software version 4.6, Diagnostic Instruments). Five random images 

were captured at 100× magnification from each section. The mitochondria 

volume density was determined by measuring the total area of positive signal 

in number of pixels with computer software (Photoshop CS6, Adobe) and 

divided by the total fiber counts in five random fields. 

 

5.2.5 Quantitative real-time polymerase chain reaction analysis  

The mRNA abundances of autophagic genes (Atg5, Atg7, Atg12 and Beclin-1) 

and apoptotic genes (B-cell leukemia/lymphoma-2 (Bcl-2) and 

Bcl-2-associated X protein (Bax)) and exercise-induced genes (Heat shock 

protein 72 (HSP72) and PGC-1α (peroxisome proliferator-activated 

receptor-gamma coactivator)) in cardiac muscle were analysed by real-time 

polymerase chain reaction (PCR). Total RNA was extracted from cardiac 

muscle in ice-cold TriReagent (Molecular Research, Cincinnati, OH, USA) 

based on the guanidinium thiocyanate method (Chomczynski and Sacchi, 

2006). Extracted RNA was quantified at 260 nm, and the ratios of 260/280 

and 260/230 were checked to ensure the purity of RNA. Two hundred 

nanograms of RNA and Superscript III reverse transcriptase kit (Invitrogen 
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Life Technology, Carlsbad, CA, USA) were used to perform reverse 

transcription to prepare complementary DNA (cDNA). One µl of cDNA 

together with SYBR green/ROX qPCR Master Mix (Fermentas, Glen Burnie, 

MA, USA), 0.2 µM of forward and reverse primers and RNase/DNase free 

water were used in the real-time PCR by using ABI7500 real-time PCR 

System (Applied Biosystems, Foster City, CA, USA). PCR amplification was 

optimized, and the threshold for kinetic detection was set to occur over linear 

amplifications. β-tubulin was used as an internal housekeeping control gene. 

All samples were run in triplicate. Samples from the control group and the 

exercise group were run on the same plate. Relative standard curves were 

prepared for target genes and references genes for quantification of PCR 

products. The curves were generated by dilution of cDNA from the calibrator. 

Samples from the control group and the exercise group were pooled to prepare 

the cDNA and used as the calibrator to generate the standard curves. The 

mRNA expression was normalised to the housekeeping gene. 
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5.2.6 Western blot analysis 

Protein expression of autophagic factors (Forkhead box protein 3 (FoxO3), 

extracellular signal-regulated protein kinases 1 and 2 (ERK1/2), 

5’AMP-activated protein kinase alpha (AMPKα), Unc-51 like autophagy 

activating kinase 1 (Ulk1), phosphorylated FoxO3 (p-FoxO3), phosphorylated 

ERK1/2 (p-ERK1/2), phosphorylated AMPK (p-AMPK), phosphorylated 

Unc-51 like autophagy activating kinase 1 (p-Ulk1), Beclin-1, Atg5, Atg7, 

sequestosome 1 (p62) LC3-I and LC3-II), apoptotic factors (Bax and Bcl-2), 

and exercise-induced proteins (HSP72 and PGC-1α) were examined in cardiac 

muscles of exercise animals and control animals. Protein extracts were boiled 

at 95˚C for 5 min in Laemmli buffer with 5% β-mercaptoethanol. Fifty 

micrograms of protein was loaded on 10% polyacrylamide gel. After 

electrophoretic separation by SDS-PAGE, the proteins were transferred to 

PVDF membranes (Immobilon-P, Millipore). Equal loading and transfer 

efficiency were checked by staining gels with Coomassie blue and the 

membranes with Ponceau S. After the transfer process, the membranes were 

blocked in 5% non-fat milk (for FoxO3, ERK1/2, AMPKα, Beclin-1, LC3-I/II, 

Atg5, HSP72, PGC-1α, Bax, Bcl-2) in phosphate buffered saline with 0.1% 
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Tween20 (PBST) or 5% BSA (for p-FoxO3, p-ERK1/2, p-AMPKα) in 

Tris-buffered saline with 0.1% Tween20 (TBST) for 1 hour at room 

temperature. After blocking, membranes were incubated with the 

corresponding primary antibody in PBST or TBST with 2% BSA at 4˚C 

overnight. After the incubation, PBST-treated and TBST-treated membranes 

were washed in PBST and TBST, respectively, for three times. After washing, 

the membranes were incubated with horseradish peroxidase (HRP)-conjugated 

secondary antibodies at room temperature for 1 hour (1:4000 dilution , 7076 

for anti-mouse IgG antibody, 7074 for anti-rabbit IgG antibody, Cell signaling 

Technology, Inc., Danvers, MA, USA; and sc2020 for anti-goat IgG antibody, 

Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). Luminol reagent 

(NEL103001EA, Perkin Elmer) for chemiluminescence detection of HRP was 

added onto the membranes before exposure under ChemiDoc (Bio-Rad 

camera, USA). The resulting bands were quantified as optical density (OD) × 

band area and expressed as arbitrary units. GAPDH was used as internal 

control proteins for data normalization. 
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5.2.7 Data analysis 

Statistical analyses were performed using the SPSS 21 software package 

(SPSS Inc., Chicago, IL, USA). Independent t-test was performed to examine 

the significant difference between the exercise and the control groups. 

Statistical significance was accepted at P < 0.05. All data are expressed as 

means ± SEM.
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5.3 Results 

5.3.1 Daily running distance 

The average daily running distance of the exercise rats was 4456m (Figure 

5.1).  The accumulated running distance of each rat ranged from 419km to 

846km (Figure 5.2) (Siu et al., 2011).  For the control rats, it has been 

demonstrated that the current housing standards provide very little space for 

animals to perform physical activity (Spangenberg et al., 2005).  From our 

observation, they spent most of their time on idling and eating.  We 

estimated that the daily total distance travelled of the control rats in our model 

was less than 200m which is negligible when compared to that of animal rats. 
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Figure 5.1 The average daily running distance in different periods of the 

study 
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Figure 5.2 Accumulated running distance of each exercise animal (E1 to 

E8, n=8) in 5 months were recorded 
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5.3.2 Exercise adaptations  

To investigate whether long-term habitual exercise leads to physiological 

adaptations in exercise animals, we examined the ratio of left ventricular 

mass/ total body mass (LVM/BW)  and mitochondrial density and 

capillary-to-fiber ratio in right medial gastrocnemius muscle tissue as the 

above three parameters have been demonstrated to indicate exercise-induced 

physiological adaptions in animals (Holloszy and Coyle, 1984, Geng et al., 

2010, Olesen et al., 2010). Long-term habitual exercise resulted in 44% 

increase in LVM/BW, 37% increase in mitochondrial density and 38% 

increase in capillary-to-fiber ratio in exercise muscle (Figure 5.3-5.5) which 

indicated that long-term habitual exercise sufficiently induce physiological 

adaptations in exercise animals. 
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Figure 5.3 Left ventricle mass-to-body weight ratio was found to be 

significantly increased in exercise animals (exe, n=8) when compared to 

control animals (con, n=8)  
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Figure 5.4 Images of immunohistochemical staining for COX subunit I on 

gastrocnemius muscle harvested from control (con, n=8) and exercise (exe, 

n=8) animals.  Mitochondrial density were determined by 

immunohistochemical staining 
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Figure 5.5 Images of immunohistochemical staining for CD31 on 

gastrocnemius muscle harvested from control (con, n=8) and exercise (exe, 

n=8) animals.  Capillary-to-fiber ratio were determined by 

immunohistochemical staining  
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5.3.3 Autophagic factors in cardiac muscle  

