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Abstract  

Human skeletal muscle plays a fundamental role in mobility, metabolism and disease 

prevention. Protein metabolism is critical for the regulation of skeletal muscle mass. The 

mammalian target of rapamycin complex 1 (mTORC1) is proposed to be essential in the 

regulation of both protein synthesis and degradation, but the mechanistic details of the 

upstream events that are responsible for amino acid (AA)-dependent mTORC1 activation 

remains elusive in vivo. Many pathways have been proposed via in vitro models and it 

appears that AA transporters (AAT), sensors and mediators are the key players. Limited 

studies have attempted to translate and validate the knowledge derived from in vitro 

models to human skeletal muscle. Therefore, this thesis explored the effects of ageing, 

nutrition and resistance exercise (RE) on AAT, sensors and mediators in an attempt to 

provide a better understanding of how AA stimulate mTORC1 activation in human 

skeletal muscle.   

Ageing is associated with a gradual and involuntary loss of skeletal muscle mass and 

function, a condition known as sarcopenia. Habitual dietary protein intake is essential for 

the maintenance of muscle mass. However, providing a complete diet containing either 

0.8 g protein ∙ kg-1 ∙ d-1 or 1.6 g protein ∙ kg-1 ∙ d-1 to older men (70‒81 y) for ten weeks 

did not alter the expression of AAT, sensors, mediators and mTORC1 anabolic signalling. 

Contrarily, the combination of a single bout of RE and dietary protein supplementation in 

middle-aged men (40‒55 y) robustly induced the transcriptional response of AAT. 

However, a direct translation of some in vitro pathways was not achieved in human 

skeletal muscle, thereby highlighting the complexity of the mechanisms regulating AA-

dependent mTORC1 activation.   

While validating the relevance of putative AA sensors in human skeletal muscle, 

unexpected findings from Sestrin2 were generated. Being a purported leucine sensor, 

Sestrin2 has been proposed to regulate mTORC1, AMP-dependent protein kinase (AMPK), 

autophagy, oxidative stress, metabolism and muscle development. By treating samples 

with lambda phosphatase, evidence was generated to show that Sestrin2 is a 

phosphoprotein in human skeletal muscle. Phosphorylation is one of the most important 

protein modifications in signal transduction pathways. Hence the focus of this thesis has 

been shifted to gain a better understanding of this multifunctional protein.  

Included in the complex functionality of Sestrin2, mammals express three paralogs, 

Sestrin1/2/3. Whether they share redundant functions in human skeletal muscle is 

unknown. By comparing the effects of RE, nutrition and ageing on the Sestrin family, it 

was concluded that despite the strong sequence homology, they were differentially 

regulated. Sestrin2 was transiently hyperphosphorylated after RE but not after dietary 

protein supplementation and there was no evidence of either Sestrin1 and 3 being 

phosphoproteins. RE did not affect the expression of Sestrin3, but it was upregulated 

after carbohydrate supplementation. Compared to Sestrin2 and 3, Sestrin1 mRNA was 

abundantly expressed in human skeletal muscle. Further, Sestrin1 protein was 
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upregulated after 12 weeks of resistance training in young men but downregulated with 

increasing age.     

The complete sequence of studies in this thesis highlighted the convoluted pathways 

involved in AA-dependent mTORC1 activation in human skeletal muscle. While many 

mechanistic pathways have been proposed in vitro, controversies between theories still 

exist. Hence making it difficult to interpret the results generated from human studies. 

Similarly, there is an ongoing debate on the ability of Sestrin2 to sense leucine. Its 

relevance as a leucine sensor in skeletal muscle is unresolved. However, new data were 

generated indicating that Sestrin2 is a phosphoprotein regulated by RE and could 

potentially mediate an adaptive mechanism to regulate redox homeostasis. These 

findings offer an avenue for future research on the roles of Sestrins in muscle physiology.          
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1.1 Introduction  

Skeletal muscle is the most abundant tissue in the human body comprising 

approximately 40‒50% of the total body mass and 50‒75% of all proteins [1]. In a 

healthy, weight-stable individual, muscle mass remains constant due to the dynamic 

balance between muscle protein synthesis (MPS) and muscle protein breakdown 

(MPB) [2]. To see changes in muscle mass, there must be a persistent and chronic 

alteration in muscle protein turnover [3,4]. Being a highly plastic tissue, skeletal 

muscle exhibits profound morphological and functional changes in response to 

stimuli such as resistance exercise (RE) [5], nutritional supplementation [6] and 

muscle disuse [7]. Ageing is associated with a gradual loss of muscle mass and 

function, thus increasing the risk of falls and fractures, which could detrimentally 

impair independent living and quality of life [8]. By exploring the mechanisms that 

regulate muscle protein metabolism, therapeutic targets may be designed to increase, 

preserve or restore muscle size and function.  

The mammalian target of rapamycin complex 1 (mTORC1) plays a critical role in 

muscle maintenance [9,10], but the amino acid (AA) sensing mechanism that drives 

mTORC1 activation remains unclear [11,12]. It is generally accepted that AA, 

especially leucine, affects mTORC1 signalling [13], but how they are ‘sensed’ inside 

the cells is less clear. Studies in cell culture have highlighted the importance of several 

amino acid transporters (AAT) and sensors in mTORC1 activation [14]. In particular, 

Sestrin2, a stress-responsive protein, has gained significant attention due to its ability 

to sense leucine in vitro [15,16]. However, together with its paralogs (Sestrin1 and 3), 

they also regulate AMP-dependent protein kinase (AMPK) [17], oxidative stress [18] 

and autophagy [19]. These physiological processes are essential in maintaining the 

overall health of skeletal muscle, yet the relevance of Sestrins in human skeletal 

muscle has not been explored. Chapter one will therefore describe the mechanisms 

regulating AA-dependent mTORC1 activation and evaluate findings capturing the 

effects of anabolic stimuli on this pathway. Finally, the multifunctional roles of 

Sestrins will be discussed and their connections with muscle physiology will be 

evaluated.    

 

1.2 Skeletal muscle   

Skeletal muscle is a fascinating biological tissue that plays many roles in the body. Not 

only can it generate force and regulate core body temperature, but it also functions as 

an AA reservoir, where it contributes to whole-body protein metabolism and 

glycaemic regulation [20-23]. However, the most important role of skeletal muscle is 

to execute movements for walking, running, breathing and postural control [24,25]. 

To generate forces and movements, skeletal muscle requires a substantial amount of 

energy and it must be able to contract and relax efficiently [26,27]. Skeletal muscle is 
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able to meet these demands through the development of specialised fibres that 

possess different contractile properties and capacities [28,29].  

A skeletal muscle fibre is a long cylindrical, multinucleated cell that is filled with 

smaller filament units called myofibrils. The myofibrils are made up of smaller 

subunits called sarcomeres. These sarcomeres are in turn made up of myofilaments, 

which contain the contractile proteins, myosin and actin [30]. Fibres can be 

generalised to two main groups, Type I and Type II fibres, based on their speed of 

contraction and Type II fibres are further subdivided into Type IIa and IIx [29,31].  

Muscle fibres are differentiated by which isoforms of myosin heavy chain they express 

[32]. Type I fibres have highly oxidative profiles, dense mitochondrial volume and 

capillary to fibre perimeter ratio, thus making them suitable for low intensity, but 

prolonged contractions. Type IIx fibres show high glycolytic and low oxidative profile, 

thus supporting fast contraction, but low level of endurance. Type IIa fibres, on the 

other hand, contract faster than Type I but slower than Type IIx, so they support both 

oxidative and glycolytic metabolism [33-37]. All human skeletal muscles are made up 

of various ratios of these muscle fibres and the overall composition is the determinant 

of its functional characteristics [38]. For instance, Type IIx and IIa fibres have 10 and 

6 times greater peak power respectively and 4.4 and 3 times greater contractile 

velocity respectively, than Type I fibres [39,40]. Thus Type II fibres are abundantly 

expressed in strength and power athletes [41]. Contrarily, Type I fibres are enriched 

in the skeletal muscle of endurance athlete since they are optimised for prolonged 

lower intensity exercise [42,43].  

 

1.2.1 Protein turnover and muscle mass    

The maximum isometric force or “strength” of a muscle is positively associated with 

its physiological fibre cross-sectional area (CSA), or the number of sarcomeres 

working in parallel with one another [44]. The larger the size and CSA of the fibre, the 

higher the force produced. This relationship is credited to the hypertrophy of the 

myofibrils in size, which is made possible by an increase in the synthesis of a variety 

of proteins in the fibres [45].  

The process of generating muscle, myogenesis, is divided into several phases [46]. 

During embryonic myogenesis, mesenchymal stem cells differentiate and proliferate 

to muscle myoblasts, which later migrate to fuse and form mature multinucleated 

myotubes [47,48]. This process is terminated when the number of myonuclei reaches 

a steady state [49-51] and at the time of birth, the number of muscle fibres is 

predetermined [52,53]. Post-natal increases in muscle fibre number is limited in 

humans. Therefore increases in muscle size and strength are predominantly 

attributed to the upregulation of the hypertrophic pathways in adult skeletal muscle 

[54]. For instance, in rats, fibre numbers do not change during life, but the mean fibre 
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CSA increases by ~10 fold from the newborn to adult animals (hypertrophy without 

hyperplasia) [55,56].  

Protein is the fundamental building block of muscle fibres, so muscle growth is 

inevitably linked to the ability of the tissues to accumulate or lose protein [4,57]. MPS 

and MPB occur continuously in skeletal muscle and vary over the course of a day 

depending on age, diet and physical activity [58,59]. During postnatal growth, the net 

accumulation of muscle protein occurs constantly, together with anabolic stimuli such 

as growth hormone, insulin-like growth factor-1 (IGF-1) and insulin they make sure 

the body remains in a positive net protein balance to stimulate muscle hypertrophy 

[60].  

From the time of birth to end of puberty, muscle grows at a rapid rate, but with 

increasing age, the imbalance between MPS and MPB gradually narrows. In early 

adulthood, growth would have ceased. At that time, MPS is closely counterbalanced 

by MPB, so beyond the growth phase of life, protein accretion generally does not occur 

[61]. To see a significant change in muscle mass, there must be a persistent and 

chronic alteration in muscle protein turnover [62,63]. Skeletal muscle is a highly 

plastic tissue that responds to various external stimuli, such as nutrients, growth 

factors, oxidative stress and addition (physical activity) or subtraction (muscle disuse) 

of contractile activity [64-66]. Human skeletal muscle can adapt to various stimuli and 

physiological conditions by altering the balance between MPS and MPB. For instance, 

RE can stimulate MPS, thereby allowing the production of additional myofilaments in 

both genders regardless of age [67,68]. Contrarily, prolonged inactivity appears to 

accelerate atrophy and decrease muscle CSA due to a considerable decline in MPS [69-

71]. 

 

1.3 Ageing and Muscle loss  

With improvement in medical care, health service and low mortality rate, life 

expectancy have increased rapidly in developed countries and global population is 

ageing [72,73]. In New Zealand, people aged over 65 years old made up 13% of the 

population in 2010. This is predicted to reach 20% by late 2020s [74]. In 2010, 8% of 

the world’s population (approximately 500 million people) was over 65 years old, and 

this figure is predicted to triple by 2050 [75]. Despite the increased life expectancy, 

ageing is inevitable and is accompanied by a wide range of chronic diseases including 

neurodegenerative disorder, cancer, diabetes, atherosclerosis and osteoporosis [76-

78]. The increasing incidence of chronic disease is placing a high demand on 

healthcare system [79,80]. Therefore, society has become increasingly interested in 

the prevention and treatment of age-related disease [81-83].   
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Healthy ageing relies on various factors, among which the preservation of muscle 

function plays a critical role, because loss of both muscle mass and strength contribute 

to disability and impairs mobility and function [84,85]. Prolonged periods of inactivity 

occur throughout life following injuries, immobilisation and ageing, which could lead 

to muscle mass loss [86-88]. Unfortunately, old age accelerates inactivity-induced 

atrophy, so older adults face a more dramatic decline in muscle function and physical 

activity [89]. Not only do these conditions pose threats to muscle functional capacity, 

but the reduction in metabolically active lean tissue may have reduced ability to 

maintain glucose concentration and metabolism, thus contributing to insulin 

resistance and a lower basal metabolic rate [90].  

 

1.3.1 Sarcopenia  

After peaking in early adulthood, skeletal muscle mass gradually declines from the 

age of 50 [91]. This age-related gradual erosion of skeletal muscle mass and function 

is referred to as sarcopenia, which is also the main determinant of musculoskeletal 

frailty [92]. The progressive deterioration of muscle function often leads to increased 

level of dependency, risk of falls, fractures and mortality [8,93]. On average, after the 

age of 50, an individual loses muscle mass at a rate of 1‒2% annually [94,95]. This 

process could result in a loss of muscle fibre number and a decrease of 40% in muscle 

size between the ages of 24 and 80 years [96,97]. Such loss is more dramatic in 

sedentary individuals and more pronounced in men [98]. Loss of muscle strength and 

power is also associated with sarcopenia [99]. The reduction of both muscle mass and 

strength in the elderly has significant physiological, functional and health 

consequences [100]. Not only does it delay recovery from muscle injuries, but it also 

increases hospitalisation [101].  

 

1.3.2 Muscle loss and quality of life    

Compared to commonly used prognostics including cardiovascular and metabolic 

risks, reduced skeletal muscle mass is a better predictor of mortality risks in older 

adults [102]. Diminished skeletal muscle mass is associated with reduced physical 

function, muscle weakness, unfavourable inflammatory state, metabolic 

dysregulation and higher mortality rates [21,103-109]. There is also a close 

relationship between sarcopenia and osteopenia (bone loss), which brings about 

major clinical problems, including impaired locomotion and increased risks of 

osteoarthritis [80]. The loss of muscle mass also affects other fundamental organs 
including brain, heart and liver, as muscle protein serves as the principle AA reservoir 

and provides precursors for hepatic gluconeogenesis [110,111].  

In addition to losing muscle mass, ageing also affects skeletal muscle quality, including 

increased adipose infiltration, deterioration in muscle architecture and changes in 
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neuromuscular adaptation [112,113]. Loss of fiber numbers and a targeted reduction 

in Type II fibers is also evident [114], which often results in a relative high Type I 

fibers density that is associated with a reduction in muscle strength [115] and may 

partially explain why the loss of muscle strength occurs 2‒5 times faster than the 

reduction in muscle mass [116,117].  

Given the close relationship between the quality of life and muscle mass and strength, 

maintaining optimal function of skeletal muscle appears to be a key strategy to ensure 

healthy ageing [118]. Although some degree of muscle mass loss is inevitable with age, 

it can be attenuated [119,120] and it has been suggested that interventions against 

muscle loss could be clinically beneficial in cases of frailty [121,122]. Early 

intervention can improve the quality of life and reduce costs of care [123]. Further, 

up to 5% of all death among older people could be delayed by countering frailty [124].  

 

1.3.3 Interventions toward the amelioration of muscle loss     

The pathophysiology of muscle deterioration is remarkably complicated. A myriad of 

mechanisms and processes may contribute to muscle ageing. These include 

diminished secretion of anabolic hormones, excessive production of pro-

inflammatory cytokines, excess myocyte apoptosis, mitochondrial dysfunction, 

oxidative stress and poor nutrition [125,126]. However, the most apparent metabolic 

explanation for muscle loss is an imbalance between MPS and MPB, which results in 

a negative net protein balance that leads to atrophy of skeletal muscle fibres 

[127,128].  

Knowing the intricate and convoluted relationships among different etiological 

factors, the hunt for compelling treatments to manage sarcopenia has been intriguing, 

yet unresolved [121]. Elderlies retain the capacity to increase their muscle mass in 

response to RE but with reduced magnitude compared to young adults [67]. Further, 

essential amino acids (EAA) and an acute bout of RE independently stimulates MPS 

[129,130]. Therefore, the combination of physical exercise and adequate dietary 

protein intake might be the most effective intervention to prevent and manage 

sarcopenia [21,131].  
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1.4 Exercise training to attenuate muscle loss   

Resistance training has been demonstrated as one of the most effective interventions 

to decrease the adverse outcomes of sarcopenia, as RE brings about many changes to 

muscle function, joint movement and body composition [132]. RE is commonly used 

by athletes to increase muscle mass and strength, but it also has clinical applications 

for muscle recovery after disuse [133]. Even though the number of muscle fibres in 

human is predetermined at birth, RE can be used to increase the size of fibres by 

enhancing the rate of MPS [5]. Increase in the sensitivity of MPS can begin within 30 

min after a bout of RE and will last for 48 h [57].  

Numerous studies have demonstrated the beneficial effects of regular RE in older 

adults [134-136]. When performed chronically, gains in muscle size and strength are 

evident [134,137,138]. For instance, older men who are engaged in long-term regular 

strength training maintain the function and morphology of their skeletal muscles [139] 

and frail elderlies show remarkable improvement on muscle strength and 

performance after a short period of high-intensity resistance training [140]. RE has 

also been shown to improve balance, thereby reducing the risk of falls [141,142]. 

Compared to aerobic exercise, RE is also a safer option for those that display 

cardiovascular complications [143] and it is a more potent stimulus of muscle 

hypertrophy than aerobic exercise, as evident through the increased muscle mass and 

strength in elderlies participating in weightlifting programmes compared to those 

engaged in swimming [139].    

Exercise interventions in individuals with sarcopenia have been shown to improve 
functionality and quality of life [144]. However, elderlies are often too weak or lack 

the motivation [145]. Therefore early intervention in middle-aged or young adults is 

preferred. However, some individuals might have a busy lifestyle, so they might spend 

less time exercising [146]. Therefore, nutritional strategies have been proposed as an 

alternative to maintain muscle size.  

 

1.5 Nutritional strategies to attenuate muscle loss      

After a protein-rich meal, a substantial increase in the rate of MPS is evident [147]. 

Such changes are due to the increases in the availability of plasma EAA, particularly 

leucine [148,149]. Several studies have demonstrated that ageing may induce 

resistance of MPS to the stimulatory effects of food intake, a condition referred to as 

anabolic resistance [95,150]. The lack of anabolic response to a complete meal in the 

muscle is likely to contribute to the gradual loss of muscle mass [151]. The 

mechanisms responsible for this blunted response are unknown, but it may reside at 

the level of protein digestion, AA absorption, AA uptake or intramuscular signalling 

[152]. The current issue is whether an altered protein intake (i.e. increase the amount 

of intake or consuming a particular type of protein) could reverse the phenomenon.  



8 

 

1.5.1 Protein quantity     

Proteins serve as the principal structural component of muscle and are used to 

maintain energy balance and repair damaged tissue [153]. High protein diets have 

been shown to retain lean body mass during calorie restriction [154] and ageing 

[6,155]. Habitual dietary protein intake is thus vital for the maintenance of muscle 

mass [156]. Yet, this may be difficult in elderlies who frequently experience reduced 

chewing efficiency [93], poor appetite [157] and delayed AA absorption [158]. Hence 

they often fail to consume the recommended dietary allowance (RDA) of protein 

[159,160]. That is 0.8 g ∙ kg-1 ∙ d-1 for healthy adults. Given that 32‒41% of females and 

22‒38% of males over the age of 50 ingest less than the RDA, older adults are at risk 

of inadequate protein intake [161]. Further, decreased physical activity and reduced 

energy requirements often result in diminished food consumption in older adults, 

thus making them more susceptible to energy deficiency, which could accelerate the 

loss of muscle mass [162-164].    