No significant differences were found in the protein contents of Beclin-1, 

Atg5 and Atg7 in cardiac muscle between the control and the exercise groups 

(P > 0.05; Figure 5.6-5.8). The protein content of LC3-II was significantly 

increased by 116% in cardiac muscle of exercise animals relative to control 

animals (P < 0.05; Figure 5.9). The LC3-II/LC3-I ratio and p62 were 

examined to illustrate the basal autophagic flux and both were observed to be 

unchanged in cardiac muscles of exercise animals when compared to control 

animals (P > 0.05; Figure 5.10 & 5.11). For the gene expression of autophagic 

regulatory factors, no significant differences were found in the transcript 

abundances of Atg5, Atg7, Atg12 and Beclin-1 in cardiac muscles between 

the control group and the exercise group (P > 0.05; Figure 5.12). 
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Figure 5.6 The protein level of Beclin-1 in cardiac muscle tissues 

harvested from exercise (exe, n=8) and control (con, n=8) animals were 

examined by immunoblot analysis  
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Figure 5.7 The protein level of Atg5 in cardiac muscle tissues harvested 

from exercise (exe, n=8) and control (con, n=8) animals were examined by 

immunoblot analysis  
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Figure 5.8 The protein level of Atg7 in cardiac muscle tissues harvested 

from exercise (exe, n=8) and control (con, n=8) animals were examined by 

immunoblot analysis  
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Figure 5.9 The protein level of total LC3 and LC-3-II in cardiac muscle 

tissues harvested from exercise (exe, n=8) and control (con, n=8) animals 

were examined by immunoblot analysis. *P < 0.05  
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Figure 5.10 The ratio of protein level of LC3-II to LC3-I in cardiac muscle 

tissues harvested from exercise (exe, n=8) and control (con, n=8) animals 

were examined by immunoblot analysis.  
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Figure 5.11 The protein level of p62 in cardiac muscle tissues harvested 

from exercise (exe, n=8) and control (con, n=8) animals were examined by 

immunoblot analysis.   
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Figure 5.12 The mRNA levels of autophagic and apoptotic factors 

including Atg5, Atg7, Atg12, Beclin-1, Bax and Bcl-2 in cardiac muscle 

harvested from exercise (exe, n=8) and control (con, n=8) animals were 

determined by real-time PCR analysis 
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5.3.4 Phosphorylation statuses of signaling factors occurring upstream of 

autophagy in cardiac muscle 

No significant differences were found in the protein content ratios of 

p-AMPKα-to-AMPKα, p-Ulk1-to-Ulk, p-ERK1/2-to-ERK1/2, and 

p-FoxO3-to-FoxO3 in cardiac muscles between the control group and the 

exercise group (P > 0.05; Figure 5.13-5.16). 

 

5.3.5 Apoptotic factors in cardiac muscle 

No significant differences were found in the protein contents of Bax and Bcl-2 

in the cardiac muscles between the control group and the exercise group (P > 

0.05; Figure 5.17 & 5.18). For the gene expression of apoptotic regulatory 

factors, no significant differences were found in the transcript abundances of 

Bax and Bcl-2 in cardiac muscles between the control group and the exercise 

group (P > 0.05; Figure 5.12).  
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Figure 5.13 The phosphorylation status of upstream signaling molecule, 

AMPKα, in cardiac muscle harvested from exercise (exe, n=8) and control 

(con, n=8) animals were determined by immunoblot analysis 
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Figure 5.14 The phosphorylation status of upstream signaling molecule, 

Ulk1, in cardiac muscle harvested from exercise (exe, n=8) and control (con, 

n=8) animals were determined by immunoblot analysis 
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Figure 5.15 The phosphorylation status of upstream signaling molecule, 

ERK1/2, in cardiac muscle harvested from exercise (exe, n=8) and control 

(con, n=8) animals were determined by immunoblot analysis 
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Figure 5.16 The phosphorylation status of upstream signaling molecule, 

FoxO3, in cardiac muscle harvested from exercise (exe, n=8) and control (con, 

n=8) animals were determined by immunoblot analysis 
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Figure 5.17 The protein levels of anti-apoptotic factor, Bcl-2, in cardiac 

muscle tissues harvested from exercise (exe, n=8) and control (con, n=8) 

animals were examined by immunoblot analysis 

 

 



 

252 

 

 

 

 

 

 

Figure 5.18 The protein levels of pro-apoptotic factor, Bax, in cardiac 

muscle tissues harvested from exercise (exe, n=8) and control (con, n=8) 

animals were examined by immunoblot analysis  
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5.3.6 Exercise-induced proteins HSP72 and PGC-1α 

The mRNA expression of HSP72 and PGC-1α were significantly increased by 

53% and 110% in the cardiac muscle of exercise animals when compared to 

control animals (P<0.5; Figure 5.19).  The protein content of HSP72 was 

significantly increased by 105% in the cardiac muscle of exercise animals 

when compared to control animals (P < 0.05; Figure 5.20). The protein 

content of PGC-1α was significantly elevated by 44% in the cardiac muscle of 

the exercise group relative to the control group (P < 0.05; Figure 5.21). 
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Figure 5.19 The mRNA levels of exercise-induced genes including HSP72 

and PGC-1α in cardiac muscle harvested from exercise (exe, n=8) and control 

(con, n=8) animals were determined by real-time PCR analysis. *P < 0.05, 

**P < 0.01  
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Figure 5.20 The protein levels of exercise-induced proteins, HSP72, in 

cardiac muscle tissues harvested from exercise (exe, n=8) and control (con, 

n=8) animals were determined by immunoblot analysis. *P < 0.05  
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Figure 5.21 The protein levels of exercise-induced proteins, PGC1-α, in 

cardiac muscle tissues harvested from exercise (exe, n=8) and control (con, 

n=8) animals were determined by immunoblot analysis. *P < 0.05  
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5.4 Discussion  

5.4.1 Cardiac muscle maintains stable basal autophagy after long-term 

habitual exercise 

The synthesis of some key autophagic proteins such as Atg12, Beclin-1 and 

LC3 are transcriptionally regulated by FoxO3 (Sengupta et al., 2009). 

Phosphorylation of FoxO3 leads to activation of two signaling pathways, 

ubiquitin-proteasome proteolytic pathway and autophagy-lysosomal 

degradation pathway. The former pathway is responsible for troponin I 

degradation in heart, which is mediated by MAFbx and MuRF (Adams et al., 

2007) whereas the latter pathway is responsible for recycling of 

malfunctioned organelles and long-lived proteins in heart (Wohlgemuth et al., 

2007). Not surprisingly, these two proteolytic systems are often co-activated 

by phosphorylation of FoxO3 (Zhao et al., 2008). Therefore, the 

phosphorylation status of FoxO3 should be regulated properly to prevent 

over-activation of the proteolytic pathways. Our findings reveal that basal 

autophagy in cardiac muscle remains unchanged after long-term habitual 

exercise.  The observations of unchanged Beclin-1, Atg5, Atg7 and p62 

protein expression and unaltered LC3-II/LC3-I ratio suggest that cardiac 
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muscle does not increase its basal autophagy after performing long-term 

habitual exercise. It has been demonstrated that 1-month of endurance 

exercise does not increase basal autophagy in oxidative soleus muscle (Lira et 

al., 2013). The same study has concluded that increased basal autophagy is a 

feature of skeletal muscle that becomes more oxidative with endurance 

training (Lira et al., 2013). This suggests that basal autophagy would not be 

altered in the absence of the enhancement of oxidative properties, which is 

supported by our observations. Cardiac muscle is composed of 

cardiomyocytes possessing numerous mitochondria which make the heart 

oxidative in nature. As alteration of basal autophagy depends on the metabolic 

characteristics of the muscle, it is possible that the metabolic profile of cardiac 

muscle helps to maintain its basal autophagy.  Nonetheless, our data do not 

allow us to rule out the possibility of transient activation of autophagy in the 

heart right after exercise as autophagy has been shown to be elevated in the 

heart under stress conditions such as a single bout of running exercise (Ogura 

et al., 2011) and pharmaceutically induced oxidative stress (Dutta et al., 2013). 

It is worth noting that we harvested the heart tissue samples at 24 hours after 

the removal of the running wheels to prevent the acute effects of the last 
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exercise bout on autophagy. Thus, in the present study, basal autophagy 

instead of acute exercise-induced autophagy was examined.  

 

5.4.2 Upstream signaling molecules AMPKα, ERK1/2 and FoxO3 confer 

stability on basal autophagy 

The stability of basal autophagy is collectively illustrated by the unchanged 

Atg5, Atg7, Beclin-1, p62 and LC3-II/LC3-I ratio. Interestingly, our data 

indicate that long-term habitual exercise results in increased LC3-II protein 

expression but not in LC3-II/LC3-I ratio. Taken together, long-term habitual 

exercise does not alter basal autophagic flux, but promotes the protein 

abundance of LC3-II. LC3-II plays an important role in elongation and 

maturation of autophagosomes which are two of the four essential phases of 

autophagic pathway, namely initiation, elongation, maturation and 

degradation (Kabeya et al., 2004). The increase in LC3-II protein content may 

imply the increased autophagosome formation or blockage of autophagy 

(Renna et al., 2011), the latter is very often reflected by the extensive 

accumulation of p62 (Klionsky et al., 2012, Bjorkoy et al., 2009, Renna et al., 

2011).  However, in the present study, p62 was not found to accumulate in 
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cells.  Therefore, autophagy was not likely to be blocked after exercise.  