Many believe that increasing the RDA for protein to 1.0‒1.6 g ∙ kg-1 ∙ d-1 may preserve 

muscle mass in aged muscle [131]. Recently, it has been demonstrated that 

maintaining a diet containing 1.6 g ∙ kg-1 ∙ d-1 of protein for ten weeks in older men 

showed beneficial effects on lean body mass [155]. Also, increasing protein intake to 

1.25 g ∙ kg-1 ∙ d-1 for ten weeks in middle-aged women showed positive effects on body 

composition, with an increased ratio of fat/muscle loss during energy-restricted 

states [165]. Most of these studies focused on whole-body protein turnover by 

examining body composition, nitrogen balance and stable isotope methodology [166-

168], however skeletal muscle only contribute about 25‒30% of total body protein 

turnover [169], so these studies are not representative of what is happening in the 

skeletal muscle. Therefore, there is a need to characterise skeletal muscle intracellular 

signalling events to gain a better understanding of the metabolic response of skeletal 

muscle to well-controlled dietary interventions.       

 

1.5.2 Protein quality   

The source of protein also plays a fundamental role in determining the efficiency of 

the nutritional intervention [170]. 20 g of high-quality protein has been shown to 

maximally stimulate MPS in young men [171-173]. Branched-chain amino acids 

(BCAA): leucine, isoleucine and valine, are the EAA that primarily stimulate MPS [149]. 

They are readily oxidised in the skeletal muscle, thus can provide energy during 

periods of increased metabolic demand, including exercise and energy restriction 

[174].   

Different sources of dietary proteins can vary dramatically in their AA composition 

and speed of digestion [175,176], thereby influencing their ability to stimulate MPS 

[170]. Dairy proteins such as whey and casein contain a significant amount of EAA, 
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when compared to plant-based proteins, such as soy, thus making dairy proteins a 

good source of high-quality dietary protein [177]. It has been shown that whey 

protein induced a greater MPS response than casein in older men at rest [178] and 

casein and soy protein in young men post-RE [179]. However, in rested middle-aged 

men, 20 g of complete milk protein, which is composed of 20% whey protein and 80% 

micellar casein, resulted in an equivalent anabolic response to a matched dose of 

whey protein [129]. Further, as little as 10 g of complete milk protein was enough to 

stimulate MPS [180]. Whey protein is produced in limited quantities relative to milk 

protein [181] and has different functional properties when incorporated into whole 

food products [182]. Therefore milk protein is a good alternative source and it is 

versatile since it can be easily incorporated into a wide range of consumer goods to 

support muscle function [180].  

 

1.6 Combination of nutritional and training strategies    

Compared to young individuals, older adults showed a blunted muscle protein 

anabolic response to RE due to the inability to fully activate the mTORC1 pathway 

following RE [9]. The acute anabolic response to a bout of RE can be enhanced by the 

presence of EAA, as the coupling of EAA and RE can produce a synergistic increase in 

MPS, thereby surpass those of MPB, resulting in a net positive protein balance [57]. 

As little as 10 g of high-quality protein or its equivalent EAA content has been shown 

to enhance MPS after RE and aerobic exercise in young adults [183,184]. Similarly, the 

impaired MPS response to RE in older adults was overcome by EAA or protein 

supplements, but higher protein doses are required to maximally stimulate MPS when 

compared to young adults [185,186].  

Several studies showed that combining the anabolic effects of RE and AA supplements 

may have a significant effect on muscle protein balance. However, most have focused 

on young or older adults [187-189] while middle-aged adults have been overlooked. 

It is important to recognise that research in middle-aged may help determine the 

triggers of muscle loss, since they are at the age when the progression towards 

sarcopenia begins [91]. Studies on middle-aged men are slowly emerging 

[129,180,190]. It has been demonstrated that like young adults, as little as 9 g of milk 

protein concentrate (MPC) was enough to enhance the anabolic signalling response 

to a single bout of RE [191]. However, the mechanisms through which these effects 

are elicited remained largely unknown.  
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1.7 The mTORC1 pathways 

The mammalian target of rapamycin complex 1 (mTORC1), a serine/threonine 

protein kinase, is a multicomponent, nutrient-sensitive protein that is implicated in a 

wide range of anabolic and catabolic processes, such as protein synthesis, ribosome 

biogenesis, mitochondrial biogenesis and autophagy [192-195].The complex is made 

up of mTOR, raptor (regulatory associated protein of mTOR), mammalian lethal with 

SEC13 protein 8 (mLST8), DEP domain-containing mTOR interacting protein 

(DEPTOR) and proline-rich AKT1 substrate (PRAS40) [196]. mTOR is the central 

serine/threonine protein kinase that functions as intracellular energy, nutrient and 

stress sensor to regulate cell growth and metabolism [197]. mLST8 associates with 

the catalytic domain of mTORC1 and may stabilise the kinase activation loop [198].  

Raptor is responsible for the assembly of the mTORC1 complex by binding to the TOR 

signalling (TOS) motif found on several mTORC1 substrates [199]. Contrarily, PRAS40 

and DEPTOR negatively regulate mTOR by binding to it [200,201]. However, upon 

growth factor and hormone stimulation, phosphoinositide 3-kinase pathway is 

activated resulting in activation of protein kinase B (AKT) [202], which 

phosphorylates PRAS40 at Thr246, thereby releasing its inhibition on mTOR [203].  

In skeletal muscle, upon nutritional and growth stimuli, mTORC1 signals the 

translational regulators to promote MPS and inhibits autophagy, a catabolic process 

that breaks down intracellular constituents [204]. When there is a limited nutrient 

and energy supply, cells rapidly switch off mTORC1, as MPS requires an abundant 

source of AA and it is energy dependent. By sensing the surrounding environments: 

AA availability, cellular stress, energy status and growth factors, mTORC1 ensures an 

appropriate level of MPS is reached [205], by phosphorylating translational effectors 

such as the 70 kDa ribosomal protein S6 kinase 1 (p70S6K1) and the eukaryotic 

translation initiation factor 4E-binding protein (4E-BP1) [206]. Once p70S6K1 and 

4E-BP1 are activated and inactivated respectively by mTORC1, multiple downstream 

substrates, such as ribosomal protein S6 (RPS6), are activated to promote MPS 

(Figure 1.1) [13].  

Numerous studies have described the mTORC1 pathways under growth factor stimuli 

and cellular energy levels [192,207]. The general perception is that most of these 

signals converge on tuberous sclerosis complex (TSC1-TSC2), a heterodimeric 

tumour suppressor that inhibits the small guanosine triphosphatase (GTPase) Ras 

homolog enriched in brain (Rheb), a critical activator of mTORC1 [208]. In contrast, 

the cellular mechanisms behind AA-induced mTORC1 activity are unclear [198]. 

Given that AA availability is critical to protein synthesis, there is a need to underpin 

the mechanisms of how cells sense AA availability and relay the signal to mTORC1. 

Being the initial point of contact between the cell and the surrounding environment, 

AAT are believed to play a critical role in nutrient sensing and signalling [14]. Recently, 

several key components involved in AA sensing have been proposed, the following 
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section will provide an overview of the current knowledge regarding AA-dependent 

mTORC1 activation.       

 

 

Figure 1.1 mTORC1 activation pathway. mTORC1 is the master regulator that integrates 
systematic and local signalling such as growth factors, nutrients and energy levels to regulate 
cell growth and metabolism. Upon activation, mTORC1 phosphorylates 4E-BP1 to remove its 
repression on eukaryotic translation initiation factor 4E (eIF4E). It also phosphorylates 
p70S6K1 leading to RPS6 activation. Together with activated eIF4E, RPS6 promotes MPS. 
mTORC1 also phosphorylates Unc-51-like protein kinase 1 (ULK1) at Ser757 to inhibit the 
formation of autophagosomes, thereby inhibiting autophagy.    
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1.8 Intracellular amino acid signalling    

Amino acid availability plays a critical role in modulating mTORC1 activity and MPS 

[209]. AAT located at the plasma and lysosomal membrane may be plausible 

regulators of mTORC1 signalling [188,210]. It has been proposed that some AAT may 

act as ‘transceptors’, where in addition to AA transport, they may sense the 

availability of AA and relay the signal to mTORC1 [14]. The cellular mechanism 

remains elusive, but it appears that Ras-related GTP binding GTPase (Rag proteins) 

and GTPase activating protein complex for Rag proteins (GATOR1/2) are the key 

mediators that relay the AA signal to mTORC1 [211,212]. Other putative AA sensors, 

including leucyl-tRNA synthetase (LRS), cytosolic arginine sensor for mTORC1 

(CASTOR) and Sestrin2, have also been implicated in the modulation of mTORC1   

[213-215]. Studies have examined the expressions of several AAT, proposed AA 

sensors and mediators in skeletal muscle, but an understanding of how they operate 

together to stimulate mTORC1 is yet to be accomplished. More experiments are 

needed to provide a better insight into the role of AAT, sensors and mediators in AA 

sensing, signalling and the regulation of muscle protein metabolism.    

 

1.8.1 Plasma membrane amino acid transporters   

For optimum muscular maintenance, muscle cells need an abundant source of AA. To 

maintain homeostasis in the intracellular AA concentrations, the rate of AA uptake is 

tightly regulated [204]. Specialised transporters mediate the transfer of AA across the 

plasma membrane [216], but how AA are sensed by cells to mediate mTORC1 

activation is largely unknown. Beyond their ability to transport AA, AAT have been 

implicated in mTORC1 regulation and protein synthesis [13,217,218]. It is highly 

plausible that AA signalling might begin at the plasma membrane and AAT may 

determine the magnitude of mTORC1 activation as they regulate both the delivery and 

the size of the intracellular AA pool.  

Leucine uptake is critical for mTORC1 activation. Following RE, intramuscular leucine 

concentration is transiently increased and correlated with prolonged activation of 

mTORC1 and its downstream effectors [57]. Hence leucine uptake may partially 

regulate the rate of mTORC1 activation. BCAA make up about 18% of total skeletal 

muscle protein [219], so their transport is also critical for skeletal muscle 

maintenance. The primary leucine transporter in skeletal muscle is the L-type amino 

acid transporter 1 (LAT1)/SLC7A5. It forms a heterodimer with a glycoprotein CD98, 

which stabilise and facilitate the translocation of LAT1 to the plasma membrane [220]. 

LAT1 is the functional unit of the complex [221] and in addition to transporting 

leucine, it also facilitates the transport of other large neutral AA such as tyrosine, 

isoleucine, valine and phenylalanine [222]. Although LAT1 is found in many tissue 

types, it is highly expressed in placenta, brain and skeletal muscle [223].  
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LAT1 operates as an obligatory 1:1 tertiary active exchanger. It facilitates the uptake 

of leucine with the efflux of cytoplasmic glutamine, which is accumulated via the 

sodium-coupled neutral amino acid transporter 2 (SNAT2)/SLC38A2 [224]. In 

addition to glutamine, SNAT2 also actively transporters small, zwitterionic neutral AA 

with short, unbranched side chains, such as serine and alanine [225]. In skeletal 

muscle, SNAT2 accumulates glutamine via its unidirectional sodium-AA coupled 

transport cycle. By maintaining intracellular glutamine concentration, SNAT2 drives 

leucine influx and glutamine efflux through LAT1 [14]. Silencing of SNAT2 in L6 

muscle cells reduced intracellular leucine and glutamine concentrations and mTORC1 

signalling, thus highlighting the importance of the LAT1-SNAT2 coupling mechanism 

[226]. Although less well established, it has been hypothesised that cationic amino 

acid transporter 1 (CAT1)/SLC7A1 transports ornithine, arginine and lysine into the 

cells, where ornithine can be converted to glutamine [227], thereby indirectly 

assisting leucine uptake (Figure 1.2) [228].  

Similar to LAT1, compared to other AAT belonging to the same class (SNAT1, SNAT3, 

SNAT5, CAT2 and CAT3), SNAT2 and CAT1 are highly expressed in skeletal muscle 

[229,230]. Further, recently Hodson et al. [231] demonstrated LAT1 as abundantly 

expressed in the sarcoplasm of Type II fibres in young males, whether the same 

applies to SNAT2 and CAT1 is currently unknown. It has been proposed that the 

protein abundance of the AAT reflect their activities [232]. The abundant expression 

of LAT1 in Type II fibres may reflect the greater anabolic potential of Type II fibres as 

they mediate a greater mTORC1 response post-exercise [233].  

Cells require an abundant source of energy and nutrients to stimulate anabolic 

signalling. AAT play crucial roles in maintaining intracellular AA concentration in 

response to cellular needs. Hence it has been shown that during periods of high 

metabolic activity, such as early postnatal development, both LAT1 and SNAT2 

protein was more abundant in neonatal compared to older pigs [234]. Similarly, 

human cancer cells rely on nutrients to proliferate. Many cancer cells have a high 

expression of AAT, among these, LAT1 is commonly elevated in various types of 

cancer and its expression often positively correlated with mTORC1 signalling [235-

237]. SNAT2 inhibition in rats also showed reduced leucine uptake, mTORC1 

signalling and MPS [238] and CAT1 depletion in Drosophila melanogaster 

(D.melanogaster) caused growth defects that resembled those associated with loss of 

TOR activity [217].   

Given the close relationship between LAT1 and SNAT2 with growth and mTORC1 

activation, several human studies have examined the effects of nutritional 

supplementation, RE and ageing on the expression of these AAT in skeletal muscle 

(Table 1.1). Under fasting condition, the expressions of LAT1 and SNAT2 are not 

different between young and older adults [239]. Following protein supplementations, 

both the mRNA and protein expressions of LAT1 and SNAT2 are rapidly and 

transiently upregulated along with mTORC1 activation in young adults, regardless of 
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the source of protein [188,240,241]. However, altering the habitual diet for ten days 

by increasing the RDA of protein from 0.8 g ∙ kg-1 ∙ d-1 to 2.4 g ∙ kg-1 ∙ d-1 did not alter 

the mRNA expression of LAT1 or SNAT2 [242]. Due to a lack of studies, it is less clear 

how protein supplementation alone or alteration in diet would affect these AAT in 

older adults.  

It has been shown that RE alone [239] and the combination of EAA supplementation 

and RE [243,244] can induce the mRNA expression of LAT1, SNAT2 and CAT1, but not 

their protein expressions in older adults. Instead, young adults showed increased 

SNAT2 protein expression post feeding and RE [244] and increased LAT1 protein till 

24 h post-RE [239], which corresponded with prolonged mTORC1 activation when 

compared to older adults [239]. Therefore, suggesting that the inability to upregulate 

AAT protein could underlie the anabolic resistance seen in older adults [239]. In fact, 

this finding is supported by a mouse study, where down-regulation of LAT1 reduced 

mTORC1 activity [245]. However, the regulatory role of AAT in anabolic resistance 

require further investigation, since no studies have looked at the effect of protein 

supplementation alone on AAT in older adults.   

 

Figure 1.2 Amino acid uptakes across the plasma membrane. By coupling with the inward 
movement of sodium (Na+) down its electrochemical gradient, SNAT2 mediates the uptake of 
glutamine (Gln), which can be exchanged with extracellular leucine (Leu) through LAT1. 
CAT1 transports arginine (Arg) and ornithine (Orn) into the cells, where Orn is metabolised 
to Gln, thereby indirectly affecting Leu transport via the LAT1-SNAT2 coupling mechanism. 
CAT1, cationic amino acid transporter 1; LAT1, L-type amino acid transporter 1; SNAT2, 
sodium-coupled neutral amino acid transporter 2.  

 

1.8.2 Lysosomal amino acid transporters   

Proton assisted amino acid transporter 1 (PAT1)/SLC36A1 and solute carrier family 

38 member 9 (SLC38A9) are AAT located at the lysosomal membrane [246]. PAT1 

transports small neutral AA such as alanine, glycine and proline [247], while SLC38A9 

transports arginine [210]. Both have been proposed to function as AA transceptors, 
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where in addition to transporting AA, they also relay the intracellular AA signal for 

mTORC1 activation [248-250]. However, SLC38A9 appears to be a better fit as a 

lysosomal AA transceptor, because inconsistent findings have been reported across 

cell types for PAT1. While its knockout in breast cancer cells [251] and D.melanogaster 

[252] reduced mTORC1 activation, overexpression of PAT1 in human embryonic 

kidney cells (HEK293) completely suppressed mTORC1 [253]. Further, 

overexpression of the cytoplasmic tail of SLC38A9 caused mTORC1 to be insensitive 

to AA starvation, indicating that the tail was sufficient to activate mTORC1, whereas 

its AA transport activity was not required [254].  

During AA starvation, mTORC1 is dispersed throughout the cytoplasm, but upon AA 

stimulation, mTORC1 is recruited to the lysosomal membrane [212]. It is proposed 

that the transmembrane region of SLC38A9 might undergo a conformational change 

upon AA binding [254]. Such change may transmit the AA signal to the Ragulator, 

thereby tightening the affinity between SLC38A9 and the Rag-Ragulator complex 

(Figure 1.3) [210]. Ultimately, resulting in the recruitment of mTORC1 to the 

lysosome, where it can be activated by Rheb [210]. Initially, SLC38A9 was proposed 

to be an arginine sensor, because arginine, but not leucine, failed to activate mTORC1 

in the absence of SLC38A9 [210]. However, a recent study showed that SLC38A9 is 

able to transport EAA out of lysosome in an arginine-regulated fashion. In particular, 

SLC38A9 is needed to transport leucine (produced via lysosomal proteolysis) out of 

lysosome to activate mTORC1 and drive cell growth [255]. These mechanisms have 

been proposed based on in vitro analysis, as yet, they have not been validated using in 

vivo models. Establishing the localisation of SLC38A9 in human skeletal muscle may 

suggest whether it modulates mTORC1 activity via direct or indirect contact with 

associated signalling molecules. Further, a recent study found that overexpressing the 

lysosomal-associated transmembrane protein 4b (LAPTM4b), promoted the 

lysosomal localisation of LAT1, thus facilitating leucine influx to the lysosome (Figure 

1.3) [256]. By visualising the subcellular localisation of these AAT via 

immunohistochemistry, a clearer image of how they are shuttled around the cell may 

be possible. 

SLC38A9 was only identified as an AA transceptor in 2015 [210,248,254], so studies 

on human skeletal muscle mainly looked at the mRNA expression of PAT1/SLC36A1 

[188,239-241,243,244,257]. Until recently, only two studies measured the mRNA 

expression SLC38A9 [257,258] (Table 1.1). It appeared that EAA supplementation 

induced both SLC36A1 and SLC38A9 in young adults [241,257]. While resistance 

training reduced SLC38A9 in young adults [258], and a single bout of RE and the 

combination of protein supplementation and RE increased SLC36A1 regardless of age 

[188,239,243]. Unfortunately, whether the change in mRNA expression is reflected by 

a similar change in protein expression is unknown. Given that older adults showed 

increased mRNA expression of LAT1, but not its protein expression, there is a need to 

characterise both the mRNA and protein expressions of these AAT.  
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Table 1.1 A summary of the response of AAT to various stimuli in skeletal muscle.  
  LAT1 SNAT2 CAT1* PAT1* SLC38A9* mTORC1  

Stimuli Model mRNA Protein mRNA Protein mRNA mRNA mRNA Activation Reference 

10 g EAA Young adults ↑ at 1h ↑ at 3h ↑ at 1h ↑ at 2, 3h × ↑ at 1h × p-RPS6 & MPS ↑ at 1h [241] 

10 g EAA Young adults ↔ × ↔ × ↔ ↑ at 1h ↑ at 1h × [257]a 

Acute RE Young adults ↑ at 3h ↑ at 6, 24h ↔ ↔ ↑ at 6, 24h ↑ at 6h × p-RPS6 ↑ at 6, 24h [239] 

Acute RE Older adults ↑ at 3, 6h ↔ ↑ at 3h ↔ ↑ at 3, 6h ↑ at 3, 6h × p-RPS6 ↑ at 3h [239] 

20 g EAA 1h post-RE Young men ↑ at 3, 6h ↔ ↑ at 3h ↑ at 3, 6h ↑ at 6h ↔ × × [244] 

20 g EAA 1h post-RE Older men ↑ at 3, 6h ↔ ↑ at 3h ↔ ↑ at 3, 6h ↔ × × [244] 

18 g whey 1h post-RE Young adults ↑ at 3h ↔ ↑ at 3h ↔ ↑ at 3, 5h ↑ at 3, 5h × MPS ↑ at 3, 5h [188] 

19 g soy 1h post-RE Young adults ↑ at 3, 5h ↔ ↑ at 3h ↔ ↑ at 3, 5h ↑ at 3, 5h × MPS ↑ at 3, 5h [188] 

10 g EAA 1h post-RE Older men ↑ at 2h × ↑ at 2h × × ↑ at 5h × MPS ↑ at 5h [243] 

10 g EAA enriched with 
leucine 1h post-RE 

Older men ↑ at 2, 24h × ↑ at 2h × × ↑ at 2, 5, 24h × MPS ↑ at 5, 24h [243] 

25 g whey Young men ↑ at 3, 5h × × × × ↑ at 1,3, 5h × MPS ↑ at 3h [240]b 

25 g whey post-RE Young men 
↑ at 1, 3, 5h 

> Fed only at 5h 
× × × × ↑ at 1,3, 5h × MPS ↑ at 3, 5h [240] 

RDA, 2RDA or 3RDA of 
protein  

Young adults 
 

↔ × ↔ × × × × ↔ [242]c 

Resistance exercise training Young men × × × × × × ↓ MPS ↑ [258]c 

0.105 g/L of leucine L6 myotubes ↑ × ↔ × × × × p-p70S6K  ↑ [259] 

100 nmol/L of insulin L6 myotubes ↑ × ↑ × × × × p-p70S6K  ↑ [259] 

0.5 nmol/L Insulin C2C12 ↑ at 4h × ↑ at 4h × ↔ ↑ at ½h × p-p70S6K  ↑ [260] 

All human muscle biopsies were collected from vastus lateralis. Arrows represent an increase (↑), decrease (↓) or no change (↔) from basal values; (>) indicates a 
greater response; (×) indicates no available data; * protein data not available; a large individual variability reported; b unilateral leg resistance exercise;                                             
c postabsorptive measurements; EAA, essential amino acid; RDA, recommended daily allowance; RE, resistance exercise.  
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1.8.3 Amino acid mediators 

The lysosome has been proposed to be the AA-dependent mTORC1 activation hub [261]. 

The translocation of mTORC1 to the lysosome depends on the activity of Rag proteins, as 

their knockdown blocked mTORC1 translocation [212]. A complex of three proteins (p14, 

p21 and MP1) known as the Ragulator, tethers Rag proteins to the lysosome [262], where 

Rheb is located. Thus Rag proteins serve as the bridge between mTORC1 and Rheb [212]. 

Rag proteins are a family of four related small GTPases: Rag A, B, C and D, where they 

function as a heterodimeric complex between Rag A/B and Rag C/D [263]. AA-dependent 

activation of Rag proteins is governed by their guanine nucleotide state [212]. In the 

presence of AA, the active heterodimer (Rag A/BGTP complexed with Rag C/DGDP) 

associates with raptor, a subunit of mTORC1 and recruit it to the lysosome [264]. Under 

AA starvation, the inactive heterodimer (Rag A/BGDP complexed with Rag C/DGTP) is 

unable to associate with mTORC1, thereby inhibiting mTORC1 activity [265].  

Rag proteins are subjected to complex regulatory mechanisms. During AA deficiency, a 

protein subcomplex (DEPDC5, NPRL2 and NPRL3) known as GATOR1, regulates GTP 

loading in Rag A/B, thereby inactivating the Rag heterodimer complex and mTORC1 

activity [266]. In D.melanogaster, mutants of GATOR1 subunits showed inappropriately 

high TOR activation, thus highlighting its importance in mTORC1 inhibition [211]. 

Contrarily, in the presence of AA, another subcomplex (Mios, WDR24, WDR59, Seh1L and 

Sec13) known as GATOR2 inhibits the activity of GATOR1, so it acts as a positive regulator 

of mTORC1 (Figure 1.3) [267].  

Studies looking at the response of Rag proteins and GATOR1/2 to different anabolic 

stimuli are lacking (Table 1.2). Available data suggest EAA supplementation increases the 

mRNA expression of GATOR1 and GATOR2 subunits [257] and the protein content of Rag 

B in young men [257]. However, treating C2C12 myoblasts [268], rats [228] and piglets 

[269] with leucine did not alter the protein expression of Rag proteins. Instead, the 

interaction between Rag A/C with mTOR increased [268,269], which was not seen in 

human skeletal muscle [257]. Further studies are thus needed to clarify the role of both 

Rag proteins and GATOR in mTORC1 activation in human skeletal muscle.  

 

1.8.4 Amino acid sensors   

Since the discovery of the mTORC1 pathway, many elements involved in the mTORC1 

signalling cascade are known, but there is still a lack of information on how intracellular 

AA are sensed and relayed to the Rag and GATOR proteins to influence the activation state 

of mTORC1. Moreover, the identity and location of the intracellular AA sensors involved 

in the regulation of mTORC1 remain elusive. Although it is possible that a global sensor 

of AA may exist, studies show that mTORC1 activation is particularly sensitive to leucine 

and arginine [218], thereby hinting that AA specific sensors might exist. Indeed, several 

putative AA sensors that are specific to leucine or arginine have been recently proposed. 
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Although each activates mTORC1 through distinct mechanisms, it appears that most of 

these mechanisms occur at the lysosome, suggesting the lysosome may be a critical 

platform for upstream signal integration and mTORC1 activation.  

Leucyl-tRNA synthetase (LRS) has been proposed as a leucine sensor that activates the 

Rag proteins [215,270]. LRS is an enzyme found in the cytosol. It is needed for protein 

translation, as it catalyses the ligation of leucine to its corresponding tRNA [271]. LRS has 

also been found to regulate mTORC1 activity in a leucine-dependent manner 

[215,270,272]. In HEK293 cells, upon leucine feeding, LRS translocates to the lysosome 

and binds to Rag DGTP, where it promotes GTP hydrolysis, thus activating the Rag 

heterodimer complex [215]. However, the role of LRS as a GTPase activating protein 

(GAP), has been questioned [273]. Further, another putative leucine sensor, Sestrin2 has 

been proposed [15,213], which will be addressed in the next section.   

Cytosolic arginine sensor for mTORC1 (CASTOR) was also recently identified as an AA 

sensor for the mTORC1 pathway [214]. Humans express two CASTOR protein isoforms 

(CASTOR1 and CASTOR2, previously named GATS protein-like 3 (GATSL3) and GATSL2 

respectively) [274]. While both interact with GATOR2, only CASTOR1 can recognise 

arginine [275] and the formation of a homodimer of CASTOR1 or a heterodimer of 

CASTOR1 and 2 is needed for its interaction with GATOR2 [214,275]. The structure of 

CASTOR1 revealed an arginine binding pocket [274-276] and its mutation caused 

CASTOR1 to constitutively bind to GATOR2, thereby rendering mTORC1 insensitive to 

arginine stimulation [274], thus emphasising the specific role of CASTOR1 in sensing 

intracellular arginine. In fact, it has been shown that arginine depletion significantly 

enhances the interaction between the GATOR2 and CASTOR complex, while binding of 

arginine to CASTOR1 disrupts its association with GATOR2, thereby activating the 

mTORC1 pathway [274]. 

Currently, it is unknown if these in vitro findings can be translated to in vivo models and 

there is a lack of studies on skeletal muscle (Table 1.2). There are still questions that need 

to be addressed, such as how SLC38A9 and CASTOR1 converge the arginine signals from 

different cellular compartments (lysosome vs. cytosolic) to regulate mTORC1 activity. 

Secondly, whether one particular AA sensor (LRS, Sestrin2 or CASTOR) plays a more 

significant role, given that they operate through distinct molecular mechanisms.  
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Table 1.2 A summary of the response of AA sensors and mediators to various stimuli in skeletal muscle.  

  Rag proteins GATOR1* GATOR2 LRS CASTOR Sestrin2 mTORC1  

Stimuli Models mRNA Protein mRNA mRNA Protein mRNA Protein mRNA Protein mRNA Protein Activation Reference 

10g EAA 
Young 
adults 

↔ × 
DEPDC5, 

NPRL2 and 
NPRL3 ↑ at 1h 

WDR24 
and Mios 

↑ at 1h 
× ↔ × × × ↔ × × [257] 

13g EAA 
Young 
adults 

Rag B ↑ 
at 3h 

Rag B ↑ at 3h 
↔ Rag B-mTOR 

× × × ↔ ↔ 
↔ LRS-mTOR 

× × × × MPS ↑ at 1h [268] 

1.35 g/kg 
leucine 

Rats × 
↔ All 4 Rags 

↑ Rag C-Raptor 
× × × × × × × × × p-p70S6K  ↑ [228]a 

Insulin or 
AA clamps 

Piglets × 
↔ Rag B 

↔ RagB-Raptor 
× × × × × × × × × × [277] 

Leucine 
supplement 
(21 days) 

Piglets × 
↔ Rag A, C 

↑ Rag C-mTOR 
× × × × × × × × × p-p70S6K  ↑ [269] 

Low or high 
protein 
(LP/HP) 

Piglets × 
Rag A-mTOR 
Rag C-mTOR 

(HP>LP) 
× × 

Sestrin2-
GATOR2  

(HP < LP) 
× ↔ Rag D-LRS × × × × 

MPS  
(HP > LP) 

[278] 

2 mM 
Leucine 

C2C12 
myoblasts 

× 
↔ Rag A, C 

↑ Rag A-Raptor 
↑ Rag C-Raptor 

× × × × × × × × × p-p70S6K  ↑ [279] 

Resistance 
training 

Rats × × × × × × × × × × ↓ p-4E-BP1 ↑ [280] 

Arrows represent an increase (↑), decrease (↓) or no change (↔) from basal values; (>) indicates a greater response; (<) indicates a reduced response; (×) indicates 
no available data;* protein data not available; a biopsy collected at gastrocnemius. AA, amino acid; EAA, essential amino acid; HP, high protein; LP, low protein.   
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Figure 1.3 Proposed AA-dependent mTORC1 activation. Plasma membrane AAT mediate AA influx and LAT1 is recruited to the lysosome by 
LAPTM4b to increase intralysosomal AA concentration. Sestrin2 and LRS sense intracellular leucine, while CASTOR1 senses arginine. Whereas Sestrin2 
and CASTOR1 release their inhibition on GATOR2 to regulate the Rag proteins, LRS directly activates Rag proteins by promoting Rag D GTP hydrolysis. 
Lysosomal AA transceptors sense intralysosomal AA concentration and transmit the signal to the Ragulator-Rag complex. By regulating the activity of 
Rag proteins, mTORC1 is recruited to the lysosome, where it can be activated by Rheb. 
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1.9 Sestrins  

Sestrins are a family of stress-responsive proteins composed of 3 members: Sestrin1, 2 

and 3 [281]. They have multi-functional roles including the regulation of mTORC1 [282], 

AMPK [17], oxidative stress [18], autophagy [19] and metabolism [283]. These properties 

allow Sestrins to maintain cellular homeostasis in response to DNA damage, AA 

insufficiency, energy starvation and oxidative stress [281,282,284]. However, despite the 

strong sequence homology [285], only Sestrin2 has been proposed as a putative leucine 

sensor in vitro [15,213]. Further, although Sestrins are involved in several different 

physiological functions, the molecular mechanisms underlying these processes remain 

elusive, especially for Sestrin1 and 3, due to a lack of studies compared to Sestrin2 [286]. 

More importantly, as yet no studies have looked at the effects of anabolic stimuli on the 

regulation of Sestrin family members in human skeletal muscle.       

 

1.9.1 Sestrins paralogs 

Mammals have three Sestrin genes including Sestrin1 (initially named p53-activated 

gene number 26, PA26), Sestrin2 (originally named hypoxia-induced gene number 95, 

Hi95) and Sestrin3. Invertebrates, like Caenorhabditis elegans (C.elegans) and 

D.melanogaster only have one Sestrin gene (cSesn and dSesn respectively) [285]. Sestrin1 

is highly expressed in skeletal muscle, heart, brain and liver, while Sestrin2 is enriched in 

kidney, liver and lung, and Sestrin3 is most abundant in kidney, brain and small intestine 

[284,287]. Different stress insults have been shown to induce distinct expression of the 

Sestrin genes (SESN) via several transcription factors (Table 1.3).  

 

Table 1.3 Environmental factors that regulate the expression of Sestrins.  

Environment Transcription factors Target genes  Reference 

Hypoxia 

Nutrient starvation 

HIF-1 SESN2 [288] 

ATF4 SESN2 [289] 

Oxidative stress Nrf2 SESN2 [290] 

Cellular damage FoxO3 SESN3 [291] 

DNA damage p53 SESN1 & 2 [281] 

All evidence is based on in vitro models. ATF4, activating transcription factor 4; FoxO3, forkhead 
box O; HIF, hypoxia-inducible factor 1; Nrf2, nuclear factor (erythroid-derived 2)-like 2.  
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1.9.2 Sestrin2 as a putative leucine sensor 

Proteomic studies identified a strong interaction between Sestrins and GATOR2 

[213,292,293]. Sestrin1 and 2 strongly interacted with GATOR2 under AA-deficient 

conditions, while Sestrin3 constitutively interacts with GATOR2 irrespective of AA 

availability [15]. It was later proposed that Sestrin2 is a putative leucine sensor that 

operates in a system that is highly analogous to arginine sensing by CASTOR1 (Figure 1.3) 

[15,213]. Similar to CASTOR1, the crystalline structure of Sestrin2 revealed a leucine 

binding pocket and GATOR2 interacting surface [16,294]. In vitro, leucine binding altered 

the melting temperature of Sestrin2, which prevented its interaction with GATOR2, 

thereby allowing mTORC1 to be activated [15]. Despite the analogous process, Sestrin2 

and CASTOR1 appear to bind to GATOR2 at distinct sites, therefore ensuring non-

redundant and independent regulation of the leucine and arginine-dependent mTORC1 

pathway [295]. Further, different from CASTOR1, in vitro analysis has identified Sestrin2 

as a phosphoprotein, which in response to leucine deprivation, was hyperphosphorylated 

and interacted with GATOR2 to inhibit mTORC1 activity [296]. 

Identification of Sestrin2 as a putative leucine sensor is an important finding in the field 

of AA signalling, however like CASTOR1, many caveats need to be addressed before 

considering Sestrin2 as a leucine sensor. For instance, there is already an ongoing debate 

about the ability of Sestrin2 to sense leucine [297,298]. Although it has been proposed 

that the interaction between Sestrin2 and GATOR2 is completely interrupted by leucine 

[15,16], the Sestrin2-GATOR2 complex was still detectable in various cell lines enriched 

with leucine [213,292,293]. Another issue is that only in vitro studies demonstrated the 

putative role of Sestrin2 as a leucine sensor [15,213,293], as yet, no in vivo studies have 

looked at Sestrin2 leucine sensor properties, so it is unclear if this will translate to human 

skeletal muscle.  

 

1.9.3 Sestrins regulate mTORC1 via AMPK 

Prior to identifying the regulation of Sestrin2 on the mTORC1 pathway via GATOR2 [15], 

it was believed that all Sestrins regulated mTORC1 via the AMPK-TSC2 pathway [17,299]. 

AMPK is composed of three subunits (AMPKα, β and γ), which sense intracellular energy 

levels [300]. During energy starvation, accumulation of adenosine monophosphate (AMP) 

and diphosphate (ADP) activates AMPK by phosphorylating its catalytic AMPKα subunit 

at Thr172 [301,302]. Once activated, AMPK directly phosphorylates TSC2 and the 

mTORC1 component, raptor, thereby inhibiting mTORC1, which promotes catabolism 

and inhibits anabolism [303,304]. 

Sestrins have been shown to inhibit mTORC1 by increasing AMPKα phosphorylation at 

Thr172 [17], but the underlying mechanistic pathway remains unclear. It has been 

proposed that mTORC1 regulation may be dependent on the interaction between AMPK 

and Sestrins or the ability of Sestrins to increase the abundance of the AMPK subunits 
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[305,306]. Although it remains unclear how Sestrins regulate mTORC1 through AMPK, 

their ability to activate AMPK appears to be important in controlling tissue growth, 

metabolic homeostasis and attenuating age-related pathologies [283,305,307-309]. 

However, as suggested above, Sestrins can inhibit mTORC1 independently of AMPK. 

Therefore, overexpressing Sestrins in AMPK-deficient cells still attenuate mTORC1 

activity [213,292,310]. Undoubtedly, additional experiments are needed to clarify the 

function of Sestrins in mTORC1 regulation and their relevance to skeletal muscle 

physiology.    

 

1.9.4 Sestrins suppress oxidative damage 

The crystalline structure of human Sestrin2 revealed not only a GATOR2 and leucine 

binding site, but also a functional domain for reactive oxygen species (ROS) suppression 

[16,294]. An imbalance between the generation of ROS and their suppression often result 

in oxidative stress and accumulation of cellular damage, contributing to sarcopenia [311]. 

Overexpression of Sestrins has been shown to protect cells from oxidative damage [281], 

while dSesn knock out resulted in muscle degeneration and susceptibility to oxidative 

stress [307]. Sestrins are thus considered an important component of antioxidant 

homeostasis, but the mechanisms through which they operate as antioxidants are still 

elusive.   