The enhanced LC3-II reserve may increase cellular autophagic capacity and 

efficiency to better prepare the heart for the acute re-activation of autophagy 

induced by the next exercise bout. Although long-term habitual exercise 

results in increased LC3-II protein reserve, elevation of basal autophagy 

depends on initiation as well. The initiation of autophagy is regulated by Ulk1 

and mTOR, which are responsible for the autophagic stimulation and 

inhibition, respectively. However, the relationship between 

serine/threonine-protein kinase (Ulk1) and mammalian target of rapamycin 

(mTOR) and how they regulate autophagy at molecular level are not 

completely understood (Kim et al., 2011). Therefore, we investigated the 

phosphorylation status of their upstream signaling molecule, AMPKα. We 

observed unchanged AMPKα phosphorylation status, indicating that the 

intracellular homeostasis is not threatened by long-term habitual exercise 

(Arad et al., 2007). Our observation of the unchanged AMPKα 

phosphorylation status after long-term habitual exercise indeed agrees with 

the findings of Friedrichsen and colleagues who reported that AMPK 

activation could be abolished after 12 weeks of exercise training at the same 

exercise intensity (Friedrichsen et al., 2013).  Consistently, phosphorylation 
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status of Ulk1, the immediate downstream molecule of AMPKα, remained 

unchanged. Another important player in determining autophagic activities is 

Beclin-1, which binds to Class III PI3 kinase complex 3 (PI3KC3) to induce 

formation of autophagosomes (Wang, 2008). In the current study, long-term 

habitual exercise results in unchanged Beclin-1 protein expression. Since 

ERK activation is implicated as a mechanism for the stimulation of autophagy 

in the heart (Wang et al., 2009) by enhancing Beclin-1 protein expression, we 

examined ERK1/2 phosphorylation status. The observed unaltered ERK1/2 

phosphorylation status is consistent with Beclin-1 protein expression pattern. 

Moreover, the unchanged phosphorylation status of FoxO3 contributed to the 

stable autophagic gene expression. An appropriate level of phosphorylation of 

FoxO3 is important for preventing over-activation of ubiquitin-proteasome 

proteolytic pathway, which leads to proteolysis of proteins in the heart 

(Kumarapeli et al., 2005). Collectively, our data suggest that long-term 

habitual exercise solely promotes LC3-II protein reserve, but does not alter 

the basal autophagy in cardiac muscle.  
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5.4.3 Long-term habitual exercise induces HSP72 and PGC-1α protein 

expression in cardiac muscle 

Exercise is famous for its ability to induce rapid gene and protein expression 

to bring about health benefits in humans (Ji, 2002). Among numerous 

exercise-induced genes and proteins, HSP72 and PGC-1α have been shown to 

be associated with autophagy and maintenance of homeostasis in the heart in 

response to different stressors. Our data demonstrate that long-term habitual 

exercise causes increase in expression of HSP72 and PGC-1α in the cardiac 

muscle. HSP72, a uniquitous protein, has been demonstrated to be induced in 

response to ischemia and acute exercise (Hamilton et al., 2003). In contrast to 

earlier studies, which used short-term stimuli to study the protein expression 

of HSP72, we adopted a chronic voluntary exercise model to investigate the 

basal protein expression of HSP72 and observed that long-term habitual 

exercise upregulates the expression of HSP72. Besides its cytoprotective 

effects in protein folding, transport and degradation, HSP72 has been shown 

to increase LC3-II protein without upregulating other Atg proteins in visceral 

peritoneum of rats under acute peritonitis (Li et al., 2011). Our findings of the 

increased LC3-II protein abundance and unchanged Atg protein expressions 
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are indeed consistent with the findings reported by Li and co-workers (Li et 

al., 2011). Nonetheless, very few studies have been conducted to elucidate the 

relationship between HSP72 and autophagic regulatory factors. Of note, 

silencing of HSP72 in glioma cells has been demonstrated to lead to apoptosis 

and undetectable autophagy (Jakubowicz-Gil et al., 2013). Further studies are 

needed to understand the exact role of HSP72 in the regulation of autophagy 

in cardiac muscle. 

 

PGC-1α mediates shifts in energy substrate utilization in the heart. 

Downregulation of PGC-1α has been shown in failing hearts that drives the 

metabolism from fatty acid oxidation to glucose utilization (Sambandam et al., 

2002). On the contrary, over-activation of PGC-1α has been demonstrated to 

cause pathological mitochondrial proliferation, loss of sarcomeric structure 

and dilated cardiomyopathy (Lehman et al., 2000). These results imply that 

PGC-1α protein expression in cardiac muscle should be tightly controlled to 

maintain optimal and stable heart functions. In the present study, we observed 

increased PGC-1α protein expression in cardiac muscle after long-term 

habitual exercise. Nevertheless, inconsistent exercise-induced responses of 
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PGC-1α have been documented in cardiac muscle. Exercise training has been 

shown to increase or have no effect on PGC-1α protein (Lehman et al., 2000, 

Ikeda et al., 2006).  The inconsistency among studies might be due to the fact 

that mitochondria go through a series of adaptations to exercise such as 

increase in mitochondrial volume, density and number (Eisele et al., 2008). 

The protein expression of PGC-1α might therefore vary at different stages of 

the adaptation (Wright et al., 2007). More research work is needed to dissect 

the relationship among exercise-induced PGC-1α, mitochondrial adaptations 

and exercise-induced autophagy. Recently, optimal autophagy flux has been 

reported to induce the growth of cardiomyocytes (Xie et al., 2011a), in which 

PGC-1α is a major player required to enhance cardiac mitochondrial function 

(Czubryt et al., 2003), regulate cardiomyocyte hypertrophy and improve 

cellular energetic (Bostrom et al., 2010). Taken together, we speculate that 

unaugmented basal autophagy and increased PGC-1α may lead to a net gain 

of mitochondria after long-term habitual exercise. Additional investigation is 

required to further understand the crosstalk between autophagy and 

mitochondrial biogenesis in the heart.  
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5.5 Conclusion 

In summary, the present study demonstrates the autophagic adaptations of 

cardiac muscle to long-term habitual exercise. Our data clearly demonstrate 

that the basal autophagy remains unchanged in the cardiac muscle after 

5-month of habitual wheel running exercise. The observed increase in LC3-II 

protein expression may reflect the increases in autophagosome formation as 

LC3-II is highly associated with the autophagosomes (Hansen and Johansen, 

2011).  The increase in autophagosome formation is suspected to increase 

the autophagic capacity and efficiency and not to alter basal autophagy as 

over- or under-activation of autophagy could trigger pathological 

consequences (Cao and Hill, 2011). Further studies are needed to delineate the 

role of the exercise-induced upregulation of HSP72 and PGC-1α in the 

autophagic adaptation to exercise.  
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Chapter 6 Remedying pressure-induced injury in skeletal muscle by 

blocking mitochondria-mediated apoptosis  
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6.1 Introduction 

According to the definition of the National Pressure Ulcer Advisory Panel 

(NPUAP) and European Pressure Ulcer Advisory Panel (EPUAP), pressure 

ulcer is a degeneration of skin and underlying tissues, usually over a bony 

prominence as a result of a sustained mechanical load (Dunk and Carville, 

2015).  Bed sores and pressure sores are also commonly used 

interchangeably with pressure ulcer.  It is very often seen in patients who are 

bedridden, wheelchair bound or using orthoses or prosthesis.  Bedridden 

patients with diabetes are particularly at risk (Singh et al., 2005).  However, 

in many of the clinical cases, pressure ulcer develops with intact skin.  A 

new term – deep tissue injury has been used to describe this unique form of 

pressure ulcer.  Although this new category is not included in the 4-stages 

system, it still represent a dangerous lesion as it can progress to stage III or IV 

pressure ulcer even with optimal treatment (NPUAP, (2005).  In order to 

better understand the pathogenesis of the pressure-induced deep tissue injury, 

we need to identify gross factors leading to deep tissue injury. 

 

External mechanical load and mechanical deformation contribute significantly 
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to pressure ulcer.  External mechanical load is a broad term refers to different 

loadings applied to a patient.  According to a new pressure ulcer conceptual 

framework (Coleman et al., 2014), the external mechanical load can be 

subdivided into three loads – 1. normal force (force that acts perpendicular to 

the skin surface); 2. shear force (force that acts parallel to the skin surface) 

and; 3. pressure (force per unit area).  External mechanical load leads to 

localized ischemia which has been considered the major aetiological factor 

causing pressure ulcer (Peirce et al., 2000).  The reduced blood flow to 

compressed area results in decreased supply of nutrients to cells and impaired 

removal of metabolites in the compressed region.  Furthermore, when 

pressure is relieved, the unloading reperfusion may further amplify the deep 

tissue injury by generating free radicals (Peirce et al., 2000).  Besides the 

ischemia-reperfusion injury, muscle tissue deformation has also been 

demonstrated to induce pressure ulcer.  Unlike ischemia-reperfusion injury 

which induces pressure ulcer over a relatively long period of time, tissue 

deformation leads to cell death and, hence, induces pressure ulcer over a very 

short period of time (Gefen et al., 2008).  The major determinants of pressure 

ulcer have been identified, however, the signaling pathways mediating the 

development of pressure ulcer remain unclear.  Data previously reported by 
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our research group have proposed that mitochondria-mediated apoptosis is 

responsible for the development of pressure ulcer.   