Initially, Sestrin2 was proposed to act as a reductase for cysteine sulfinic acids, an 

overoxidised form of peroxiredoxins (PRXN) [312]. By regenerating PRXNs, their 

function as antioxidants is restored [313]. However, this finding has been rebutted by 

Woo et al. [314], who reported Sestrin2 does not have sulfinyl reductase activity. Instead, 

sulfiredoxin (SRXN), an antioxidant protein, is the one with this property. Interestingly, 

induction of Sestrins still promoted the recycling of overoxidised PRXNs in many tissue 

types including cancer cell lines, macrophages and neurons [288,312,315]. Therefore, it 

has been proposed that this might be facilitated through nuclear factor (erythroid-

derived 2)-like 2 (Nrf2)-mediated induction of SRXN [18]. However, this has not been 

validated in human studies.       

In response to oxidative stress, Sestrin2 has been shown to induce Nrf2, a transcription 

factor that upregulates the expression of various antioxidants, including PRXN, SRXN and 

thioredoxin (TRXN) [18,316,317]. During homeostasis, kelch-like ECH-associated protein 

(Keap1) binds to Nrf2 and targets it for ubiquitination and proteasomal degradation 

[318]. Upon oxidative stress, Sestrin2 and autophagy adapter p62, also called 

sequestosome1 (SQSTM1), associated with autophagy initiator unc-51 like autophagy 

activating kinase 1 (ULK1) [316]. This complex caused Sestrin2 and p62 to be 

phosphorylated at multiple sites by ULK1 and other unidentified kinases [316]. It has 

been proposed that among these phosphorylations, p62Ser403 is responsible for enhancing 

its binding affinity to Keap1 [319], thereby initiating autophagosome formation resulting 
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in Keap1 degradation, so Nrf2 can be translocated to nucleus to upregulate the 

upregulation of antioxidant genes [320]. Both Sestrin2 and p62 are direct transcriptional 

factors of Nrf2 [290,321], so potentially a positive feedback loop might exist to maximise 

Nrf2 activity upon oxidative stress (Figure 1.4). However, as yet, no studies have explored 

this relationship in C2C12 myotubes or skeletal muscle. Instead, several studies have 

examined the role of Sestrin2 as an autophagy regulator [322,323].  

 

1.9.5 Sestrins promotes autophagy 

In addition to selectively inducing the autophagic degradation of p62 and Keap1 to 

upregulate an antioxidant response [18,316], Sestrins have been demonstrated to 

promote autophagy in vitro and in vivo through negative regulation of mTORC1 signalling 

[19,322-324]. Autophagy is an evolutionarily conserved process that recycles protein 

aggregates and malfunctioning organelles to protect cells from stress [325]. Proper 

regulation is required, given that defects in autophagy could result in degenerative 

pathologies, such as cancer, infectious diseases and neurodegenerative disorders [326-

328]. For instance, lack of dSesn led to autophagy impairment, which resulted in 

dysfunctional mitochondria and accumulation of protein aggregates in skeletal muscle 

[307]. Further, triple knock out of SESN1, 2 and 3 resulted in perinatal mortality due to 

the dysregulation of mTORC1 signalling and impaired autophagy [310]. It has been 

suggested that Sestrins promote autophagy via AMPK and mTORC1 regulation through 

phosphorylation of autophagy-related proteins (ATG) and ULK1 [283,307,329]. However, 

with the recent discovery of Sestrins being able to regulate GATOR2 to inhibit mTORC1 

[213,292,293], further investigations are needed to evaluate the relative contribution of 

these two pathways to the regulation of autophagy via Sestrins.    
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Figure 1.4 Proposed mechanism of Sestrin2 and antioxidant regulation. Upon oxidative stress, Keap1 is selectively targeted to the autophagosome 
(red circle) through interaction with phosphorylated p62, Sestrin2 and ULK1. Thereby facilitating the autophagic degradation of Keap1, so Nrf2 is now 
released and translocated to the nucleus to promote transcriptional upregulation of antioxidant enzymes and SESN2 and p62 to promote a positive 
feedback loop. Keap1, kelch-like ECH-associated protein; Nrf2, nuclear factor (erythroid-derived 2)-like 2; p62, sequestosome1; SESN, sestrin; ULK1, 
Unc-51-like protein kinase 1. 
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1.9.6 Sestrins regulate metabolism 

Included in the complex functionality of Sestrins is their ability to regulate metabolism 

[282,309]. Mice models of obesity and type 2 diabetes showed increases in the expression 

of Sestrin2 in liver, muscle and adipose tissue [283]. Loss of SESN2 in these mice resulted 

in chronic activation of mTORC1 and accumulation of ROS. Thus it has been proposed that 

Sestrin2 maintain metabolism by regulating mTORC1 and inhibiting ROS accumulation 

[283]. Recent animal studies also show that hepatic SESN3 deficiency led to glucose 

intolerance and insulin resistance, but was reversed by overexpressing SESN3 in a 

transgenic mouse model [309]. It appears that in human skeletal muscle, the Sestrin 

family is differentially regulated since only SESN3 was upregulated in type 2 diabetic 

patients and its expression correlated with plasma glucose concentration and 

glycosylated haemoglobin [330]. However, due to a lack of studies on human skeletal 

muscle, the distinct role of each Sestrin paralog is still unclear, so more studies are needed 

to highlight the significance of each family member under different environmental 

conditions.    

 

1.9.7 Sestrins and exercise 

Both endurance and RE has been shown to induce oxidative stress [331-333], but at the 

same time, physical exercise also exerts a protective effect against oxidative stress-

induced damage by upregulating PRXN and other antioxidants [334-337]. Exercise is an 

effective strategy to prevent metabolic dysfunctions related to obesity and ageing 

[338,339]. Although the cellular mechanisms behind these beneficial effects are not 

precise, they may be mediated through AMPK activation [340] and exercise-induced 

autophagy [341]. The ability to modulate antioxidant, autophagy and AMPK activities 

suggests that Sestrins may be important in mediating exercise-related health benefits. 

However, as yet no human clinical studies have explored the relationship between 

Sestrins and exercise, instead, animal models have been performed.  

Existing evidence from animal studies suggests that after acute endurance exercise, the 

activity of autophagy was increased in the skeletal muscle of wild-type mice and this was 

associated with increased Sestrin2 protein [322] or the association between Sestrin2/3 

with AMPKα [342]. Similarly, six weeks of treadmill training increased the basal 

expression of autophagy and protein expressions of Sestrin2 and 3 [342]. Contrarily, 

Crisol et al. [343] showed that while acute aerobic exercise increased Sestrin1, chronic 

endurance exercise reduced the basal expression of Sestrin1 and 2. Further, no 

correlations between SESN1/2 and antioxidants such as superoxide dismutase (SOD), 

glutathione peroxidase 1 (GPX1) and catalase were found. Consistent with [343], Luciano 

et al. [280] demonstrated that 12 weeks of resistance training reduced Sestrin2 protein 

and basal expression of AMPKα phosphorylation. Although conflicting data exist in the 

literature, there appears to be a relationship between Sestrins and exercise. Given that 
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Sestrins play an important role in muscle maintenance [307,308] and RE is an effective 

strategy to prevent or delay sarcopenia [139], further studies are needed to evaluate the 

effects of RE and resistance training on Sestrins. There is also a need to determine 

whether all three Sestrins differentially regulate human skeletal muscle function. Finally, 

the combination of EAA supplements and RE has been demonstrated to stimulate MPS  

[186-189]. Given that Sestrin2 has been proposed as a putative leucine sensor, there is a 

need to clarify how EAA supplementation with or without RE can affect its function on 

leucine sensing, oxidative regulation, AMPK signalling and mTORC1 regulation.    

  

1.9.8 Sestrins and ageing  

Ageing is characterised by the progressive loss of muscle function [91], metabolic 

instability [344], increased oxidative stress [345] and autophagy defects [346]. Genetic 

ablation of dSesn and cSesn resulted in the development of several age-related 

pathologies, such as triglyceride accumulation, excess ROS production and skeletal 

muscle degeneration [307,308]. Similarly, increased p53 activity in mice was 

accompanied by increased expression of Sestrin1 and 2, which delayed ageing and age-

associated disorders [347]. Sestrins have also been demonstrated to play protective roles 

in many different physiological and pathological conditions including cardiac 

hypertrophy [348], pulmonary emphysema [349], colorectal cancer [350], liver 

inflammation [351] and ischemic stroke [352]. However, the potential role of Sestrins in 

human skeletal muscle senescence is yet to be elucidated. Currently, there is the only 

evidence of old mice having less Sestrin2 protein in their gastrocnemius muscle than 

young mice [322] and frail elderlies having a lower concentration of serum Sestrin1 and 

2 compared to non-frail elderlies [353].  

Given that Sestrins regulate mTORC1, AMPK, autophagy and suppress ROS accumulation 

(Figure 1.5), it is hypothesised that Sestrins may attenuate stress-dependent acceleration 

of ageing [307]. However, it is unclear how each of the three Sestrin paralogs is affected 

by ageing. Therefore, there is a need to evaluate how ageing affects them and the 

processes they regulate. A better understanding of the biochemical mechanisms behind 

the actions of Sestrins may provide novel insights into developing anti-ageing 

therapeutics.  
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Figure 1.5 Schematic diagram illustrating the proposed function of Sestrins. These include the regulation of mTORC1 activity via AMPK, 
mediation of autophagy and Keap1 degradation to promote Nrf2-induced antioxidant response. 
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1.10 Perspectives and significance   

Many of the signalling cascades regulating growth factor-dependent mTORC1 activation 

are well characterised, but the pathways leading to AA-dependent activation is less well 

understood [11]. In the last decade, many mechanistic pathways have been proposed 

[15,212,213,226,251,256] and it appears that the key players are AAT, sensors and 

mediators (Figure 1.3). However, much of the understanding was derived from in vitro 

models. Existing human studies only examined the response of skeletal muscle AAT to 

acute anabolic stimuli (Table 1.1). Few studies have looked at the response of AA sensors 

and mediators and their relevances to AA-dependent mTORC1 activation in vivo (Table 

1.2). However, there is a need to translate and validate the knowledge derived from in 

vitro models to human skeletal muscle. At the same time, connecting all these known 

components to each other is crucial in providing a clear understanding of how AA 

stimulate mTORC1 in vivo.  

The essential step in AA-dependent mTORC1 activation appears to be the recruitment of 

mTORC1 to the lysosome, which has been validated in cell culture [212] and rodent 

skeletal muscle [354]. However recent studies on human skeletal muscle added yet 

another level of complexity. Under fasting condition, mTOR was already colocalised with 

a lysosomal marker, lysosomal-associated membrane protein 2 (LAMP2) [355] and 

following protein supplementation with or without RE, the mTOR/lysosome complex 

was redistributed to the cell periphery [355,356]. Whether these stimuli resulted in the 

redistribution of AA sensors and mediators is currently unknown. Thus, further human 

studies are warranted to investigate the localisation of AAT, mediators and sensors in 

response to anabolic signalling. A better understanding of the pathway could hold 

valuable therapeutic opportunities aimed at manipulating mTORC1 activity for MPS.     

Since the discovery of Sestrin2 as a putative leucine sensor, Wolfson et al. [15] suggested 

that developing therapeutic drugs to inhibit Sestrin2 may increase MPS by activating 

mTORC1. However, this proposal is contradicted by genetic studies in C.elegans and 

D.melanogaster, where the loss of Sestrins in muscle resulted in autophagy defects, 

oxidative muscle damage, myofiber degeneration and metabolic dysregulation [307,308]. 

Thus, investigation into the role of skeletal muscle Sestrin2, beyond its ability to sense 

leucine, is vital. Further, humans have three Sestrin proteins with high sequence 

homology, whether they share redundant functions is unknown, so there is a need to 

clarify the roles of each Sestrin members. 
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1.11 Aims  

The overarching aim of this thesis was first to translate and validate the knowledge 

derived from in vitro models to human skeletal muscle. To achieve this, adaptions of AAT, 

mediators and sensors in response to nutrient availability and RE was examined. 

Secondly, this thesis aims to evaluate the relevance of Sestrin2 as a leucine sensor in 

human skeletal muscle and whether Sestrin1/2/3 share redundant functions. To achieve 

this, adaptions of the Sestrin family in response to nutrient availability, RE and ageing 

were analysed.     

 

The specific aims of the experimental studies which comprised this thesis were: 

• To characterise the response of AAT, mediators and sensors to a long-term 

dietary intervention by maintaining a diet containing 0.8 or 1.6 g ∙ kg-1 ∙ d-1 of 

protein for ten weeks in older men. 

 

• To characterise the response of AAT, mediators and sensors to acute protein 

supplementation with or without a prior bout of RE and develop 

immunofluorescence microscopy technique to localise these targets. 

 

• To evaluate the acute and chronic effects of RE on the expression of the Sestrin 

family members. 

 

• To examine the responsiveness of the Sestrin family to dietary protein ingestion 

with or without RE, with a particular focus on the putative leucine sensor, 

Sestrin2. 

 

• To evaluate the effect of age on the Sestrin family and their proposed functions 

including mTORC1 regulation, autophagy stimulation and antioxidant properties 

by conducting a cross-sectional analysis in young, middle-aged and older men.   
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1.12 Hypothesis   

For these studies the following hypothesis was tested:  

• The consumption of a well-controlled diet containing 1.6 g ∙ kg-1 ∙ d-1 of protein for 

ten weeks in older men would increase the expressions of AAT, sensors, mediators 

and mTORC1 activity.  

 

• Protein supplementation would augment the expressions of AAT post-RE and AA 

mediators and sensors would be redistributed with the lysosome and mTORC1 to 

cell periphery post anabolic stimuli.  

 

• Given the high sequence homology of the Sestrin family, Sestrin1/2/3 will display 

a similar response to RE or resistance training.  

 

• Protein supplementation with or without resistance exercise would decrease the 

expression of Sestrin2, thereby allowing mTORC1 activation.  

 

• Compared to younger men, older men would have reduced expression of Sestrin 

family proteins, which will be associated with mTORC1 hyperactivity, autophagic 

defects and impaired antioxidant properties.  
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Chapter Two  

 

 

Regulation of amino acid transporters and sensors in response to a 

high protein diet: a randomised controlled trial in older men 
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2.1 Preface  

The following section is entitled “Regulation of amino acid transporters and sensors in 

response to a high protein diet: a randomised controlled trial in older men”, co-authored 

by Nina Zeng, Randall D’Souza, Farha Ramzan, Sarah Mitchell, Pankaja Sharma, Scott 

Knowles, Nicole Roy, Anders Sjödin, Karl-Heinz Wagner, Amber Milan, David Cameron-

Smith and Cameron Mitchell.  

Ten weeks of a complete diet containing 1.6 g protein ∙ kg-1 ∙ d-1 showed beneficial effects 

on lean body mass of older men compared to the current RDA guideline, which is 0.8 g 

protein ∙ kg-1 ∙ d-1 [155]. How this affected the upstream cellular mechanisms that 

facilitate the stimulation of mTORC1 has not been investigated. Increased EAA 

availability is strongly correlated with mTORC1 activity. Therefore, Chapter 2 

determined whether the consumption of a well-controlled diet containing either RDA or 

2RDA of protein for ten weeks in older men would affect the fasting expression of targets 

associated with AA transport, sensing and mTORC1 regulation. 
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2.2 Introduction  

Skeletal muscle is vital for movement and metabolism [21,87]. However, muscle mass 

and function gradually decline from middle-age [91]. This loss is associated with 

impaired whole-body insulin sensitivity [344] and physical mobility [357]. The 

importance of adequate dietary protein to preserve muscle mass [155,156] and to lower 

the risk of type 2 diabetes [358] has been demonstrated. Yet, this may be difficult in the 

elderly who frequently experience reduced chewing efficiency [93], poor appetite [157] 

and delayed AA absorption [158], thus increasing the likelihood of insufficient dietary 

protein intake [159,160]. Currently 0.8 g ∙ kg-1 ∙ d-1 of protein is the recommended daily 

allowance (RDA) established by the WHO [359] and the USDA [360]. However, 

recommendations vary by jurisdiction. For example, in New Zealand, older men (age >70 

years) are recommended to consume a diet containing 1.07 g ∙ kg-1 [361]. We and others 

have demonstrated the importance of protein intake for both skeletal muscle mass and 

function with levels twice the RDA (1.6 g ∙ kg-1 ∙ d-1) in older individuals [6,155]. However, 

these data do not provide detailed insights as to the cellular mechanisms that are 

regulated in response to altered dietary protein intake. 

The mammalian target of rapamycin complex 1 signalling is fundamental for muscle 

protein synthesis, cell growth, metabolism, autophagy and mitochondrial biogenesis 

[207,362,363]. However, ageing has been shown to induce hyperactivation of mTORC1 

in rats, mice and older adults [364-366]. Chronic mTORC1 activation is associated with 

age-related disorders, including insulin resistance, metabolic diseases, inflammation and 

cancer [24,25]. There is little data available on whether habitual diet can alter mTORC1 

activity in older men.  

Acutely increased EAA availability is strongly correlated with acute changes in mTORC1 

activity [169], but the mechanistic regulation of AA-dependent mTORC1 activation is 

complex. Amino acid transporters (AAT) play critical roles in both nutrient sensing and 

intracellular signalling [14]. The expressions of skeletal muscle AAT are known to 

respond to various stimuli dynamically [367]. Of the AAT, expression of the L-type amino 

acid transporter (LAT1), sodium-coupled neutral amino acid transporter (SNAT2), 

cationic amino acid transporter (CAT1) and proton assisted amino acid transporter 

(PAT1) have all been demonstrated to increase in response to combined protein 

ingestion and resistance exercise [188,243]. However, modifying diet alone did not affect 

LAT1/SLC7A5 and SNAT2/SLC38A2 mRNA in young adults ingesting upto three times the 

RDA for ten days [242]. It is possible that extended dietary interventions are required to 

impact AAT expressions.  

Further downstream of AAT are the Ras-related GTP binding GTPase (Rag A-D) family 

which are necessary for the translocation of mTORC1 to the lysosome for activation in 

response to protein feeding [212,262]. The current theory is that Rag proteins are 

regulated through multiple pathways, either via leucyl-tRNA synthetase (LRS) [215,270], 

the solute carrier family 38 member 9 (SLC38A9) [210,248,254], or the GTPase activator 
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protein complex for Rag proteins (GATOR2) [267,368]. Further, Sestrin2, a leucine sensor, 

and cytosolic arginine sensor for mTORC1 (CASTOR1) are proposed to regulate GATOR2 

[15,213,214,274]. There remains little data on the regulation of these mechanisms and 

pathways in human skeletal muscle, including the analysis of dietary responsiveness.  

We have previously shown that consuming the current RDA for protein reduced 

appendicular lean mass and grip strength while consuming 2RDA maintained 

appendicular lean mass and increased whole-body lean mass and knee extensor power 

[155]. Dietary protein intake is closely related to the expression of AAT and mTORC1 

activity in young adults [240,241]. Similarly, leucine-enriched EAA supplementation after 

RE induced AAT and prolonged the anabolic response in older adults [243]. Hence it was 

hypothesised that the consumption of a well-controlled diet containing 2RDA of protein 

for ten weeks in older men (70‒81 y) would increase the expression of AAT and mTORC1 

activity following an overnight fast when compared to participants consuming the RDA 

for protein. Further, a similar change in the expression of AA sensors and mediators was 

expected.   

 

2.3 Materials and method  

2.3.1 Study design and participants  

Participants, a subset of a larger study [155], were non-smokers who had a body mass 

index (BMI) ranging from 18 to 35 kg/m2 and did not take any dietary supplements for 

at least one month preceding the study. All participants were able to perform daily 

activities independently without mobility aids. Those with restricted eating habits, 

including vegetarians and those with food allergies, were excluded. All participants (n=26) 

consumed 28‒31% of energy from fat. 14 older men (74.9 ± 4.1 y) randomly assigned to 

the RDA group were provided with a controlled diet that contained 0.8 g protein∙ kg-1 ∙ d-

1 for ten weeks. 12 older men (73.8 ± 3.2 y) assigned to the 2RDA group received 1.6 g 

protein∙ kg-1 ∙ d-1. The difference in the balance of energy intake was made up of 

carbohydrate. Participant characteristics are shown in Table 2.1. All food consumed by 

the participants during the ten week intervention was provided by investigators, except 

black coffee and tea (Table 2.2). All meals were provided in prepared forms requiring 

only reheating or minimal preparation by participants. Compliance exceeded 97% for 

both protein and energy intake in both groups [155].     

All participants were informed of the requirements and potential risks of the studies 

prior to providing written informed consent. The experimental procedures adhered to 

the standards set by the latest version of the Declaration of Helsinki and were approved 

by the Southern Health and Disability Ethics Committee (New Zealand; 15/STH/236). 

The study was prospectively registered with the Australian and New Zealand Clinical 

Trial Registry as ACTRN12616000310460.   
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Table 2.1 Participant characteristics.

 RDA (n=14) 2RDA (n=12) 

Age (years) 74.9 ± 4.1 73.8 ± 3.2 

Height (cm) 171.8 ± 7.5 172.1 ± 5.4 

Weight (kg) 83.9 ± 20.1 83.0 ± 8.4 

BMI (kg/m2) 28.2± 5.2 28.0 ± 3.0 

The RDA is 0.8 g protein∙ kg-1 ∙ d-1; 2RDA is 1.6 g protein∙ kg-1 ∙ d-1. BMI, body mass index; RDA, 
recommended daily allowance. Values are means ± standard deviations. 

 

Table 2.2 Dietary intake.

 RDA 2RDA 
 Pre Post Pre Post 
Energy intake (kcal) 3132 ± 1056 2695 ± 598 2224 ± 647 2779 ± 171 
Protein intake     
   Total (g/d) 101 ± 30 74 ± 15 88 ± 25 136 ± 10 
   Relative (g∙ kg-1 ∙ d-1) 1.2 ± 0.4 0.9 ± 0.1 1.1 ± 0.3 1.7 ± 0.1 
   Animal source (g/d) 58 ± 20 35 ± 11 53 ± 23 97 ± 6 
   Plant source (g/d) 43 ± 16 48 ± 9 35 ± 9 47 ± 4 
   Energy from protein (%) 14.1 ± 4.6 11.7 ± 1.6 17.0 ± 4.5 20.6 ± 1.6 
Carbohydrate intake     
   Total (g/d) 288 ± 107 368 ± 94 264 ± 102 340 ± 30 
   Relative (g∙ kg-1 ∙ d-1) 3.5 ± 1.2 4.4 ± 1.0 3.3 ± 1.5 4.2 ± 0.6 
   Energy from Carbohydrate (%) 38.6 ± 10.2 56.6 ± 2.6 48.8 ± 11.1 51.1 ± 2.3 
Fat intake     
   Total (g/d) 161 ± 86 91 ± 19 75 ± 31 84 ± 6 
   Energy from fat (%) 44.5 ± 10.8 31.7 ± 1.3 31.4 ± 7.4 28.3 ± 1.3 
   Saturated fat (g/d) 57 ± 27 33 ± 8 29 ± 13 28 ± 4 
Fibre intake (g/d) 34 ± 14 57 ± 9 33 ± 15 50 ± 5 

Data are shown as mean ± standard deviations. Modified from Mitchell et al. [155], used with 
permission.  

 

2.3.2 Muscle biopsy sampling   

At least three days prior to the beginning of the ten weeks dietary intervention, 

participants were asked to refrain from intense physical activity. On the evening before 

the study, participants were instructed to consume their regular diet before 2200 and 

were instructed to consume nothing except water for the rest of the evening. Participants 

arrived fasted at the University of Auckland Nutrition and Mobility Clinic at 

approximately 0700, a muscle biopsy was obtained from the vastus lateralis muscle under 

local anaesthesia (1% Xylocaine) using a Bergström needle modified for manual suction. 

Biopsies were quickly frozen in liquid nitrogen and stored at ‒80 °C until further analyses. 

Following the ten week dietary intervention period, participants returned to the 

laboratory after an overnight fast for the collection of a second muscle biopsy from the 

contralateral leg.  
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2.3.3 Immunoblotting  

Approximately 20 mg of muscle tissue was homogenised with 1 x 

radioimmunoprecipitation assay (RIPA) lysis buffer (Millipore, Temecula, CA, USA, no. 

20-188) with added HaltTM protease and phosphatase inhibitor cocktail (Thermo 

Scientific, Waltham, MA, USA, no. 78442). Supernatants were collected after 

centrifugation at 15,000 x g for 10 min at 4 °C and total protein concentration was 

determined using the PierceTM bicinchoninic acid (BCA) protein assay kit (Thermo 

Scientific, no.23225). Muscle homogenate was diluted to a concentration of 2 μg/μl with 

water and Laemmli buffer and then heated at 95 °C for 5 min. 20 μg of protein was loaded 

onto sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS‒PAGE) gels for 

protein separation by electrophoresis and transferred to polyvinylidene 

difluoride (PVDF) membranes (Bio-Rad Laboratories, Inc., CA, USA, no.170-4157) using 

the semidry Trans-Blot TurboTM device (Bio-Rad Laboratories, HongKong, China). 

Membranes were blocked for 1 h at room temperature in 5% bovine serum albumin (BSA) 

in Tris-buffered saline with 0.1% Tween 20 (TBST). Then they were incubated overnight 

at 4 °C with primary antibodies at 1: 1,000 dilution.  

The following antibodies were used: LAT1, Rag B, Rag D, p70S6K1, PRAS40, p-

p70S6K1Thr421/Ser424 , p-eIF4ESer209, p-PRAS40Thr246, total RPS6 and p-RPS6Ser235/236 (Cell 

Signalling Technology, 5347, 8150,4470, 2708, 2691, 9204, 9741, 13175, 2317 and 2211 

respectively), total eIF4E and SNAT2 from (Santa Cruz Biotechnology, sc-9976 and  sc-

67081 respectively). The next day, after washing in TBST, membranes were incubated 

with appropriate anti-rabbit or anti-mouse secondary antibodies (Jackson 

ImmunoResearch Laboratories, PA) linked to horseradish peroxidase (HRP) (1: 10,000) 

for 1 h at room temperature. The membranes were washed again and antibody binding 

was visualised using ECL select western blotting detection reagent (ECL Select kit; GE 

Healthcare Ltd., Little Chalfont, UK) and chemiluminescent signals were captured using a 

ChemiDoc™ MP Imaging System (Bio-Rad, Hongkong, China). Bands were quantified 

using ImageJ software (NIH, Bethesda, MD). Western blot data were normalised to total 

protein, which was determined by staining with Coomassie Brilliant Blue G-250 Dye 

(Merck KGaA, Darmstadt, Germany). Phospho-proteins were normalised to their 

respective total protein. Due to insufficient sample volumes, protein data was available 

for 11 older men from the RDA group and 10 from the 2RDA group.       

 

2.3.4 RNA extraction and quantitative real-time PCR  

Following the manufacturer’s instructions from the AllPrep® DNA/RNA/miRNA 

Universal Kit (QIAGEN GmbH, Hilden, Germany), total RNA was extracted from 

approximately 20 mg of muscle tissues. 1,500 ng of input RNA was then used for cDNA 

synthesis using High-Capacity RNA-to-cDNATM kit (Life Technologies, Carlsbad, CA). 

Messenger RNA (mRNA) was measured by real-time quantitative polymerase chain 

reaction (RT-qPCR) on a LightCycler 480 II (Roche Applied Science, Penzberg, Germany) 
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using SYBR Green I Master Mix (Roche Applied Science). Target mRNAs were 

LAT1/SLC7A5, SNAT2/SLC38A2, CAT1/SLC7A1, PAT1/SLC36A1, SLC38A9, RRAGA, RRAGB, 

RRAGC, RRAGD, LRS, SESN1, SESN2, SESN3, CASTOR1, MIOS, WDR24 and LAPTM4b. 

Primers were designed using the BLAST software [369] with sequences in 

Supplementary Table 1. Relative fold changes were determined using the 2-ΔΔCT method 

[370]. The geometric mean of five reference genes was used for normalisation [371]. The 

recently proposed human reference genes [372], chromosome 1 open reading frame 43 

(C1orf43), charged multivesicular body protein 2A (CHMP2A), ER membrane protein 

complex subunit 7 (EMC7), heat shock protein 90 (HSP90) and hypoxanthine 

phosphoribosyltransferase (HPRT) were identified as the least variable and used as 

reference genes. Standard and melting curves were performed for every target to confirm 

primer efficiency and single-product amplification.   

 

2.3.5 Statistical analysis  

Differences in protein and mRNA expressions were tested using two-way repeated 

measure analysis of variance (ANOVA) with time as a repeated fixed factor and group as 

a between-subject fixed factor. When interactions were observed, differences from 

baseline in each group and between groups were analyzed using a Sidak post hoc test. 

When interaction was not present, but there was a main time or group effect, post hoc 

tests were performed on the marginal means. All analysis was conducted using SigmaPlot 

(Systat Software, Inc., San Jose, CA). The study was powered based on the primary 

outcomes previously reported [155]. Based on the variability we have previously 

reported in similar participants, the present study was powered to detect 35% difference 

in p70S6K1 phosphorylation and 30% difference in LAT1 mRNA expression with 80% 

power. Normality was determined using Shapiro-Wilk analysis. Where necessary, data 

were log-transformed to achieve normality. Significance was set at p < 0.05 and data are 

shown as mean ± standard error of the mean (SEM) in the figures and mean ± standard 

deviation (SD) in the table.      
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2.4 Results  

2.4.1 Amino acid transporters  

LAT1/SLC7A5 mRNA expression increased with dietary intervention (p = 0.029) with no 

difference between groups (p = 0.375). CAT1/SLC7A1 mRNA showed a tendency to be 

increased after the intervention (p = 0.064) and was not different between groups (p = 

0.193). There were no significant changes over time for SNAT2/SLC38A2, PAT1/SLC36A1 

and SLC38A9 mRNA expression (p = 0.559, 0.325 and 0.785 respectively) and they did 

not differ between groups (p = 0.324, 0.352 and 0.331 respectively) (Figure 2.1 A). The 

protein expression of LAT1 was differentially expressed between the two groups post-

intervention (time × group p = 0.041). LAT1 protein was reduced in the 2RDA group post-

intervention (p = 0.017), but not in the RDA group (p = 0.694). Compared to the RDA 

group, LAT1 protein was also lower in the 2RDA group post-intervention (p = 0.004). 

SNAT2 protein did not change post-intervention (p = 0.154) or differ between groups (p 

= 0.695) (Figure 2.1 B).  
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Figure 2.1 Amino acid transporters. Fold changes from pre for the mRNA expression of AAT 
genes (SLC) (a) and protein expression of LAT1 and SNAT2 (b). Data are expressed as fold change 
from rest, error bar represent SEM. Vertical line represents a main effect. * significantly different 
between pre- and post-intervention (p < 0.05). # significantly different between groups (p < 0.05). 

  



40 

 

2.4.2 Amino acid sensors  

The mRNA expression of LRS showed a tendency to be decreased with dietary 

intervention in both groups (p = 0.055) with no group differences (p = 0.317). SESN1/2/3 

mRNA expression did not change over time (p = 0.261, 0.117 and 0.357 respectively), or 

differ between groups (p = 0.896, 0.550 and 0.323 respectively) (Figure 2.2). The change 

in CASTOR1 mRNA showed a tendency to be different between groups post-intervention 

(time × group p = 0.061), its expression increased post-intervention in the 2RDA group 

(p = 0.008), but not the RDA group (p = 1.000).  
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Figure 2.2 Amino acid sensors. Fold changes from pre for leucine sensor: LRS and Sestrin genes 
(SESN) and arginine sensor: CASTOR1. Data are expressed as fold change from rest, error bar 
represent SEM. 
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2.4.3 Amino acid mediators  

No significant changes over time were found for the mRNA expression of RRAGA, RRAGB, 

RRAGC, RRAGD, MIOS and WDR24 (p = 0.206, 0.511, 0.586, 0.583, 0.191 and 0.661 

respectively) and they did not differ between groups (p = 0.313, 0.931, 0.847, 0.678, 0.278 

and 0.444 respectively) (Figure 2.3 A). Rag B protein showed a tendency to be increased 

in both groups (p = 0.055) but did not differ between groups (p = 0.437). Rag D protein 

did not change post-intervention (p = 0.982) and was not different between groups (p = 

0.231) (Figure 2.3 B).    
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Figure 2.3 Rag proteins and GATOR2. Fold changes from pre for the mRNA expression of Rag 
proteins (RRAG) and GATOR2 subunits (MIOS and WDR24) (a) and protein expression of Rag B 
and Rag D (b). Data are expressed as fold change from rest, error bar represent SEM.  

 

2.4.4 Anabolic signalling  

Phosphorylation of p70S6K1Thr421/Ser424, eIF4ESer209 and PRAS40Thr246 did not change 

following the intervention in either groups (p = 0.398, 0.996 and 0.212 respectively) and 

did not differ between groups (p = 0.233, 0.733 and 0.593 respectively). Similarly, total 

p70S6K1, eIF4E and PRAS40 did not change over time (p = 0.464, 0.187 and 0.729 

respectively) or differ between groups (p = 0.474, 0.873 and 0.284 respectively). 

Phosphorylation of RPS6Ser235/236 showed a tendency to be different between groups 

post-intervention (time × group p = 0.069), with it being lower in the 2RDA group than 

the RDA group post-intervention (p = 0.010). The protein expression of RPS6 was also 

different between groups post-intervention (time × group p = 0.034), it increased in the 

2RDA group after the intervention (p = 0.020), but not the RDA group (p = 0.488). Total 

RPS6 was also higher in the 2RDA group compared to the RDA group post-intervention 

(p = 0.003) (Figure 2.4 A‒B).      
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Figure 2.4 Anabolic signalling. Fold changes from pre in the phosphorylation status of 
p70S6K1Thr421/Ser424, RPS6Ser235/236, eIF4ESer209 and PRAS40Thr246 (a) and total protein of p70S6K1, 
RPS6, eIF4E and PRAS40 (b). Data are expressed as fold change from rest, error bar represent 
SEM. * significantly different between pre- and post-intervention (p < 0.05). # significantly 
different between groups (p < 0.05).  

 

 

 

Figure 2.5 Representative blots. Muscle protein was extracted and protein expressions of LAT1, 
SNAT2, RagB, RagD, p-p70S6K1Thr421/Ser424, total p70S6K1, p-RPS6Ser235/236, total RPS6, p-
eIF4ESer209, total eIF4E, p-PRAS40Thr246 and total PRAS40 were determined through western blot. 
Phospho-proteins were normalised to their respective total protein. All western blot data were 
normalised to pooled control sample ran on each gel and total protein determined through 
Coomassie staining.  
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2.5 Discussion  

Ten weeks of consuming a well-controlled diet containing twice the current RDA for 

protein intake decreased the fasting muscular protein expression of LAT1 and 

upregulated RPS6 protein. However, the dietary intervention did not alter the expression 

of other key skeletal muscle AATs, putative AA sensors and Rag family members 

necessary for mTORC1 regulation in older men (70‒81 years). Previously published data 

from this study demonstrated that consuming a diet containing 2RDA for protein for ten 

weeks increased lean body mass and leg power in older men, while a diet with RDA 

reduced appendicular lean mass and grip strength [155]. mTORC1 signalling is 

fundamental for muscle protein synthesis and increased EAA availability is correlated 

with acute changes in AATs, mTORC1 activity and regulation of skeletal muscle anabolism 

[169,234,373]. However, it is clear from the present analysis that fasting EAA 

concentration and mTORC1 downstream anabolic signalling was not affected by ten 

weeks of dietary intervention in older men.   

 

2.5.1 Amino acid transporters  

The expression of the following AAT: LAT1, SNAT2, CAT1, PAT1 and SLC38A9, were 

examined due to their close relationship with mTORC1 signalling 

[13,14,210,228,248,249,254]. In response to the dietary intervention, mRNA expression 

of SNAT2/SLC38A2, PAT1/SLC36A1 and SLC38A9 did not change when analysed in the 

skeletal muscle obtained by biopsy following an overnight fast. Instead, both groups 

showed increased mRNA expression of LAT1/SLC7A5 and a tendency of CAT1/SLC7A1 to 

be upregulated. Although not statistically significant, the mRNA expression of 

LAT1/SLC7A5 and CAT/SLC7A1 increased by ~0.4 fold in the 2RDA group, but only ~0.1 

fold in the RDA group. However, the protein expression of LAT1 was downregulated in 

the 2RDA group. 

Fractionating muscle homogenates and extracting the membrane fraction has been 

proposed to provide a clearer picture of the dynamic changes of AAT proteins [374]. 

However, such technique requires large amounts of starting material, while yielding 

fewer fractions from the original sample [375]. Hence, consistent with previous studies 

[239,376], we analysed LAT1 protein through whole-muscle homogenates. In this study, 

LAT1 protein was reduced by 0.26 fold in the 2RDA group after the intervention. This 

could be associated with reduced mTORC1 signalling and diminished leucine uptake 

following an overnight fast since LAT1 influences mTORC1 signalling by regulating the 

uptake of leucine [13]. Analyses have also demonstrated that dietary protein ingestion 

results in increased arterial and intramuscular concentrations of leucine, which 

corresponded with increased LAT1 expression, mTORC1 signalling and MPS [241,377].  
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2.5.2 Anabolic signalling 

Hyperactivation of mTORC1 has been demonstrated in sarcopenic animal models 

[365,366] and the skeletal muscle of older mice and adults when compared to young after 

an overnight fast [364,378,379]. A downregulation of mTORC1 activity was expected due 

to the reduced abundance of LAT1 protein. However, the morning fasted mTORC1 

activity was not affected by the intervention. Instead, total RPS6 increased in the 2RDA 

group post-intervention and when compared to the RDA group. RPS6, a component of the 

small (40S) ribosomal subunit [380], is the preferred substrate for p70S6K1 [381]. It has 

been implicated in the stimulation of protein translation  [382] and ribosomal synthesis 

[383], by interacting with tRNA, initiation factors and mRNA [384]. Ageing has been 

linked to reduced translational efficiency [385] and older mice had less total RPS6 at the 

fasted state when compared to younger mice [379]. Further, inhibition of myostatin, a 

negative regulator of skeletal muscle growth, increased total RPS6 protein and improved 

global translation rates [386]. The upregulation of total RPS6 in the 2RDA group could 

potentially be an adaptive response to maintain protein translation capacity in human 

skeletal muscle during ageing. However, future studies need to look into protein 

translation and ribosomal biogenesis to confirm this theory.   