 

Irrefutably, deep tissue injury is initiated at a cellular level.  Our group has 

demonstrated that mechanical pressure induces DNA strand breaks, DNA 

fragmentation and, hence, apoptosis in skeletal muscle.  Initially, it was not 

clear that whether or not the pressure-induced deep tissue injury was mediated 

by apoptosis, until a caspase-inhibition study illustrated the role of apoptosis 

in deep tissue injury.  Teng et al. has demonstrated that caspase inhibition 

attenuates pressure-induced muscle apoptosis and alleviates deep tissue injury 

(Teng et al., 2011b).  In the study, all apoptotic markers including caspase-3 

activity, TUNEL, apoptotic DNA fragmentation, Bax and EndoG remained 

unchanged in compressed skeletal muscle of rats.  Interestingly, without 

activation of apoptosis, skeletal muscle integrity could be maintained.  

Therefore, it is tempting to hypothesize that deep tissue injury in skeletal 

muscle is mediated by apoptosis, therefore, deep tissue injury cannot develop 

in skeletal muscle of transgenic mice without muscle-specific apoptosis.   
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It is well known that pro-apoptotic protein, Bax and Bak, are essential for 

mitochondria-mediated apoptosis.  Bax and Bak are required to permeabilize 

mitochondrial membranes leading to the release of cyctochrome c.  

Therefore, generation of animals with Bax/Bak deletion might possibly 

prevent skeletal muscle from developing deep tissue injury.     
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6.2 Methodology  

6.2.1 Experimental design 

Animal were anesthesized with ketamine and xylanine via IP injection.  The 

optimized compression model was applied to wild type mice (WT mice), 

Bak-null mice (Bak
-/-

), Bax-floxed and Bak-null mice (Bax
fl/fl

 Bak
-/-

), 

Bax-null and Bak-null mice (Bax
-/-

 Bak
-/-

) experimental mice model (Figure 

6.1).  Static pressure of 100 mmHg compression load was applied to the right 

hind limb of the animal.  The compression was applied using a motorized, 

controlled, mechanical indentor, for which the magnitude was monitored 

continually by a three axial transducer.  The compression duration was 4 

hours per day for one day.  The contralateral limb would serve as a control 

for the compression experiment.  Animals were sacrificed in 48 hours, via 

CO2 ventilated euthanasia.  The muscle tissue from the hind limb was snap 

frozen with isopentane in liquefied nitrogen and stored in -80ºC.  The frozen 

tissue embedded in optimal cutting temperature compound (OCT) were 

sectioned and used for histological analysis and apoptotic assessment (Siu et 

al., 2009b, Teng et al., 2011a) 
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Figure 6.1 A Schematic design of muscle compression protocol is used to 

show the groups of animal and details of mechanical compression.  



 

273 

 

6.2.2 Generation of Bax/Bak DKO mice 

Mating animals were imported to our animal facilities.  Bax
fl/fl

 Bak
-/-

 mice 

(B6;129-Bax
tm2Sjk

 Bak1
tm1Thsn

/J) were purchased from Jackson Laboratory.  

HSA-MerCreMer (Cre mice) mice were kind gifts donated by Dr Karyn Esser 

and Dr John McCarthy from University of Kentucky.   

 

There are two different breeding strategies to yield mice with desired 

genotype (Cre
+/- 

Bax
fl/fl 

Bak
-/-

). 

 

1
st
 breeding strategy  

The first breeding scheme is depicted in Figure 6.2.  In the first step, Bax
fl/fl

 

Bak
-/-

 mice are mated with Cre
+/+

 mice.  In the second step, their offspring 

heterozygous Cre
+/- 

Bax
+/fl 

Bak
-/-

 mice are mated with homozygous Bax
fl/f l 

Bak
-/-

 mice.  They then generate Cre
+/-

 Bax
fl/f l 

Bak
-/- 

and Cre
-/-

 Bax
fl/f l 

Bak
-/-

.  

This strategy was supposed to be the fastest way to generate our desired mice, 

however, we found that some Cre
+/+

 mice did not mate with Bax
fl/fl

 Bak
-/-

 mice 

or the number of litters is too small (only 2-3 litters found 3 days postpartum).  
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Cannibalism was observed.  Therefore, we tried to use the second breeding 

strategy.  
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Figure 6.2 First breeding strategy for generating the Cre
+/- 

Bax
fl/fl 

Bak
-/-

 

mice. 
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2
nd
 breeding strategy  

The second breeding scheme is depicted in Figure 6.3.  In the first step, 

homozygous Cre mice Cre
+/+

 are crossed to WT mice.  In the second step, 

their offspring heterozygous Cre mice Cre
+/- 

are mated with Bax
fl/f l

Bak
-/-

 mice.  

They then generate Cre
+/- 

Bax
f/+ 

Bak
+/-

 offspring.  The Cre
+/- 

Bax
fl/+ 

Bak
+/-

 

mice are crossed with Bax
fl/fl 

Bak
-/-

 mice again in order to generate the 

experimental mice, the Cre
+/- 

Bax
fl/fl 

Bak
-/-

 mice.    

 

Although this strategy requires one more step and longer time to produce the 

desired mice, the number of litters is normal and cannibalism is less observed.   



 

277 

 

 

 

 

Figure 6.3 Second breeding strategy for generating the Cre
+/- 

Bax
fl/fl 

Bak
-/-

 

mice.  
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6.2.3 Genotyping of mice 

All mice were genotyped for Cre, Bax and Bak to make sure mice with 

desired genotypes are chosen at every breeding stage.  

 

Tails were taken from 3-week old mice for genotyping.  Each Tail was 

incubated in lysis buffer with proteinase K (Sigma) in a 1.5 ml eppendorf 

overnight.  On the following day, 1ml of 100% alcohol was added in each 

eppendorf followed by centrifugation (14000 rpm, 15 mins).  Upper layer 

was then discarded and 1 ml of 70% ethanol was added in each eppendorf 

followed by centrifugation (14000 rpm, 15 mins).  After centrifugation, 

upper layer was discarded and precipitate was resuspended in Tris-EDTA 

buffer (TE buffer).  Excess alcohol left in the eppendorf would be evaporated 

in a SpeedVac. 

 

Conventional polymerase chain reaction (PCR) was performed to identify 

genetic make-up of each mouse according to the protocols provided by the 

Jackson Laboratory and the Cre mice donor (McCarthy et al., 2012).  
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Primers used are listed in table 6.1.  PCR products were run through a 1.5% 

agarose gel with SYBR Safe DNA Gel Stain (S33102, Invitrogen).  Bands 

were detected by the ChemiDoc MP System (Bio-rad).  
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Gene Primer Sequence  

Cre  

 

Forward 

Reverse 

5’- GCATGGTGGAGATCTTTGA -3’ 

5’- CGACCGGCAAACGGACAGAAGC -3’ 

(Cre: 717bp) 

Bax 

 

Forward 

Reverse 

5’- GAATGCCAAAAGCAAACAGACC -3’ 

5’- ACTAGGCCCGGTCCAAGAAC -3’ 

(Mutant: 340bp/ WT:244bp) 

 

Bak 

 

 

Forward 1 

Forward 2 

Reverse 

5’- GGCTCTTCACCCCTTACATCAG -3’ 

5’- GCAGCGCATCGCCTTCTATC -3’ 

5’- GCAGCGCATCGCCTTCTATC -3’ 

(Mutant: 400bp/ WT:540bp) 

Table 6.1 Primers used in conventional PCR for genotyping 3 transgenes and 

the expected sizes of amplified products.  



 

281 

 

6.2.4 Induction of recombination 

According to a previous methodological study (McCarthy et al., 2012), this 

conditional gene-targeting systems are based on the use of the site-specific 

recombinase Cre (cyclization recombination) which catalyzes recombination 

between two 34-bp DNA recognition sites named loxP (locus of crossing-over 

of bacteriophage P1).  The basic strategy for Cre/lox-directed gene knockout 

is to flox an essential exon of the gene of interest with two loxP sites.  The 

Cre would be delivered to the target cells to excise the intervening DNA 

including the exon from the chromosome, thus generating a null allele in the 

cells where Cre is active.  To achieve inducibility of the Cre/loxP system, the 

Cre should have been fused to mutated hormone-binding domains of the 

estrogen receptor before delivering to the animals.  Without a suitable 

inducer, the Cre would not be active.  The Cre would only be activated by 

the synthetic estrogen receptor ligand 4-hydroxytamoxifen (OHT) which can 

be an extrinsic control of the Cre activity.  Tamoxifen, which can be 

metabolized to OHT, can be employed in this study to induce the Bax 

knockout.   
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Tamoxifen is fat-soluble.  Tamoxifen (20 mg) was dissolved in 1ml of corn 

oil and the mixture at 37gC overnight.  A 27-G needle was used to inject 

each mouse with 2 mg (per 25 g mouse) of tamoxifen dissolved in corn oil for 

5 consecutive days.  According to previous researches, daily injection with 

tamoxifen for 5 days is effective in inducing optimal Cre-recombinase activity 

(Schuler et al., 2005) 

 

6.2.5 Histological analysis 

Haematoxylin and eosin staining was used to demonstrate the histology of the 

skeletal muscle in comparative experimental models.  Ten micrometer thick 

frozen muscle cross-sections were cut perpendicular to the skin, in a freezing 

cryostat at 20°C, fixed with formalin 10%, then air-dried for 10 minutes at RT.  