 

2.5.3 Amino acid sensing mechanism 

The mechanistic details of the upstream events responsible for AA-dependent mTORC1 

activation are complex. Several groups have proposed different mechanisms of AA 

sensing [387,388]. In particular, the following targets have been proposed as AA sensors: 

LRS [215,270], Sestrin2 [15,213] and CASTOR1 [214,274]. Both LRS and Sestrin2 have 

been proposed as leucine sensors, albeit the relationship between Sestrin2 and leucine 

sensing is still under debate [297,298]. While the mRNA expression of SESN2 and its 

paralogs SESN1 and 3 were not affected by the dietary intervention, the mRNA expression 

of LRS showed a tendency to be decreased in both groups. However, acutely, EAA 

ingestion does not alter the postprandial expression of LRS [268] or SESN2 [257].  

Sestrin2 and CASTOR1 have been proposed to regulate mTORC1 similarly [389]. In the 

absence of leucine or arginine [274,292], Sestrin2 or CASTOR1 bind and inhibit GATOR2, 

but dissociate from it upon leucine or arginine binding. Released GATOR2 then regulate 

GATOR1 and Rag proteins to control the localisation of mTORC1 to lysosomes 

[15,214,293]. Although the mRNA expression of CASTOR1 showed a tendency to be 

higher in the 2RDA group, the expression of Rag proteins and subunits of GATOR2 

(WDR24 and MIOS) did not change post-intervention. However, it has been shown that 

Rag B protein, RRAGB, WDR24 and MIOS increased after acute EAA supplementation 

[257,268]. This suggests that fasted expression of Rag proteins and GATOR2 may not be 

affected by a chronic dietary intervention. However, ten weeks of dietary intervention 

might have altered the postprandial response. To gain a better understanding of the 



45 

 

impact of diet on anabolic signalling and AA sensing pathway, in addition to fasting 

condition, future studies should also examine the postprandial response.   

 

2.6 Conclusion  

A higher protein diet is beneficial for lean body mass maintenance [155], as increased 

EAA availability has been shown to activate mTORC1 signalling and MPS [129,180]. For 

the first time, this study demonstrates the effects of ten weeks of RDA and 2RDA protein 

intake on the targets proposed to be responsible for AA-dependent mTORC1 activation 

in older men. Morning fasting LAT1 protein was reduced in the 2RDA group, which did 

not affect the mTORC1 activity or the expressions of AA sensors and mediators. However, 

the increased total RPS6 protein could suggest improved overall translational 

performance to combat the loss of skeletal muscle mass commonly seen with ageing.  
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Chapter Three  

 

 

The effects of a minimal dose of milk protein concentrate and a single 

bout of resistance exercise on amino acid transporters and putative 

amino acid sensors in middle-aged men   
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3.1 Preface  

The following section is entitled “The effects of a minimal dose of milk protein 

concentrate and a single bout of resistance exercise on amino acid transporters and 

putative amino acid sensors in middle-aged men”, co-authored by Nina Zeng, Randall 

D’Souza, Cameron Mitchell and David Cameron-Smith.  

Sections of this chapter contain material which has been published in the article “Minimal 

dose of milk protein concentrate to enhance the anabolic signalling response to a single 

bout of resistance exercise; a randomised controlled trial”. The article was published in 

the Journal of the International Society of Sports Nutrition, Volume 14: 17. Data relating to 

amino acid transporters were generated by Nina Zeng. The use of the published data in 

this thesis was permitted by the first author, Dr. Cameron Mitchell.    

The expression of AAT in human skeletal muscle is responsive to various stimuli, 

including insulin, protein supplementation and RE. However, studies have only focused 

on young or older adults, little is known about the responses from middle-aged men. 

Therefore, Chapter 3 aimed to firstly examine the expressions of AAT and sensors in 

middle-aged men in response to protein or carbohydrate supplementations with or 

without RE. By examining this demographic, it may enhance the understanding of the 

trigger of anabolic resistance since muscle mass and function starts to deteriorate from 

the fourth or fifth decade of life. The second aim of Chapter 3 was to develop 

immunofluorescence microscopy method to localise putative AA sensors to see their 

roles in the lysosomal localisation of mTORC1 for its activation upon AA stimulation. 
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3.2 Introduction  

The mammalian Target of Rapamycin Complex 1 is sensitive to changes in AA availability 

and is a well-known regulator of protein turnover [362,363]. RE is a potent stimulator for 

mTORC1 activation in both young and older adults [390,391]. High dose of quality protein 

supplementation, in the form of whey protein, EAA and milk protein concentrate (MPC), 

has been shown to enhance the anabolic effects of RE by activating the mTORC1 pathway, 

resulting in increased MPS [185,191,392]. However, how cells sense AA availability and 

relay the signal to mTORC1 in human skeletal muscle remains unclear.  

Transient upregulation of AAT such as LAT1, SNAT2, CAT1 and PAT1 has been 

demonstrated after insulin stimulation [260], EAA supplementation [257], RE [239] and 

protein ingestion post-RE [188,243]. The upregulation of these AAT corresponded with 

mTORC1 activation and increased MPS, thus implying their importance in promoting 

protein anabolism. As little as 9 g of MPC has been demonstrated to be sufficient to 

augment some measures of downstream mTORC1 signalling after RE [191]. How this 

dose of AA affected the expression of skeletal muscle AAT has not been explored 

previously.   

Once AA are taken into the cells, the current working model suggests that mTORC1 is 

recruited to the lysosomal surface where Rheb, an upstream mTORC1 activator, is located 

[253]. In human skeletal muscle, it was demonstrated that RE resulted in rapid 

colocalisation of mTOR and Rheb [356] and following protein supplementation with or 

without RE, the mTOR/lysosome complex redistributed to cell periphery [355]. It has 

been proposed that the recruitment of mTORC1 to the lysosome is mediated by the Rag 

proteins in response to AA and glucose [212,262]. Further, SLC38A9, a proposed 

lysosomal AA transceptor, can sense AA and associate with the Rag proteins to recruit 

mTORC1 to the lysosome [210,248,254]. AA sensors involved in this pathway has also 

been suggested. These include LRS [215,270] and Sestrin2 [15,213]. Although both have 

been proposed to activate mTORC1 through distinct mechanisms, it appears that most of 

these occur at the lysosome, suggesting that the lysosome may be a critical platform for 

upstream signal integration and mTORC1 activation.  

The proposed model for AA-dependent mTORC1 activation has been formed through the 

use of in vitro and animal models. However, it is unclear if this translates to in vivo 

condition, especially in complex tissues like human skeletal muscle. Previous works on 

human skeletal muscle showed that the expression of AAT is responsive to stimuli such 

as AA feeding and exercise in young or older adults [188,239,243,257]. However, middle-

aged men have been overlooked. It is important to recognise that research in middle-age 

is also crucial to the understanding of sarcopenia since this age represents the beginning 

of the age-related decline in muscle size and function [91]. Given that as little as 9 g of 

MPC augmented the anabolic signalling post-RE [191], it was hypothesised that the 

expression of AAT and sensors in middle-aged men would be upregulated to increase the 

anabolic signalling. Further, to date, the localisation of AA sensors in human skeletal 
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muscle is unknown. Therefore immunofluorescence microscopy method was developed 

in an attempt to understand the relevance of the proposed in vitro AA-sensing pathway 

to human skeletal muscle.   

    

3.3 Materials and method  

3.3.1 Participants  

Twenty middle-aged men (38‒55 y) participated in the study. They were not taking any 

medication and had no neuromuscular, metabolic or cardiovascular medical conditions. 

Participants were sedentary to recreationally active but did not participate in regular 

resistance training. All participants provided informed verbal and written consent. The 

study was approved by the Health and Disability Ethics Commute (New Zealand) and 

registered with the Australia New Zealand Clinical Trials Registry 

ACTRN12615001375549. 

 

3.3.2 Study design 

At least three days before their clinical visits, participants were familiarised with the leg 

press and leg extension apparatus. One repetition maximum (1RM) for each exercise was 

estimated with the Brzycki equation based on a single set where muscle failure was 

achieved in less than six repetitions. Baseline characteristics are shown in Table 3.1.  

One day before the study visit, participants consumed a standard evening meal 

containing 670 kcal (50% carbohydrate, 25% protein and 25% fat). All participants 

arrived at the laboratory in the fasted state. Upon arrival, a muscle biopsy was obtained 

from the vastus lateralis of a random leg (counterbalanced for dominance) with a 

Bergström needle modified for manual suction, under local anaesthesia (1% lidocaine). 

Biopsies were blotted free of excess blood and dissected free of any visible fat or 

connective tissue. Then a proportion of muscle tissue was snap-frozen in liquid nitrogen 

for immunoblotting, while another section was embedded in CryoGlue embedding 

medium (Slee, Mainz, Germany) and frozen in liquid nitrogen-cooled isopentane for 

immunohistochemistry analysis. All samples were stored at ‒80 °C until analysis.   

Participants then completed four sets of unilateral leg press and extension using the leg 

contralateral to the first biopsy. Each set was performed at 80% of the participant’s 

estimated 1RM, ten repetitions were completed for the first three sets and the last set of 

each exercise was completed to the point of momentary muscular failure. After the 

completion of the exercise, participants consumed their assigned study beverage within 

3 min. Using a parallel double-blind design, participants were randomised to consume 

one of two study beverages. Either 9 g of milk protein concentrate (MPC) or an 
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isoenergetic carbohydrate placebo (CHO). The macronutrient and EAA composition are 

shown in Table 3.2. Powders were dissolved in 250 ml of water. Bilateral muscle biopsies 

were obtained 90 and 240 minutes after the beverage was consumed. This study design 

allowed for the delineation effects of exercise and protein feeding alone (FED) and 

together (FED-EX).  

 

Table 3.1 Baseline characteristics.  

 9 g CHO (n=10) 9 g MPC (n=10) 
Age (years) 45.5 ± 5.8 48.6 ± 4.6 
Height (cm) 175.9 ± 5.6 179.5 ± 6.1 
Weight (kg) 79.3 ± 9.1 76.3 ± 8.4 
BMI (kg/m2) 24.6 ± 2.4 24.4 ± 2.8 

Leg press 1RM (kg) 89.9 ± 20.3 92.5 ± 23.8 
Leg extension 1RM (kg) 46.9 ± 11.2 45.3 ± 15.7 

BMI, body mass index; RM, one repetition maximum. Data are shown as mean ± standard 
deviations. Modified from Mitchell et al. [191], used with permission.  

 

Table 3.2 Study beverage composition. 

 9 g CHO  9 g MPC  
Energy (kJ) 491.0 504.0 

Carbohydrate (g) 28.0 13.8 
Fat (g) 0.6 3.2 

Total Protein (g) 0.1 9.2 
Threonine (g) - 0.4 

Valine (g) - 0.5 
Isoleucine (g) - 0.5 

Leucine (g) - 0.9 
Phenylalanine (g) - 0.4 

Lysine (g) - 0.7 
Histidine (g) - 0.2 

Methionine (g) - 0.2 
Total protein calculated as total nitrogen x 6.25. CHO, carbohydrate; MPC, milk protein 
concentrate. Modified from Mitchell et al. [191], used with permission.  

 

3.3.3 Immunoblotting 

Muscle biopsies (40‒50 mg) were homogenised for 40 s at 20 Hz using a TissueLyser 

(Qiagen, Venlo, Netherlands) in lysis buffer (10 µL/mg; 25 mM Tris, 0.5% v/v Triton X-

100) and protease/phosphatase inhibitor cocktail (Halt™ Protease and Phosphatase 

Inhibitor Cocktail, Thermo Scientific). Samples were then centrifuged at 4,500 x g for 10 

min at 4 °C. The supernatant was collected for immunoblotting. The total protein content 

was determined using a BCA protein assay kit following the manufacturer’s protocols 

(Thermo Fisher Scientific, Waltham, MA, USA). Aliquots of 20 µg total protein were 

prepared, suspended in Laemmli buffer, boiled and subjected to SDS‒PAGE. Proteins 

were transferred to a PVDF membrane, using the Trans-Blot Turbo™ Transfer System 
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(Bio-Rad, Hong Kong, China) and blocked in 5% BSA/Tris Buffer Saline/0.1% Tween 20 

(TBST) for 1 h at room temperature, followed by overnight incubation at 4 °C with gentle 

agitation with primary antibodies at 1: 1,000. The following primary antibodies were 

used: LAT1, Rag B, Rag D, LRS (Cell Signalling Technology, 5347, 8150, 4470 and 13868 

respectively), SNAT2 (Santa Cruz Biotechnology, sc-67081), CAT1 (Abcam, ab37588) and 

myosin heavy chain I (MyHC I) (Developmental Studies Hybridoma Bank, BA-F8, 1: 2,000 

dilution).  

The following morning, the membranes were washed for 5 x 5 min with TBST and probed 

with HRP conjugated goat anti-rabbit or goat anti-mouse secondary antibodies (Jackson 

ImmunoResearch, West Grove, PA, USA) for 1 h at room temperature. Following another 

set of washing in TBST, antibody binding was visualised using ECL select western blotting 

detection reagent (GE Healthcare Ltd., Little Chalfont, UK) and chemiluminescent signals 

were captured using a ChemiDoc™ MP Imaging System (Bio-Rad, Hongkong, China). 

Densitometry analysis of protein bands was performed using ImageJ software version 

1.50i (National Institute of Health, USA). The abundance of proteins of interest was 

normalised to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Abcam, ab9485, 1: 

10,000 dilution). 

 

3.3.4 RNA extraction and quantitative real-time PCR  

Total RNA was extracted from approximately 20 mg of muscle tissue using the 

AllPrep® DNA/RNA/miRNA Universal Kit (QIAGEN GmbH, Hilden, Germany). 1,500 ng of 

input RNA was used for cDNA synthesis using the High‐Capacity RNA‐to‐cDNA™ kit (Life 

Technologies, Carlsbad, CA) and mRNA was measured by RT‐qPCR on a LightCycler 480 

II (Roche Applied Science, Penzberg, Germany) using SYBR Green I Master Mix (Roche 

Applied Science).  

Target mRNAs were LAT1/SLC7A5, SNAT2/SLC38A2, CAT1/SLC7A1, PAT1/SLC36A1, 

SLC38A9, LRS, RRAGB and RRAGD. The geometric mean of five reference genes was used 

to normalise the target mRNA by the 2-∆∆CT method [371]. C1orf43, CHMP2A, EMC7, HPRT 

and valosin-containing protein (VCP) were identified as the least variable and therefore 

used as reference genes. Primer sequences can be found in the Supplementary Table 1. 

Standard and melting curves were performed for every target to confirm primer 

efficiency and single product amplification. Due to insufficient sample volumes, RNA data 

at 90 min post beverage consumption was not available.  
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3.3.5 Immunohistochemistry 

Muscle samples were mounted in CryoGlue embedding medium (Slee, Mainz, Germany) 

and sectioned with a cryostat at ‒20 °C into 10 μm thick cross-sections (Leica CM3050S, 

Leica Biosystems Nussloch GmbH, Nussloch, Germany). Tissue sections were mounted on 

Superfrost Plus microscope slides (Life Technologies, Carlsbad, CA, USA) and then air 

dried at room temperature for 30 min followed by fixation with 100% acetone at ‒20 °C 

for 10 min. After fixation, slides were air dried and hydrated with 1x phosphate buffered 

saline (PBS), followed by blocking with 10% goat serum with PBS for 1 h.  

After blocking, slides were washed 5 x 5 min in PBS before incubation overnight at 4 °C 

in the following primary antibodies, all raised in rabbit, at 1: 50. Rag B, LRS, Sestrin2 (Cell 

Signalling Technology, 8150, 13868 and 8487 respectively), SLC38A9 (Sigma-Aldrich, 

HPA043785) and Sestrin2 (Proteintech, 10795-1-AP). Mouse anti-LAMP2 and myosin 

heavy chain IIa (MyHCIIa) (Developmental Studies Hybridoma Bank, H4B4 and SC-71 

respectively at 1: 600) were used to locate lysosome and Type IIa fibre respectively. All 

primary antibodies were prepared in 10% goat serum in PBS.  

Following an overnight incubation, slides were washed in PBS prior to incubation for 1 h 

at room temperature with 1: 500 Alexa Fluor fluorescently conjugated IgG specific goat 

anti-rabbit IgG (H+L) secondary antibodies (Alexa Fluor 488 and Alexa Fluor 594) and 

goat anti-mouse IgG1 (Alexa Fluor 488 and Alexa Fluor 568) (Invitrogen, Carlsbad, CA, 

USA). Following incubation, slides were rewashed in PBS and mounted with coverslips 

using aqueous mounting media (Shandon Immuno Mount, Fisher Scientific, Hampton, 

New Hampshire, USA). Nuclei were stained with 300 nM of 4’,6-diamidino-2-

phenylindole (DAPI) during secondary antibody incubation.  

Antibody staining was visualised and digital images were captured using an inverted 

fluorescence microscope (Olympus 1X71) equipped with a digital camera (Olympus 

DP70, Olympus Corporation, Tokyo, Japan) and cellSens Standard imaging software 

(Olympus American, Inc., Center Valley, PA, USA).    

 

3.3.6 Statistical analysis 

The difference in protein and mRNA expression was tested using multivariate 

generalised linear models with time and exercise as repeated fixed factors and study 

beverage as a between-subject fixed factor. A Sidak post hoc test was used when 

significant interactions were present. All analysis was conducted using SPSS version 23 

(IBM, Armonk, New York, United States). Significance was set at p < 0.05 and data are 

shown as means ± SD in the tables and text and ± SEM in the figures.       

 



53 

 

3.4 Results  

3.4.1 Amino acid transporters  

The mRNA expression of LAT1/SLC7A5 increased 240 min after study beverage 

consumption (p < 0.001) regardless of exercise or the beverage consumed (Figure 3.1 A). 