Counter staining with Mayer’s haematoxylin and 1% eosin in CaCl 2 was used 

to assess the amount of nuclei in the interstitial space and myofibers.  Nuclei 

were counted in five random fields, with the average number of nuclei 

reported.  The number of nuclei within myofiber was normalized to the 

number of myofiber in the field.   
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6.2.6 Apoptosis assessment (TUNEL analysis) 

Apoptotic DNA within the muscle and interstitial nuclei was assessed by 

fluoromeric terminal deoxyribonucleotidyl transferase (tdT)-mediated dUTP 

nick end labeling (TUNEL).  Muscle samples were frozen, sectioned, 

air-dried, fixed and incubated in TUNEL reaction mixture.   Tissue sections 

were labeled with dystrophin to visualize the sarcolemmal membrane, and 

DAPI to visualize the nuclei.  All double positive stained nuclei were  

counted, and distinguished from interstitial nuclei. Data were expressed as 

TUNEL index, quantified by counting number of TUNEL-positive nuclei 

divided by the total number of nuclei (DAPI stained), represented as a 

percentage.  The TUNEL index was calculated by obtaining the average of 

three random, non-overlapping fields of each muscle sample, observed under 

20x objective (Teng et al., 2011a).   



 

284 

 

6.2.7 Real-Time PCR (RT-PCR) 

Extraction of total RNA in muscle tissue samples would be extracted using 

TRIzol reagent.  Superscript II RT (Invitrogen) would be used to generate 

cDNA which would be amplified in RT-PCR with SYBER Green (Fermentas).  

The primers for the genes of interest would be designed according to 

documented GenBank sequences or publications.  RT-PCR is mainly used to 

check gene expression of deleted genes including Bax and Bak.  The PCR 

amplification and sequences would be verified.  The kinetic threshold 

detection was set by several ranges of primers and RNA levels.  GAPDH 

was used as control.  Genes expression was normalized to the housekeeping 

gene.  Primers used are listed in table 6.2.  



 

285 

 

 

 

 

 

Gene Primer Sequence  

Bax Forward 

Reverse 

5’-CTTTGGCTACCGTCTGGC-3’ 

5’-GGAGGAAGGAGAGGACTGTTG-3’ 

Bak Forward 

Reverse 

5’-GGAGCAGCTTGGGAGCG-3’ 

5’-AAAAGGCCCCTGTCTTCATGA-3’ 

GAPDH  Forward 

Reverse  

5’-TGCACCACCAACTGCTTAG-3’ 

5’-GATGCAGGGATGATGTTC-3’ 

Table 6.2  Primers used in RT-PCR for determining the gene expression 

of Bax and Bak.   
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6.2.8 Immunoblot analysis  

The protein abundances of apoptotic factors were measured. Protein extracts 

were boiled at 95˚C for 5 min in Laemmli buffer with 5% β-mercaptoethanol. 

Fifty micrograms of protein were loaded on 10% polyacrylamide gel. After 

electrophoretic separation by SDS-PAGE, the proteins were transferred to 

PVDF membranes (ImmobilonP, Millipore). Equal loading and transfer 

efficiency were checked by staining gels with Coomassie blue and the 

membranes with Ponceau S red. After the transfer process, the membranes 

were blocked in 5% non-fat milk in phosphate buffered saline with 0.1% 

Tween20 (PBST) or 5% BSA in Tris-buffered saline with 0.1% Tween20 

(TBST) for 1 hour at room temperature and incubated overnight at 4˚C with 

the corresponding primary antibody in PBST or TBST with 2% BSA. After 

the incubation, PBST-treated and TBST-treated membranes were washed in 

PBST and TBST, respectively, for three times. After washing, the membranes 

were incubated with horseradish peroxidase (HRP)-conjugated secondary 

antibodies at room temperature for 1 hour (1:4000 dilution; 7076 for 

anti-mouse IgG antibody, 7074 for anti-rabbit IgG antibody, Cell signaling 

Technology, Inc., Danvers, MA, USA; and sc2020 for anti-goat IgG antibody, 
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Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). Luminol reagent 

(NEL103001EA, Perkin Elmer) for chemiluminescence detection of HRP was 

added onto the membranes before exposure under ChemiDoc (Bio-Rad 

camera, USA). The resulting bands were quantified as optical density (OD) × 

band area and expressed as arbitrary units. Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) was used as an internal control protein. Data were 

normalized to the GAPDH.   
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6.2.9 Immunofluorescent histochemistry 

Ten-micrometer-thick transverse frozen sections were used to study the Bax 

expression by immunohistochemical staining.  Frozen sections were air-dried 

at room temperature and fixed in cold acetone for 10 minutes.  Sections were 

then rehydrated with phosphate buffered saline (PBS) for 10 minutes. 

Background activity was minimized by blocking the sections with 1% BSA in 

PBST for 30 minutes at room temperature.  Sections were then incubated 

with rabbit IgG anti-Bax (ab69643, abcam, 1:400) and mouse IgG 

anti-dystrophin (D505, Vector Laboratories 1:50) in 1% BSA in PBST in a 

humidified chamber overnight at 4°C. Negative controls were performed by 

eliminating the primary antibody. Sections were washed with PBS for 3 times 

with 5 minutes each and incubated with fluorescein-conjugated anti-rabbit 

IgG (Alexa Fluor 488, Life technologies, 1:200) and fluorescein-conjugated 

anti-mouse IgG (Alexa Fluor 594, Life technologies, 1:200) for 1 hour. 

Sections were then washed with PBS and mounted with mounting medium 

containing 4’-6-diamidino-2-phenylindole (DAPI, H-1200, Vector 

Laboratories). The sections were finally examined under confocal microscope 
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(Eclipse T1, Nikon) with microscopy imaging software (SPOT advanced 

software version 4.6, Diagnostic Instruments).   

 

6.2.10 Cell-Death ELISA Assay 

DNA fragmentation was assessed using the Cell-Death ELISA Assay (Roche). 

Muscle homogenate were added to a 96-well plate coated with primary 

anti-histone mouse monoclonal antibody. Secondary anti-DNA mouse 

monoclonal antibody with peroxidase activity was added after complete 

removal of unbound primary antibody by thorough washing using washing 

solution. A substrate called 2,2’-azino-di-(3-ethylbenzthiazoline sulfonate) 

known as ABTS in short was used to determine the peroxidase activity in the 

immunocomplex.    
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6.2.11 Statistical analysis 

In all experimental studies, the contralateral limb was used as an animal 

control.  Using the SPSS 19.0 software package, statistical analysis would be 

performed.  Analysis of variance (ANOVA) with Tukey’s HSD post hoc test 

would be used to analyze the difference amongst experimental conditions on 

the null Bax-Bak skeletal muscle. Statistical significance was only accepted at 

P<0.05.  All data are expressed as a mean ± standard error of the mean. 
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6.3 Results 

6.3.1 Genotyping results 

Conventional PCR was used to assay for Cre, Bax
fl/fl 

and Bak
-/-

 alleles in mice 

at 3-4 weeks old.  Protocols are provided by Jackson laboratory.  

Genotyping results demonstrated that the 738 bp Cre fragment was amplified 

from Cre positive mice; 340 bp floxed Bax fragment was amplified from 

Bax-flox mice; 400 bp (Bak mutant fragment) and 540 bp (Bak fragment) 

fragments were amplified from Bak-null and Bak positive mice (Figure 6.4).   



 

292 

 

 

 

 

 

Figure 6.4 Conventional was used to assay for Cre (738 bp), Bax flox 

(340 bp) and Bak-null alleles (400 bp) of mice at 3-4 weeks old.  Mice with 

genes of interests would be used in experiments. 
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6.3.2 RT-PCR 

RT-PCR was used to determine gene expression of pro-apoptotic factors, 

including Bax, Bak and Bcl-2.  The gene expression of Bak was not 

detectable in skeletal muscle from Bak
-/-

, Bax
fl/fl 

Bak
-/-

 and Bax
-/-

Bak
-/-

 mice 

(Figure 6.5).  For the mRNA expression of Bax (Figure 6.6), there was no 

significant difference among WT mice, Bak
-/-

 and Bax
fl/fl 

Bak
-/- 

mice, however, 

it dropped significantly in Bax
-/-

Bak
-/-

 mice.    
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Figure 6.5 The transcript levels of Bak in the skeletal muscle collected 

from WT, Bak
-/-

 and Bax
-/- 

Bak
-/-

 mice.  
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Figure 6.6 The transcript levels of Bax in the skeletal muscle collected 

from WT, Bak
-/-

 and Bax
-/- 

Bak
-/-

 mice.  
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6.3.3 Knockout efficiency  

Tamoxifen was injected intraperitoneally for 5 consecutive days, at a dose of 

2mg per day, to induce the Bax knockout in skeletal muscle.  Animals were 

sacrificed 2 weeks after the tamoxifen treatment to check for the knockout 

efficiency.  Immunoblot data showed that abundance of Bax protein was 

significantly lower in Bax
-/-

Bak
-/-

 mice (Figure 6.7).  We further confirm the 

immunoblot result by using the immunofluorescent staining (Figure 6.8).  