SNAT2/SLC38A2 (time × leg p < 0.001), CAT1/SLC7A1 (time × leg p = 0.029) and 

PAT1/SLC36A1 (time × leg p = 0.027) mRNA expression increased 240 min after beverage 

consumption only in the exercise leg and was greater than the expression in the FED only 

leg (Figure 3.1 B‒D). The mRNA expression of SLC38A9 decreased 240 min after study 

beverage consumption (p < 0.001) regardless of exercise or the beverage consumed and 

its mRNA expression (time × leg p < 0.001) was lower in the exercise leg than the FED 

only leg (Figure 3.1 E).  
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Figure 3.1 Amino acid transporter mRNA expression. The mRNA expression of LAT1/SLC7A5 
(a), SNAT2/SLC38A2 (b), CAT1/SLC7A1 (c), PAT1/SLC36A1 (d) and SLC38A9 (e). Data are 
expressed as fold change from rest and error bars represent SEM. Horizontal lines represent a 
main effect. * significantly different from rested baseline samples (p < 0.05). # significantly 
different from FED only leg at the same time point (p < 0.05). Modified from Mitchell et al. [191], 
used with permission.  
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Protein expression of LAT1 and CAT1 was unaltered by beverage consumption or 

exercise (Figure 3.2 A‒B). SNAT2 protein expression (time × leg × group p = 0.021) was 

increased 240 min after beverage consumption only in the exercise leg of the MPC group 

(p = 0.026) and was greater than the FED only leg at the same time point (p = 0.005) 

(Figure 3.2 C).  
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Figure 3.2 Amino acid transporter protein expression. The protein expression of LAT1 (a), 
SNAT2 (b) and CAT1 (c). Data are expressed as fold change from rest and error bars represent 
SEM. * significantly different from rested baseline samples (p < 0.05). # significantly different from 
FED only leg at the same time point (p < 0.05). Modified from Mitchell et al. [191], used with 
permission.  

 

SLC38A9 has a predicted molecular weight of 64 kDa [210]. Experiments on HEK293 

suggested that SLC38A9 migrated as a smear around 55 kDa after treatment with 

Peptide-N-Glycosidase F, but untreated samples migrated as a smear band around 70 ‒ 

100 kDa [210]. Using the same antibody as [210] (Sigma Aldrich, HPA043785) on 

untreated human skeletal muscle, multiple bands were blotted in western blots (Figure 

3.3). We were unsure which band represented SLC38A9, so we sent an image to the 

company for antibody troubleshooting. After evaluating our results, the company decided 

to withdraw western blot as a recommended application for this antibody. Reason being, 

the protein contains several transmembrane regions which made it difficult to detect in 

western blot (Appendix II).  
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Figure 3.3 Representative blot for SLC38A9. Resting fasted samples were used for the analysis.   

 

3.4.2 Amino acid sensors  

The mRNA expression of LRS increased at 240 min after beverage consumption only in 

the CHO group (time × group p = 0.005) with no effect of exercise and there was a 

difference between the two groups at 240 min (p = 0.100) (Figure 3.4 A). Protein 

expression of LRS was unaltered by beverage consumption or exercise (Figure 3.4 B). 
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Figure 3.4 Amino acid sensor expression. The mRNA expression of LRS (a) and the protein 
expression of LRS (b). Data are expressed as fold change from rest and error bars represent SEM. 
Horizontal lines represent a main effect. * significantly different from rested baseline samples (p 
< 0.05). † significantly different between groups at the indicated time point (p < 0.05).  
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3.4.3 Rag proteins 

The mRNA expression of RRAGB and RRAGD decreased 240 min after beverage 

consumption (p = 0.024 and <0.001 respectively) regardless of exercise or the type of 

beverage (Figure 3.5 A‒B). Protein expression of Rag B and Rag D was unaltered by 

beverage consumption or exercise (Figure 3.5 C‒D).    
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Figure 3.5 Rag protein expression. The mRNA expression of RRAGB (a) and RRAGD (b) and the 
protein expression of Rag B (c) and Rag D (d). Data are expressed as fold change from rest and 
error bars represent SEM. Horizontal lines represent a main effect. * significantly different from 
rested baseline samples (p < 0.05).  
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Figure 3.6 Representative blots. Muscle protein was extracted and protein expressions of LAT1, 
SNAT2, CAT1, LRS, RagB and RagD were determined through western blot. All data were 
normalised to GAPDH. Modified from Mitchell et al. [191], used with permission.  

 

3.4.4 Immunohistochemistry  

Colocalisation of LRS, Rag B, SLC38A9, SNAT2 and Sestrin2 with LAMP2 was attempted. 

However, the signal was either too weak or had high background staining for LRS, Rag B, 

SLC38A9 and SNAT2 (Figure 3.7 A‒D). Interesting, Sestrin2 staining from Cell Signalling 

Technology (CST) (#8487) was fibre specific (Figure 3.7 E). However, the result was not 

replicated when tested with another Sestrin2 antibody from Proteintech (10795-1-AP) 

(Figure 3.7 F).    
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Figure 3.7 Immunohistological analysis. Representative staining with antibodies against 
LAMP2 (green), DAPI (blue) and LRS (red) (a), RagB (red) (b), SLC38A9 (red) (c), SNAT2 (red) (d) 
and MyHCIIa (red), DAPI (blue) and Sestrin2 from CST (green) (e) and Sestrin2 from Proteintech 
(green) (f). Resting fasted samples were used for the analysis. Scare bar is 100 μm.    
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3.4.5 Sestrin2 validation   

The predicted molecular weight for Sestrin2 is 54‒60 kDa [285]. When muscle tissue was 

blotted with Sestrin2 (CST, #8487), multiple bands appeared from 50 to 250 kDa with 

high background. However, a strong band appeared slightly below the 250 kDa marker, 

corresponding with Type I myosin (MyHC I), which has a predicted molecular weight of 

223 kDa. To validate this finding, muscle tissue was also blotted with Sestrin2 purchased 

from Proteintech, which has been cited by over 70 papers compared to 2 for the antibody 

form CST. This antibody produced less background and clear bands were detected 

between the 50 and 75 kDa marker, suggesting the immunofluorescence fibre specific 

signal of Sestrin2 from CST is unlikely to reflect true Sestrin2 binding (Figure 3.8).   

 

 

Figure 3.8 Representative blot for Sestrin2 and Type I fibre. Resting fasted samples were 
used for the analysis.   
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3.5 Discussion  

Protein feeding acts synergistically with RE to augment mTORC1 signalling and MPS 

response [172]. Previously, we demonstrated that 9 g of MPC was sufficient to augment 

the anabolic signalling response to RE [191]. However, it is further demonstrated that 

this dose of protein did not affect the mRNA expression of major skeletal muscle AAT 

when consumed immediately post-RE. Instead, SLC38A9, RRAGB and RRAGD mRNA were 

downregulated regardless of exercise or nutritional supplementations and the mRNA 

expression LRS was only upregulated in response to carbohydrate intake. Given that the 

lysosome may be a critical platform for upstream signal integration and mTORC1 

activation, immunofluorescence localisation of SNAT2, Rag protein and putative AA 

sensors (LRS and Sestrin2) were attempted. However, due to low signals, high 

backgrounds and false discovery, additional analysis was not pursued further.       

  

3.5.1 Amino acid transporters  

The mRNA expressions of SNAT2/SLC38A2, CAT1/SLC7A1 and PAT1/SLC36A1 were 

increased by RE and unaffected by beverage consumption. This finding is in agreement 

with Drummond et al. [239], where they showed increased AAT mRNA expressions post-

RE in both young and older adults. Albeit, older adults responded more quickly than 

young (3 h vs 6‒24 h post-RE). Given that participants were middle-aged men, an 

increase of these AAT at 4 h post-RE fit well with the previous literature. Such adaptation 

may be an important mechanism to increase the sensitivity of muscle cells to AA, as they 

could increase AA influx for MPS [393].  

In young adults, the mRNA expressions of AAT were upregulated 1 h post 10 g of EAA 

consumption [241]. Further, compared to RE alone, the combination of 20 g of EAA and 

RE enhanced the transcriptional response of AAT in young adults, but not in older adults 

[244]. The dose of protein used in the present study equates to ~4 g of EAA [191]. It is 

unclear if a larger dose of protein is required to stimulate these AAT further or whether 

middle-aged men might respond like older men, where EAA consumption post-RE does 

not further stimulate AAT [244]. Therefore, future studies should look at the effect of 10 

g of EAA and RE on middle-aged men since 10 g of EAA is known to maximally stimulate 

MPS [173].      

LAT1/SLC7A5 mRNA expression increased in all conditions. It has been demonstrated to 

be responsive to EAA [241], mechanical stimuli [239,394] and insulin stimulation (0.5 

nmol/L) [260]. The two beverages used in the present study differed in protein content 

but were isoenergetic, with the balance being made up by CHO. An hour post beverage 

consumption, plasma insulin concentration increased from ~0.05 nmol/L to ~0.2 nmol/L 

in the CHO placebo group and ~0.1 nmol/L in the MPC group [191]. This postprandial 

increase in circulating insulin concentration may modulate muscle perfusion by 

upregulating LAT1 expression [260], thereby increasing leucine uptake. This finding is 
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different from Agergaard et al. [374] where they show light-load RE increased 

LAT1/SLC7A5 mRNA in the exercised leg but not the resting leg after consumption of 4 g 

of maltodextrin in older men. The difference could be due to different study design or age 

since ageing has been shown to induce skeletal muscle anabolic resistance [171] and 

older adults may experience insulin resistance [395].   

In agreement with previous studies, transcriptional changes in AAT were more robust 

than those observed for protein expression. There was either no change or very little 

change in the protein expression of AAT [188,239]. AAT are located at the membrane, 

where post-translational modification and translocation can occur [396]. However, 

studies including this one, have analysed their expression through whole-muscle 

homogenates [239,376]. Fractionating muscle homogenates and extracting the 

membrane fraction might provide a clearer picture of the dynamic changes of AAT 

proteins [374]. However, it is difficult to isolate different membranes including plasma, 

nuclear or lysosomal membrane [374]. Therefore, optimising immunofluorescence 

localisation of AAT is essential. Although this study failed to optimise the technique, 

Hodson et al. [231] is the first group to localise LAT1 in human skeletal muscle and show 

that under fasting condition, LAT1 was enriched in the sarcoplasm [397]. Given that LAT1 

is the principle AAT for leucine uptake [259,398], further immunofluorescence study is 

needed to examine how LAT1 respond to different stimuli.  

 

3.5.2 Amino acid transceptors and Rag proteins 

The lysosome is thought to play a major role in AA sensing [262], as it is believed that 

intra-lysosomal AA concentration could activate the mTORC1 pathway [192]. The mRNA 

expression of the lysosomal AA transceptor, SLC38A9, was downregulated in all 

conditions and its expression was further repressed with RE. The mRNA expressions of 

RRAGB and RRAGD were also downregulated in all conditions. However, 10 g of EAA 

upregulated SLC38A9 and RRAGB mRNA in young adults [257,268]. Further, a recent 

study showed that three months of resistance training reduced SLC38A9 [258]. 

Potentially, the downregulation of SLC38A9 and RRAGB/D might be a result of a 

prolonged period of fasting, given that the energy content of the beverages was only ~500 

kJ.  

During AA starvation, mTORC1 is dispersed throughout the cytoplasm, but upon AA 

stimulation, it is recruited to the lysosome [212]. It has been proposed that the 

transmembrane region of SLC38A9 might undergo a conformational change upon 

arginine binding. Such change tightens its interaction with the Rag proteins, thereby 

recruiting mTORC1 to the lysosome for activation [254]. Similar to studies on rats, piglets 

and C2C12 myoblasts, protein supplementation did not change the protein expression of 

Rag B and D proteins [228,269,279]. Instead, these studies showed that leucine 

supplementation tightened the association between Rag proteins and mTORC1 subunits, 

which corresponded to mTORC1 activation. Further, during AA starvation, although the 
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expression of SLC38A9 was not affected, its interaction with Rag proteins was altered 

[254]. Therefore, to understand how these lysosomal targets regulate mTORC1 activity, 

future studies should also look at protein interactions in human skeletal muscle.      

 

3.5.3 Amino acid sensors  

Leucyl-tRNA synthetase is proposed as a leucine sensor [399,400]. In agreement with a 

previous study [268], EAA ingestion did not alter LRS mRNA, neither did RE, instead it 

was upregulated in response to CHO only. LRS is an enzyme found in the cytosol. It is 

needed for protein translation, as it catalyses the ligation of leucine to its corresponding 

tRNA [271]. In addition to its catalytic activity, upon leucine exposure, LRS translocates 

to the lysosome and interacts with Rag D protein, thereby recruiting mTORC1 to the 

lysosome [215,270,272]. It is unclear why LRS was upregulated in response to CHO. 

However, a variant of LRS, the nuclear-encoded mitochondrial leucyl tRNA synthetase 

gene (LRS2) has been associated with type 2 diabetes and defective LRS2 predisposed 

participants to the development of glucose intolerance [401]. Given that CHO intake 

acutely upregulated LRS transcription, further work is needed to elucidate the role of this 

adaptation. 

 

3.6 Conclusion 

As little as 9 g of high-quality milk protein augmented the downstream signalling 

response induced by RE in middle-aged men [191], but this did not potentiate the 

increase in AAT after RE. Although targets located at the lysosome were reduced in all 

conditions, it is unclear how this may have affected mTORC1 colocalisation to the 

lysosome, since immunofluorescence microscopy was unsuccessful. However, leucine 

sensor, LRS, was upregulated in response to CHO. This study provided a glimpse of the 

AA-dependent mTORC1 activation pathway in human skeletal muscle. More studies are 

needed to gain insights into this complex mechanistic pathway. Techniques also need to 

be optimised to look at the interaction between Rag proteins, AA sensors and mTORC1 

subunits [15,214]. Further, given the importance of lysosome in mTORC1 activation, 

there is a need to measure intra-lysosomal AA concentration to determine its relationship 

with mTORC1 activation.  
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Chapter Four  

 

 

Acute resistance exercise induces Sestrin2 phosphorylation and p62 

dephosphorylation in human skeletal muscle 
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4.1 Preface  

The following section contains a reproduction of the article “Acute resistance exercise 

induces Sestrin2 phosphorylation and p62 dephosphorylation in human skeletal muscle”, 

co-authored by Nina Zeng, Randall D’Souza, Vandré Figueiredo, James Markworth, Llion 

Roberts, Jonathan Peake, Cameron Mitchell and David Cameron-Smith. The article was 

published in Physiological Reports, 2017, 5 (22), e13526.  

Sestrin2 has been proposed as a leucine sensor and in vitro analysis has identified it as a 

phosphoprotein, which in response to leucine deprivation, is hyperphosphorylated. 

However, the nature of Sestrin2 leucine sensing ability is still under debate. In Chapter 3, 

while validating the Sestrin2 antibody, it was found that the antibody for Sestrin2 

purchased from ProteinTech migrated into multiple electrophoretic forms (Figure 3.8). 

The same antibody was used by Kimball et al. [296] to demonstrate that Sestrin2 is a 

phosphoprotein. Animal studies investigating the effects of endurance exercise on 

Sestrin2 did not show evidence of it being a phosphoprotein. Therefore, Chapter 4 looked 

at whether Sestrin2 is a phosphoprotein in human skeletal muscle and how acute and RE 

affected its expression since phosphorylation is one of the most important protein 

modification in signal transduction pathways. Further, whether Sestrin1/2/3 share 

redundant functions in human skeletal muscle is currently unknown, therefore the 

responses of Sestrin1 and 3 to RE will also be investigated. 
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4.2 Introduction  

Physical activity, particularly RE, is an intense muscle stressor that stimulates adaptive 

regulation of numerous nutrient and antioxidant-sensitive pathways [402]. Although 

mechanisms regulating muscle protein synthesis have been well studied [403], the 

complex signalling pathways regulating autophagy in response to RE [404] and RE-

induced oxidative stress [331] remains elusive.  

Sestrins are a family of stress-inducible proteins that have multi-functional roles 

including attenuating oxidative stress, regulating mTORC1 and stimulating autophagy 

[282]. Mammals have three Sestrin genes (SESN1/2/3) that are regulated differently. 

Whereas Sestrin1 and 2 are regulated by p53, Sestrin3 is regulated by forkhead box O 

(FOXO) [285]. Sestrin2 shows intrinsic oxidoreductase activity [312]; however, it was 

later shown that this is not required for its antioxidant functioning [405]. In 

circumstances of increased oxidative stress, Sestrin1 and 2 prevent reactive oxygen 

species (ROS) accumulation by inducing selective autophagic degradation of Kelch-like 

ECH-associated protein (Keap1), an inhibitor of the nuclear factor (erythroid-derived 2)-

like 2 (Nrf2), thereby upregulating Nrf2-dependent antioxidant gene transcription [18]. 

Sestrin2 has also been proposed as a leucine sensor [15,213] and in vitro analysis has 

identified it as a phosphoprotein, which in response to leucine deprivation, is 

phosphorylated and interacts with GTPase-activating protein activity towards Rags 2 

(GATOR2) to inhibit mTORC1 activation [294,296]. Sestrin3, however, is upregulated in 

the skeletal muscle of type 2 diabetic patients [330] and maintains insulin sensitivity in 

overfed mice via protein kinase B [309]. 

p62 is a stress-inducible protein involved in oxidative stress and autophagic clearance of 

polyubiquitinated proteins [406]. Autophagy is an evolutionarily conserved process that 

recycles protein aggregates and malfunctioning organelles. Macroautophagy, 

microautophagy and chaperone-mediated autophagy are the three main forms of 

autophagy [325]. p62 plays an important role in selective macroautophagic protein 

degradation. It binds to ubiquitinated proteins and microtubule-associated protein 1 

light chain 3 (LC3), allowing it to recruit these proteins to autophagosomes, which fuse 

with lysosomes for protein degradation [407]. It has been shown that phosphorylation of 

p62Ser403 plays a critical role in selective macroautophagy because phosphorylating 

p62Ser403 stabilises the association between p62 and ubiquitinated protein, which enables 

efficient autophagosome formation [319].      

Included in the complex functionality of Sestrin2 is its interaction with p62 [316]. In vitro, 

Sestrin2 associates with p62 and Unc-51-like protein kinase 1 (ULK1), forming a complex 

that induces ULK1 to phosphorylate p62Ser403 [316]. Phosphorylated p62Ser403 enhances 

its binding affinity to Keap1 [319], thereby initiating autophagosome formation around 

the cargos, which ultimately leads to selective autophagic degradation of Keap1, hence 

freeing Nrf2 and enabling its translocation to the nucleus to upregulate antioxidant gene 

expression [320].  
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Sestrins are also critical regulators of muscle ageing [408]. Genetic ablation of 

D.melanogaster Sestrin (dSesn), induced the early onset of skeletal muscle degeneration 

and accumulated defective mitochondria [307]. Resistance training (RT) is one of the 

most important strategies to prevent muscle wastage [338]. However, no studies have 

assessed the effects of RT on Sestrin in human. To date, there is only evidence of 

endurance exercise increasing the protein expressions of Sestrin2 and 3 in mouse skeletal 

muscle which occurs in conjunction with an increase in autophagy [322,342]. Whether 

the three mammalian Sestrin proteins differentially control skeletal muscle function and 

which plays a more important role in human muscle health is unclear. Similarly, it 

remains unknown whether Sestrins and p62Ser403 are regulated acutely or chronically by 

RE and RT respectively in human skeletal muscle. Therefore, this study aimed to measure 

how acute RE affected Sestrin2 and p62Ser403 phosphorylation and examined the effects 

of RE on the protein and mRNA expression of Sestrin paralogs. Separately, the chronic 

effects of 12 weeks of RT on Sestrins protein and gene expression were also investigated.   