From the immunofluorescent staining, Bax was increased in skeletal muscle 

from WT, Bak
-/-

, Bax
fl/fl 

Bak
-/-

 mice after compression, however, it was barely 

detectable in skeletal muscle from Bax
-/-

Bak
-/-

 mice after compression (Figure 

6.10).   
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Figure 6.7 The protein level of Bax in skeletal muscle harvested from 

mice with different genotypes was examined.  Immunoblot was used to test 

the knockout efficiency. 

  

** 
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Figure 6.8 Immunofluorescent staining was used to visualize the Bax 

protein expression in skeletal muscle before and after compression  
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6.3.4 Hematoxylin and Eosin staining  

Histological analysis demonstrated that 4-hour compression caused 

pathological morphologies, including increase in interstitial space and 

interstitial nuclei and rounded muscle cells, in compressed skeletal muscle 

collected from WT mice (Figure 6.9).  In contrast, the pathohistological 

changes were less noticeable in Bak
-/-

 and Bax
fl/fl 

Bak
-/-

 mice.  No abnormal 

morphology was noticed in Bax
-/- 

Bak
-/-

 mice.  The increase in interstitial 

nuclei was prominent in WT mice and less prominent in Bak
-/-

 and Bax
fl/fl 

Bak
-/-

 mice (Figure 6.10).   
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Figure 6.9 Haematoxylin and eosin staining was used to visualize the 

morphologies of control and compressed muscle collected from mice with 

different genotypes.  Muscle integrity was only largely distorted in WT mice. 

The muscle integrity was only slightly affected in Bak
-/-

 and Bax
fl/fl 

Bak
-/- 

mice.  

No histopathology was observed in muscle of Bax
-/- 

Bak
-/-

 mice.  



 

301 

 

 

 

 

 

Figure 6.10 The number of interstitial nuclei was increased significantly in 

the compressed muscle harvest from WT mice whereas this 

compression-induced increase was highly alleviated in Bak
-/-

 and Bax
fl/fl 

Bak
-/- 

mice.  The number of interstitial nuclei was only slightly elevated in 

compressed muscle collected from Bax
-/- 

Bak
-/- 

mice.   
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6.3.5 Immunoblot analysis  

The abundance of apoptotic factors and necrotic factor including Bax, Bak, 

Bim, Bcl-2 and RIP were measured in compressed skeletal muscle (Figure 

6.11).  In the present study, the protein abundance of Bax was significantly 

increased in compressed muscle harvested from WT, Bak
-/-

, Bax
fl/fl 

Bak
-/-

 mice 

relative to the respective control muscles (Figure 6.12).  Bax was not 

detected in both control and compressed muscle collected from Bax
-/- 

Bak
-/-

 

mice.  The protein abundance of Bak was significantly increased in 

compressed muscle of WT mice when compared to its control muscle (Figure 

6.13).  Bak was not detected in both compressed and control muscle 

collected from Bak
-/-

, Bax
fl/fl 

Bak
-/- 

and Bax
-/- 

Bak
-/-

 mice.  The protein 

expressions of Bak and Bax were consistent with their gene expression 

patterns.  Another pro-apoptotic protein, Bim, was consistently increased in 

compressed muscle collected from 4 different groups of mice (Figure 6.14).  

Besides the stated pro-apoptotic proteins, abundance of Bcl-2, an 

anti-apoptotic protein, remained unchanged in mice after compression (Figure 

6.15).  RIP, as a necrotic factor, was upregulated in compressed muscle 

harvested from WT, Bak
-/-

, Bax
fl/fl 

Bak
-/-

 mice, but not in Bax
-/- 

Bak
-/-

 mice 

(Figure 6.16).  RIP was barely detected in both control and compressed 

muscle collected from Bax
-/- 

Bak
-/-

.    
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Figure 6.11 Representative blots of apoptotic proteins (Bax, Bak, Bim and 

Bcl-2), necrotic protein (RIP) and housekeeping protein (GAPDH)   
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Figure 6.12 The protein abundances of apoptotic factors, Bax, in muscle 

tissues harvested from different groups of animals.  **p<0.01 
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Figure 6.13 The protein abundances of apoptotic factors, Bak, in muscle 

tissues harvested from different groups of animals. *p<0.05 
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Figure 6.14 The protein abundances of apoptotic factor, Bim, in muscle 

tissues harvested from different groups of animals. *p<0.05; **p<0.01  
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Figure 6.15 The protein abundances of anti-apoptotic factor, Bcl-2, in 

muscle tissues harvested from different groups of animals.   
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Figure 6.16 The protein abundances of necrotic factor, RIP, in muscle 

tissues harvested from different groups of animals. *p<0.05; **p<0.01  
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6.3.6 Cell death ELISA 

Cell death ELISA was used to specifically determine the mono- and 

oligonucleosomes in the cytoplasmic fraction of cell lysates.  The increase in 

mono- and oligonucleosomes is due to DNA degradation which is a key 

feature of apoptosis.  Our Cell death ELISA data showed that DNA 

fragmentation was significantly and noticeably increased in compressed 

muscle from WT mice (Figure 6.17).  Single Bak-deletion protected skeletal 

muscle in Bak
-/-

 and Bax
fl/fl 

Bak
-/-

 mice from extensive apoptosis induced by 

mechanical compression.  DNA fragmentation was barely detected in 

compressed and control muscle collected from Bax
-/- 

Bak
-/-

 mice. 
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Figure 6.17 DNA fragmentation was determined by cell death ELISA.  

Elevated DNA fragmentation was observed in compressed muscle collected 

from WT, Bak
-/- 

and Bax
fl/fl 

Bak
-/-

 mice.  DNA fragmentation was barely 

detected in Bax
-/- 

Bak
-/-

 mice. 
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6.4 Discussion  

The current study has shown that genetically deleting Bax and Bak can 

prevent skeletal muscle of mice from undergoing apoptosis induced by 

mechanical compression.  Apoptosis has long been suspected to mediate 

pressure-induced injury.  Siu et al. has proposed that apoptosis is activated in 

muscle tissue of rats following mechanical compression (Siu et al., 2009a).  

However, the role of apoptosis in pressure-induced injury only became clearer 

when caspase inhibitor has been demonstrated to alleviate muscle damage by 

inhibiting apoptosis (Teng et al., 2011b).  In addition, it has been shown that 

resveratrol attenuates pathohistological changes in compressed muscle by 

targeting DNA damage signaling and oxidative stress in skeletal muscle (Sin 

et al., 2013).  Previous studies have addressed the role of apoptosis in 

pressure-induced injury to a limited extent.  Here, the role of apoptosis in 

pressure-induced injury has been clearly identified.  Apoptosis is a critical 

mechanism mediating pressure-induced injury.  The muscle-specific double 

Bax/Bak knockout prevents muscle damage induced by prolonged 

compression.  This also shows that mitochondria-mediated apoptosis is 

essential for the pathogenesis of pressure-induced injury.   
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Bax and Bak have been proposed to be essential in inducing mitochondrial 

outer membrane permeability(Karch et al., 2013).  Whether their 

co-existence is required to induce apoptosis is still under debate.  In the 

current study, our data suggests that Bax and Bak work together to induce 

apoptosis induced by compression.  Only skeletal muscle cells doubly 

deficient in Bax and Bak are found to be resistant to pressure-induced injury.  

Although protection against mechanical compression in Bak
-/- 

and Bax
fl/fl 

Bak
-/-

 mice is clearly seen, the effect is still less obvious when compared with 

the Bax
-/- 

Bak
-/-

 mice.   

 

In line with the other studies, the roles of Bax and Bak in mitochondrial 

apoptosis are redundant (Cory et al., 2003).  Knockout of Bax gene has been 

demonstrated to only attenuate the extent of muscle wasting in response to 

skeletal muscle denervation (Siu and Alway, 2006).  This indicates that Bak 

alone can possibly induce mitochondria outer membrane permeabilization.  

In the current study, knockout of Bak gene could also alleviate muscle injury 

and reduce apoptosis induced by mechanical compression.  However, both 

basal apoptosis and compression-induced apoptosis cannot be eliminated in 
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Bak
-/-

 and Bax
fl/fl 

Bak
-/-

 mice.  Overall, we conclude that Bax and Bak 

collaborate to lead to a complete mitochondrial pathology.   

 

Secondary necrosis is a mode of elimination of cells and should be considered 

the natural result of the whole apoptosis (Silva, 2010).  Normally, scavenger 

cells are responsible for the removal of apoptotic cells which have conserved 

cytoplasmic membrane integrity, therefore, apoptosis has also been regarded 

as a silent form of death.  If the degradation of apoptotic cells is inefficient 

or impaired due to limited ATP supply, the cell death program proceeds from 

apoptosis to secondary necrosis (Tsujimoto, 1997).  In the present study, 

receptor-interacting serine-threonine 1 (RIP1) was upregulated in compressed 

muscle from WT, Bak
-/- 

and Bax
fl/fl 

Bak
-/-

 mice.  RIP1 has been demonstrated 

to control the switch between apoptosis and necrosis (Nicotera and Melino, 

2004, Galluzzi et al., 2009).  The upregulation of RIP1 could mediate 

primary or secondary necrosis.  The possibility of primary necrosis can be 

ruled out as nuclear fragmentation was consistently detected in WT, Bak
-/- 

and 

Bax
fl/fl 

Bak
-/-

 mice.  Moreover, if mechanical compression induces primary 

necrosis directly in compressed muscle, RIP1 would also be upregulated in 
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compressed muscle from Bax
-/- 

Bak
-/-

 mice, however, RIP1 was barely 

detected in compressed muscle from Bax
-/- 

Bak
-/-

 mice.  In addition, if 

primary necrosis is the disease mechanism of pressure-induced injury, double 

Bax/Bak-gene knockout would not protect compressed muscle in Bax
-/- 

Bak
-/-

 

mice against the pressure-induced injury.  Therefore, it is concluded that 

apoptosis is the major disease mechanism mediating the pressure-induced 

injury.  Nevertheless, when massive apoptosis in the compressed muscle 

outrides the available scavenging capacity, progression of apoptosis to 

secondary necrosis will be observed (Silva, 2010).  That is, apoptotic cells 

are either efficiently phagocytosed by scavengers or, else, undergoing 

secondary necrosis if not cleared.  It is very likely that the progression to 

secondary necrosis causes the signs and symptoms of the disease such as 

swelling, wound, blood-filled blister, pain and warm or cool on affected area 

of injured muscle.  To prevent the pressure-induced injury, stopping the 

progression to secondary necrosis in compressed skeletal muscle seems to be 

a realistic approach.     
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In summary, our data support the hypothesis that apoptosis is the mechanism 

mediating the pressure-induced injury in skeletal muscle.  Bax and Bak are 

identified as potential therapeutic targets for the treatment of pressure-induced 

injury.  Muscle-specific double Bax/Bak-deletion protects skeletal muscle 

from pressure-induced injury without compromising the normal development 

and functions of skeletal muscle.  Our data shows that Bax and Bak are 

functionally redundant in the apoptosis-mediated muscle damage.  Bax and 

Bak are capable of partially substituting each other, yet, they collaborate to 

induce extensive apoptosis.  The double ablation of Bax and Bak terminating 

the progression to secondary necrosis provides a new mechanistic insight into 

the development of diseases that are possibly mediated by apoptosis or/and 

necrosis, such as physical trauma, ischemia-reperfusion injury and sepsis.   
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Chapter 7 Overall discussion and conclusion 

 

 

 

 

 

 

 



 

317 

 

7.1 Overall discussion 

This thesis aims to study the molecular signaling pathways in normal and 

disordered skeletal muscle and identify possible therapeutic targets for muscle 

disorders.  To achieve the aims, different types of interventions including 

pharmacological intervention, non-pharmacological intervention and genetic 

modification were used to normalize molecular signaling in skeletal muscle.  

Followings are the major findings of different studies.  UnAG can normalize 

impaired insulin signaling and re-activate autophagic signaling in diabetic 

skeletal muscle (Chapter 3); long-term habitual exercise induces fiber-type 

shifting which is associated with the autophagic adaptation in skeletal muscle 

(Chapter 4); five months of habitual exercise causes an adaptive increase in 

LC3-II reserve without altering autophagic flux (Chapter 5); finally, blocking 

intrinsic apoptotic pathway can prevent pressure-induced injury in skeletal 

muscle (Chapter 6).  Autophagy, apoptosis and insulin signaling have been 

studied and reviewed comprehensively in previous chapters.  Autophagy has 

been involved in molecular crosstalk with apoptosis and insulin signaling.  

This implies autophagy is a dynamic molecular mechanism that is sensitive to 

cell death and glucose metabolism.  Besides the above comprehensive 
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summary, in this section, overall findings will be presented and give readers a 

full picture of the studies and inter-relationship between studies.   

 

7.1.1 Fiber-type shifting and diabetes  

In the study descripted in Chapter 4, long-term habitual exercise has been 

demonstrated to trigger muscle fiber-type shifting from IIX to IIA with the 

activation of autophagy in skeletal muscle.  The exact role of autophagy in 

fiber-type shifting has not been identified yet although they are significantly 

associated.  It is speculated that the activation of autophagy comes with the 

mitochondrial biogenesis during exercise.  Therefore, when part of the 

mitochondria is degraded during exercise, new mitochondria will be 

regenerated due to the upregulation of PGC-1alpha.  It is possibly a good 

way to improve both quality and quantity of mitochondria.  During the 

process, the content of mitochondria increases as evidenced by the abundance 

of mitochondrial complexes.  The upregulation of PGC-1alpha and increase 

in mitochondrial content may change the metabolic properties of skeletal 

muscle – from glycolytic to more aerobic.  Our result has shown that muscle 

fiber shifts from type IIX to type IIA, which is a more aerobic type of muscle 
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fiber. Therefore, autophagy may mediate the fiber-type shifting process in 

skeletal muscle.  Studies have shown that fiber type may associate with the 

development of diabetes (Mogensen et al., 2007, Yasuda et al., 2002).  The 

smaller proportion of glycolytic type of fiber and more aerobic type of muscle 

prevent T2DM.  Although the role of autophagy in mediating fiber-type 

shifting has not yet been identified, the re-activation of autophagy has been 

observed in the chapter 3 in which UnAG has been used to normalize 

impaired insulin signaling and re-activate suppressed autophagic signaling in 

skeletal muscle.  Therefore, autophagy has an important role in determining 

the metabolic properties of skeletal muscle and regulating blood glucose level.  

It has been shown in a transgenic study that mice without exercise-induced 

autophagy develop insulin resistance and, hence, impaired glucose 

metabolism (He et al., 2012).  In the current thesis, suppressed autophagic 

signaling was also observed in diabetic mice.  These consistent findings 

show that suppressed autophagy is one of the disease mechanisms 

contributing to the impaired glucose metabolism in skeletal muscle.  The 

enhancement of autophagy may prevent T2DM in general public and 

ameliorate T2DM in T2DM patients.  In the current study, UnAG has been 

tested carefully and shown to enhance autophagy in diabetic skeletal muscle 
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without affecting the autophagic signaling in normal skeletal muscle.  

Interestingly, another non-pharmacological intervention, the long-term 

habitual exercise, has been demonstrated to increase the intracellular LC3-II 

protein reserve and promote p62 degradation.  Skeletal muscle may adapt to 

exercise by activating autophagy which serves as a quality control mechanism 

improving quality of cells.  Although the current thesis places emphasis on 

molecular signaling in skeletal muscle, the interesting results obtained from 

skeletal muscle tempted us to examine the signaling in cardiac muscle.     

 

7.1.2 Similarity between skeletal muscle and cardiac muscle 

In line with the results obtained from skeletal muscle, LC3-II reserve in 

cardiac muscle has been increased after the long-term habitual exercise.  The 

patterns of autophagic gene expression and protein expression are very similar.  

There are a few differences in protein expression between skeletal muscle and 

cardiac muscle.  In skeletal muscle, we did not detect any significant change 

in abundance of apoptotic proteins.  However, the pro-apoptotic protein Bax 

has been reduced in cardiac muscle from exercise animals.  Moreover, we 

also detected the upregulation of HSP72 in cardiac muscle from exercise 
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animals while we did not detect any change for HSP72 expressed in skeletal 

muscle.  These findings are partially consistent with the results obtained in 

another animal exercise model.  Siu et al. has demonstrated that 8-week 

regular moderate physical exercise decreases DNA fragmentation and 

pro-apoptotic gene levels and protein levels and which are associated with the 

increase in HSP70 (Siu et al., 2004).  In the current studies, we did not force 

or tempt the animals to exercise.  In the experimental setup, only a running 

wheel was installed in each housing cage.  The exercise intensity could not 

be controlled.  Only the exercise volume (i.e. total distance travelled per day) 

could be monitored and recorded.  Moreover, our model was a long-term 

exercise model, which lasted for 5 months.  These two factors may account 

for the difference that we could not detect any change in the apoptotic 

pathway and HSP70 protein abundance in skeletal muscle harvested from 

exercise animals.  However, the downregulation of Bax protein content and 

upregulation of HSP72 were still observed in cardiac muscle from exercise 

animals.  This may imply that, at the same exercise intensity, the cardiac 

muscle is more responsive to the exercise training when compared with 

skeletal muscle.  HSP72 has been shown to negatively regulate apoptosis and 

provide therapeutic benefit to improve quality of mitochondria (Park et al., 



 

322 

 

2002, Drew et al., 2014).  We can further confirm that HSP72 is an 

exercise-induced gene in both skeletal and cardiac muscle, but how it 

regulates autophagy and apoptosis in exercise remains to be known in details.   

 

It has been generally agreed that chronic structured exercise increases 

autophagy and which is essential for maintaining physical performance and 

glucose homeostasis (Tam and Siu, 2014b).  There are numerous studies 

investigating the beneficial effects of structured exercise program, however, 

the present study is the first to evaluate the effects of long-term habitual 

exercise (non-structured exercise) on autophagic and apoptotic signaling in 

skeletal and cardiac muscle at molecular level.  We have demonstrated that 

long-term habitual exercise increases basal autophagy and enhances 

mitochondrial biogenesis in both skeletal and cardiac muscle; induces 

fiber-type shifting in skeletal muscle; increases the contents of 

exercise-induced proteins; and decreases the protein abundance of Bax.   
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7.1.3 Pressure-induced skeletal muscle injury is mediated by intrinsic 

apoptosis 

It has been demonstrated in Chapter 6 that blocking intrinsic apoptotic 

pathway can prevent the pressure-induced injury in skeletal muscle.  To the 

best of our knowledge, this is the first study to delete two apoptotic genes in 

skeletal muscle.  During the first few months, Bak-deletion did not affect the 

development of skeletal muscle tissue.  Bak-deletion did not lead to muscle 

hypertrophy, atrophy or functional impairment.  After 4 months of age, 

tamoxifen was used to induce the Bax-deletion.  Parameters measured 

remained unaltered after the induction of double knockout.  This is the first 

study to generate muscle-specific Bax/Bak double knockout mice.  At this 

stage, we did not detect any abnormality in the double knockout mice.  In the 

present thesis, the double knockout mice have been used to test the hypothesis 

that pressure-induced injury is mediated by apoptosis.  In the future, this 

double knockout strain can also be used to test the hypothesis that insulin 

resistance is mediated by lipoapoptosis (Turpin et al., 2006).  This animal 

strain provides a platform for mechanistic studies and can be used to identify 

the role of apoptosis in different diseases.   
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In the current study, apoptosis has been proven to be a critical point for the 

development of secondary necrosis which leads to pressure-induced 

inflammation.  Deletion of Bax and Bak has been proven to remove 

apoptosis in skeletal muscle, even after apoptosis-inducing mechanical 

compression.  Compressed skeletal muscle from wild type mice and single 

knockout mice showed pathological morphologies such as rounded muscle 

fibers, neutrophils infiltration and increase in interstitial space.  For 

compressed skeletal muscle harvest from DKO mice, normal morphologies 

were observed.  Biochemical changes that were observed in compression 

skeletal muscle from WT and SKO were not observed in skeletal muscle from 

DKO.  This suggests that apoptosis is essential for the stepwise progression 

of pressure-induced injury.  At the molecular level, both Bax and Bak are 

indispensable for modulating intrinsic apoptosis in skeletal muscle.  This 

study identifies a novel therapeutic target for pressure-induced injury.  
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7.2 Limitations  

There are several limitations in the present studies.  In the diabetes study 

(Chapter 3), db/db mice were used to test the effects of UnAG on skeletal 

muscle and blood glucose level.  The db/db mice are animals homozygous 

for a point mutation in the leptin receptor gene.  Without normal leptin 

receptors, animals have dysregulated hunger sensation, metabolism and, hence, 

diabetes.  UnAG can restore impaired insulin signaling and re-activate 

suppressed autophagic signaling, however, it cannot modify genetic defect in 

the leptin gene.  Therefore, the fasting blood glucose level was still much 

higher than the normal level.  It seems impossible for the UnAG to 

normalize the dysregulated blood glucose level due to genetic defect.  In the 

future, chronic high-fat diet should be used to induce diabetes in WT mice, in 

which UnAG can be tested whether it can lower the abnormal blood sugar 

level induced by high-fat diet.  In addition, autophagy could be an important 

intracellular pathway controlling glucose metabolism and lipid metabolism.  

As shown in the chapter 3 autophagy was impaired in diabetic muscle and was 

re-activated after UnAG treatment.  Studying insulin signaling in 

muscle-specific autophagy-deficient mice can reveal the essentiality of 
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skeletal muscle autophagy in regulating blood glucose level and how 

autophagy affects the glucose metabolism in skeletal muscle.   

 

In the long-term habitual exercise studies, rats were caged with a running 

wheel.  Animals could run voluntarily without any incentive and punishment.  

The advantage of this system is that no stress and excitement will be exerted 

to animals.  However, the drawback was that exercise volume and intensity 

could not be monitored.   Some animals were not adapted to exercise or 

being sedentary.  Moreover, the basal autophagy, not acute exercise-induced 

autophagy, was chosen to study.  The muscles were harvested 24 hours after 

the last bout of exercise instead of collecting the skeletal muscle immediately 

after the exercise intervention.  Therefore, any transient activation of 

autophagy in skeletal muscle after exercise could not be observed.  It has 

been reported that abundance of autophagy protein generally increased after 

exercise (Tam and Siu, 2014b).  However, in the existing model, significant 

increase in the abundance of autophagy protein was not observed except the 

increase in abundance of LC3-II.  LC3-II was found to positively correlate 

with type IIA muscle fiber and negatively correlate with type IIX fiber.  It 



 

327 

 

has been speculated that autophagy may mediate the fiber-type shifting.  

This claim remains speculative until fiber-type shifting appears to be impaired 

in autophagy-deficient mice.  

 

Intrinsic apoptosis has significant role in different diseases (Reyes et al., 2010, 

Wenz et al., 2009, Anglade et al., 1997).  In the current thesis, we have only 

demonstrated the role of apoptosis in a mechanically-induced injury.  

Whether Bax/Bak double-deficient strategy helps skeletal muscle to resist 

muscle atrophy induced by aging, hindlimb suspension, cancer cachexia and 

chronic obstructive pulmonary disease remains largely unknown.  The 

double knockout mice can also be used to test the role of apoptosis in 

chemical insults (e.g. hydrogen peroxide and cardiotoxin) to skeletal muscle.  

Besides studying the role of apoptosis in both mechanical and chemical insults, 

physiological relationship between apoptosis and autophagy can be better 

understood in the double knockout mice.  Traditionally, autophagy is 

regarded as a cytoprotective mechanism while apoptosis serves as mechanism 

guiding cellular suicide (Maiuri et al., 2007).  Cellular stress often triggers 

both pathways which regulate each other and form a complex crosstalk.  
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Autophagy is responsive and sensitive to apoptosis as well as cellular stress, 

therefore, it is difficult to identify how autophagy responds to cellular stress 

alone.  The effects of cellular stress on autophagy could possibly be studied 

in the absence of Bax and Bak.      

 

The present thesis studies three signaling pathways, including insulin 

signaling, autophagy and apoptosis, in skeletal muscle.  Different approaches 

such as pharmacological treatment (Unacylated ghrelin), non-pharmacological 

intervention (long-term habitual exercise) and genetic modification 

(Bax/Bak-double knockout) have been used to remedy muscle disorders and 

maintain the health of skeletal or cardiac muscle.  The identification of 

mechanisms that regulate molecular signaling in skeletal and cardiac muscle 

may help to discover new approaches that can be employed to improve human 

health.   
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7.3 Conclusion 

The present thesis has comprehensively demonstrated the signaling alteration 

in normal and disordered skeletal muscle.  Different interventions have been 

employed to normalize the altered molecular signaling in skeletal muscle.  

Consistent with previous studies, results of this thesis suggest that apoptosis 

and insulin signaling are critical in the regulation of muscle homeostasis.  

Furthermore, in the current thesis, autophagy has been demonstrated to 

interact with both apoptosis and insulin signaling.  These results established 

autophagy as a potential therapeutic target for a number of skeletal muscle 

disorders such as diabetes, sarcopenia and pressure ulcer.  The findings of 

the current thesis suggested and discussed the important role of autophagy in 

skeletal muscle insulin resistance and fiber-type shifting.  Besides 

understanding association between autophagy and muscle disorders, apoptosis 

has been identified as an underlying mechanism mediating the development of 

deep tissue injury in the current thesis.  Collectively, these significant 

findings may provide some hints on remedying muscle disorders.     
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