 

4.3 Materials and method  

4.3.1 Ethics approval 

All participants were informed of the requirements and potential risks of the studies 

prior providing their written informed consent. The experimental procedures adhered to 

the standards set by the latest version of the Declaration of Helsinki and were approved 

by the Human Research Ethics Committee of The University of Queensland. 

 

4.3.2 Study design 

Participants in this study were a subset of a larger trial [409]. In both studies, all 

participants had at least 12 months of experience in strength training and were familiar 

with all exercises used in the studies. In the acute study, nine physically active trained 

men (22.1 ± 2.2 y) completed a bout of single-leg strength exercise. Eight repetitions 

maximum (RM) strength of unilateral knee extension (71.0 ± 12.0 kg) and unilateral 45° 

leg press (299.0 ± 44.8 kg) for both legs was assessed 4‒5 days before experimental 

exercise bout. At the same time, familiarisation for the single-leg squats and walking 

lunge exercise was performed. On the day of the trial, the RE bout included six sets of 45° 

leg press and knee extensions at 8, 8, 10, 12, 10 and 10 RM and three sets of single-leg 

squats and walking lunges at 12 RM.  

In the chronic study, ten trained men (21.3 ± 1.9 y) participated in a 12 week lower body 

resistance training programme with training twice a week, separated by 72 h. Muscle 

strength for training load prescription was assessed 10‒14 days before the first training 

session. Bilateral 45° leg press (348 ± 80 kg), knee extension (88 ± 9 kg) and knee flexion 
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(75 ± 11 kg) 1 RMs were determined. For the training session, the loads were set to 

include fatigue at 8, 10 and 12 RM and weights for walking lunges corresponded to a 

proportion of each participant’s pre-training body mass (PTBM) (79.2 ± 4.4 kg). Each 

training session was approximately 45 min and included six sets of 45° leg press at 8, 8, 

10, 12, 10, 10 RM and three sets of knee extension and flexion at 12 RM. Three sets of 

walking lunges were also performed with week 1‒3 having 20% of PTBM and an 

additional 5 kg added progressively every three weeks. Additionally, three sets of 

plyometric exercises comprising of countermovement drop jump, slow eccentric squat 

jumps, split lunge jumps and countermovement box jumps were performed at 50% of 

lunge load. In both studies, after each exercise session, participants completed active 

recovery by cycling on a stationary bicycle at a low, self-selected intensity for 10 min.  

To control for post-exercise diet, in the acute study, participants consumed a 

standardised meal 2 h before the pre-exercise biopsy and consumed 30 g of whey protein 

before the recovery period. The participants then fasted until the 2 h biopsy, after which 

they consumed another 30 g of whey protein. Muscles biopsies from the vastus lateralis 

were collected before, 2, 24 and 48 h post-exercise. In the chronic study, biopsies were 

collected 4‒5 days before the first training session and post-training biopsies were 

collected 6‒7 days after the last training session in a fasted state. All muscle samples were 

snap frozen in liquid nitrogen and stored at ‒80 °C until further analysis.  

 

4.3.3 Immunoblotting  

25 mg of muscle biopsies were homogenised with RIPA lysis buffer (Millipore, Temecula, 

CA, USA) with added HaltTM protease and phosphatase inhibitor cocktail (Thermo 

Scientific, MA, USA). After centrifugation, supernatants were collected and total protein 

concentration was determined using the PierceTM BCA Protein Assay Kit (Thermo 

Scientific).  Equal amounts of protein were boiled in Laemmli buffer at 95 °C for 5 min. 20 

μg of protein was separated by SDS‒PAGE and transferred to PVDF membranes (Bio-Rad 

Laboratories, Inc., CA) using the semidry Trans-Blot TurboTM device (Bio-Rad, Hong Kong, 

China). Membranes were incubated with the following primary antibodies overnight, 

total p62, Sestrin1 and 3 (Abcam, ab56416, ab103121 and ab97792 respectively), 

Sestrin2 (ProteinTech, 10795-1-AP) and p62Ser403 (GeneTex, GTX128171) (all at 1: 1,000 

dilution, except Sestrin1 which is at 1: 100). Followed by the incubation of anti-rabbit or 

anti-mouse secondary antibodies (Jackson ImmunoResearch Laboratories, PA) linked to 

horseradish peroxidase (1: 10,000) for 1 h at room temperature. The membranes were 

exposed on a ChemiDoc image device (Bio-Rad) using enhanced chemiluminescence 

reagent (ECL Select kit; GE Healthcare Ltd., Little Chalfont, UK). Bands were quantified 

using ImageJ software (NIH, Bethesda, MD). Western blot data were normalised to the 

housekeeping protein GAPDH (Abcam, ab36840) (1: 10,000).  
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4.3.4 Sestrin2 electrophoretic mobility 

To allow for resolution of Sestrin2 into multiple electrophoretic forms as previously 

demonstrated in [296], samples were electrophoresed through 8% polyacrylamide gels 

(acrylamide-bis-acrylamide, 19:1). When human embryonic kidney cells (HEK293) were 

incubated in complete medium, Sestrin2 separated into three bands: α, β and γ. However, 

when incubated in leucine-deficient medium, there was a mobility shift of the protein, 

resulting in the appearance of a slower migrating δ band [296]. To provide evidence that 

the multiple electrophoretic bands represented different phosphorylated forms of 

Sestrin2, Kimball et al. treated samples with lambda protein phosphatase, which led to a 

shift in the migration of Sestrin2 into a single band, suggesting additional bands 

represented multiple phosphorylated forms of the protein. Mass spectrometry analysis 

of immunoprecipitates of endogenous Sestrin2 further confirmed it as a phosphoprotein 

as three phosphorylation sites: Thr232, Ser249 and Ser279 were identified [296]. In the 

present study, to measure the intensity of Sestrin2 phosphorylation, the abundance of the 

slowest migrating δ-form of Sestrin2 was taken as phosphorylation. It is known that 

phosphorylation results in the protein migrating at a higher, apparent molecular mass 

[410,411]. Total Sestrin2 protein was recorded as the expression of all forms of Sestrin2 

(δ, γ, β and α-form). 

 

4.3.5 RNA extraction and quantitative real-time PCR 

Following the manufacturer’s instructions from the AllPrep® DNA/RNA/miRNA 

Universal Kit (QIAGEN GmbH, Hilden, Germany), total RNA was extracted from 20 mg of 

muscle biopsies. 1,500 ng of input RNA was then used for cDNA synthesis using High-

Capacity RNA-to-cDNATM kit (Life Technologies, Carlsbad, CA). mRNA was measured by 

RT-qPCR on a LightCycler 480 II (Roche Applied Science, Penzberg, Germany) using SYBR 

Green I Master Mix (Roche Applied Science). Target mRNAs were SESN1, SESN2, SESN3 

and p62. Primers were designed using BLAST software [369] with sequences in 

Supplementary Table 1. Relative fold changes were determined using the 2-ΔΔCT method 

[370]. To compare the basal expression of the different Sestrin paralogs, 2-ΔCT was used. 

The geometric mean of three reference genes was used for normalisation [371]. The 

recently proposed human reference genes [372], C1orf43, CHMP2A and EMC7 were 

identified as the least variable and used as reference genes.  
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4.3.6 Statistical analysis   

To measure differences across time in the acute study, one way repeated measures 

ANOVA was performed using SigmaPlot (Systat 218 Software Inc., San Jose). A Sidak post 

hocs test were used where appropriate to compare post-exercise values to baseline with 

statistical significance set at p < 0.05. For the chronic study, time differences were 

conducted using a paired Student’s t-test. To compare the basal differences of all three 

Sestrins, one way ANOVA was used. All values are presented as means ± SEM. 

 

4.4 Results  

4.4.1 Acute exercise  

Sestrin2 phosphorylation (assessed by the mobility shift of the δ band) was higher 2 h 

after exercise (p < 0.001) (Figure 4.1 A), whereas the phosphorylation of p62Ser403 was 

reduced 2 h after exercise (p < 0.001) (Figure 4.1 E). No difference was observed in the 

total protein expression of Sestrin2 (Figure 4.1 B), but its mRNA expression (SESN2) 

increased 2 h post-exercise (p = 0.015) (Figure 4.2 A). There were no changes in the 

mRNA expressions of SESN1, SESN3 and p62 (Figure 4.2 B‒D) and protein expression of 

Sestrin3 (Figure 4.1 D). However, the protein expression of Sestrin1 and total p62 

increased 48 h post-exercise (p = 0.025 and 0.031 respectively) (Figure 4.1 C & F). Basal 

mRNA expression of SESN1 was significantly more abundant than SESN2 (p < 0.001) or 

SESN3 (p = 0.043). SESN3 was also more abundant than SESN2 (p = 0.043) (Figure 4.3 A).   

 

4.4.2 Chronic exercise  

The phosphorylation states of Sestrin2 and p62 were unchanged following RT (Figure 4.4 

A & E). Also, no changes in the protein and mRNA expressions of Sestrin2, Sestrin3 and 

total p62 were observed (Figure 4.4 B, D & F). However, Sestrin1 protein was increased 

with RT (p = 0.026) (Figure 4.4 C). Similar to the acute study, before training, the mRNA 

expression of SESN1 was significantly more abundant than SESN2 (p < 0.001). SESN3 was 

also more abundant than SESN2 (p = 0.05) (Figure 4.3 B).   
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Figure 4.1 Effects of acute RE on Sestrins and p62 protein. The relative abundance of Sestrin2 in δ-form (a), total Sestrin2 protein (b), Sestrin1 
protein (c), Sestrin3 protein (d), phosphorylation status of p62Ser403 (e) and total p62 protein (f) following acute RE. Representative blots (g). Data are 
expressed as fold change from rest and error bars represent SEM. * significantly different from baseline samples (*p < 0.05) (***p < 0.001).  
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Figure 4.2 Effects of acute RE on Sestrins and p62 mRNA expression. The mRNA expression 
of SESN2 (a), SESN1 (b), SESN3 (c) and p62 (d). Data are expressed as fold change from rest and 
error bars represent SEM. * significantly different from baseline samples (p < 0.05). 

 

S E S N 1 S E S N 2 S E S N 3

0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

R
e

la
ti

v
e

 B
a

s
a

l

m
R

N
A

 E
x

p
r
e

s
s

io
n * * *

#

†

S E S N 1 S E S N 2 S E S N 3

0 .0

0 .5

1 .0

1 .5

2 .0

2 .5

R
e

la
ti

v
e

 B
a

s
a

l

m
R

N
A

 E
x

p
r
e

s
s

io
n

* * *

†

A B

Figure 4.3 Basal expression of Sestrins. The basal mRNA expression of SESN1, 2, 3 in the acute 
(a) and chronic (b) study. Data are expressed as means ± SEM. *** significantly different between 
SESN1 and SESN2 (p < 0.001). # significantly different between SESN1 and SESN3 (p < 0.05). † 

significantly different between SESN3 and SESN2 (p < 0.05).    
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Figure 4.4 Effects of chronic RE on Sestrins and p62 protein. The relative abundance of Sestrin2 in δ-form (a), total Sestrin2 protein (b), Sestrin1 
protein (c), Sestrin3 protein (d), phosphorylation status of p62Ser403 (e) and total p62 protein (f). Representative blots (g). Data are expressed as fold 
change from rest and error bars represent SEM. * significantly different from baseline samples (p < 0.05).  
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4.5 Discussion  

The present study confirmed the role of Sestrin2 as a phosphoprotein [296,316,412] and 

extended previous findings to show it is responsive to acute RE in human skeletal muscle. 

There was an electrophoretic mobility shift resulting in increased abundance of a slower 

migrating δ band of Sestrin2, indicative of increased phosphorylation acutely following 

RE. Mirroring the time course of increased Sestrin2 phosphorylation, p62Ser403 

phosphorylation was transiently downregulated following RE. After 12 weeks of RT, 

resting total protein abundance and basal phosphorylation of Sestrin2 and p62 were 

unaltered. However, there was an increased Sestrin1 protein abundance, suggesting that 

despite the strong sequence homology of the Sestrin family, they are differentially 

regulated in response to RE and RT.  

 

4.5.1 Effect of acute exercise 

Following RE, the mRNA expression of SESN2 increased 2 h post-exercise. Exposure of 

primary human myotubes to hydrogen peroxide (H2O2) for 6 h also increased mRNA 

expression of SESN2 [330]. Although RE is primarily an anabolic stimulus, it has been 

shown to be a potent inducer of acute oxidative stress [413]. Sestrins protect cells from 

oxidative stress and cellular damage, as their repression upregulated ROS production and 

induced genetic instability [414]. The upregulation of SESN2 post-exercise may be an 

adaptation to protect skeletal muscle cells from exercise induced-oxidative stress.  

There was also an increase in the relative amount of Sestrin2 present in the heavier δ 

band at 2 h, returning to pre-exercise levels by 24 h. Sestrin2 has been proposed as a 

leucine sensor [15,213]. In HEK293, increased leucine concentrations in the media 

resulted in a reduction of the relative amount of the δ band, which promoted mTORC1 

activation, as assessed by an increase in phosphorylation of p70S6K1Thr389 [296]. In this 

study, participants consumed 30 g of whey protein before the recovery period. A 

reduction of the δ band should be expected, but no inverse relationship between Sestrin2 

phosphorylation and mTORC1 activation was observed. Conversely, the intensity of the δ 

band increased and p70S6K1Thr389 was highly phosphorylated 2 h post-exercise as 

demonstrated previously [409]. The discrepancy could be due to different tissue types 

and stimuli, as exercise is an intense muscle stressor that affects multiple pathways [402]. 

Further, there is limited evidence demonstrating the action of leucine on Sestrin function 

in cells other than HEK293 and mouse fibroblasts [15,213,293]. Thus, the nature of 

Sestrin2 leucine sensor properties is still under debate [297,298]. Therefore, future 

studies should aim to separate feeding or exercise stimuli with the aim of providing more 

insight into the possible in vivo functioning of Sestrin2 phosphorylation.        

In contrast to Sestrin2 phosphorylation, p62Ser403 phosphorylation was repressed 2 h 

post-exercise. Under in vitro conditions, the association between Sestrin2, p62 and ULK1 
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promoted ULK1-mediated p62Ser403 phosphorylation, resulting in selective degradation 

of polyubiquitinated cargos, such as Keap1 [316,319]. Degradation of Keap1 allowed Nrf2 

to be translocated to the nucleus to upregulate antioxidant gene expression [320]. The 

acute post-exercise dephosphorylation of p62Ser403 observed in the current study could 

be suggestive of diminished ubiquitin-mediated selective macroautophagic protein 

degradation. Further, in agreement with the current study, RE has been shown to 

upregulate total p62, 24 and 48 h following exercise [415], indicating that acute RE might 

be suppressing macroautophagy, as p62 accumulates when autophagy is inhibited [416]. 

Additionally, by measuring the conversion of cytosolic microtubule-associated protein 1 

(LC3B-I) to the autophagosomal membrane-associated form, LC3B-II, a marker of 

enhanced autophagy, it was demonstrated that macroautophagy was depressed in both 

young and old adults following an acute bout of RE [404,417].   

p62 has been found to be induced at the transcriptional level by ROS under cellular stress 

[321], therefore to evaluate the role of Sestrin2 and p62 in regulating oxidative stress, 

future studies should explore oxidative stress markers, Keap1 degradation, Nrf2 

upregulation and antioxidant response. Since exercise influences multiple pathways, the 

present data do not allow for strong mechanistic conclusions regarding the role of 

Sestrin2 phosphorylation in regulating p62Ser403 phosphorylation and its implication in 

redox homeostasis and selective autophagy. Due to limited available muscle tissues, co-

immunoprecipitation analyses were not undertaken, making it unclear whether there 

was a functional association between Sestrin2 and p62. Furthermore, a limitation of the 

study was a lack of control for feeding at the 24 and 48 h biopsies collections, which could 

have affected the result observed at these time points. Future studies should investigate 

the physical association between Sestrin2 and p62 and control for feeding at all time 

points. The present study demonstrated that following RE, a clear inverse relationship 

between the phosphorylation status of Sestrin2 and p62Ser403 exists and they are 

transiently regulated after RE, which may play a role in cellular adaptation in human 

skeletal muscle. 

 

4.5.2 Effect of chronic exercise 

Skeletal muscle is sensitive to both acute and chronic stresses associated with RE and RT. 

The mechanisms associated with the acute transient response to RE might be different 

compared to chronic adaptation which is measured in the rested state since these 

responses are influenced by multiple factors including frequency of exercise, recovery 

period and training history of individuals [418]. The literature on the relationship 

between Sestrins and exercise is limited. The current understanding is a single bout of 

aerobic exercise increased Sestrin2 protein in mice [322], while long-term endurance 

exercise increased the protein expression of Sestrin2 and 3 and basal expression of 

muscle autophagy [342]. In this study, long-term RT for 12 weeks did not alter the protein 

or mRNA expression of Sestrin2, 3 and total p62 or the basal phosphorylation status of 
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Sestrin2 and p62Ser403. This could be due to the use of different exercise protocol, since 

different modes of exercise produce distinct myofiber adaptations, while RT increases 

strength and muscle fibre cross-sectional area, endurance exercise improves oxidative 

metabolism by increasing mitochondrial content and capillary densities [419]. 

Interestingly, the protein expression of Sestrin1 increased significantly following RT and 

also 48 h following RE. However, a direct comparison between the acute and chronic 

effects on Sestrin1 cannot be made, since fasting biopsies were collected in the present 

chronic study while in the acute study, biopsies were collected in the fed state.  

In agreement with a previous study, compared with Sestrin2 and 3, Sestrin1 is more 

abundantly expressed in skeletal muscle [287]. Silencing of Sestrin1 in human embryonic 

fibroblasts inhibited cell proliferation and accelerated cell senescence due to excess ROS 

production [312]. Moreover, studies from D.melanogaster and mouse models provided a 

connection between Sestrins and muscle growth, as knockout of Sestrin resulted in 

muscle degeneration [307]. Additionally, silencing Sestrin3 in human myotubes 

increased myostatin expression, which is a negative regulator of muscle growth [330]. 

Recruited participants demonstrated an increase in both strength and muscle mass after 

12 weeks of training [409]. These observations suggest a potential link between Sestrin1 

and the regulation of cell growth. Further investigation is needed to clarify the distinct 

roles played by each Sestrin family members in human skeletal muscle.  

 

4.6 Conclusion  

Sestrins and p62 are multifunctional proteins involved in many cellular processes, 

including suppressing oxidative stress, mTORC1 and regulating autophagy [285,406]. 

The present analysis demonstrated that while Sestrin family members share 

considerable sequence homology, each is regulated independently in response to RE. 

Sestrin3 was not affected by RE, whereas long-term training-induced the protein 

expression of Sestrin1. In response to RE, there was a transient mobility shift of Sestrin2, 

indicative of increased phosphorylation. Mirroring this response, p62Ser403 

phosphorylation was downregulated. It appears that both Sestrin2 and p62Ser403 are 

transiently regulated and may be functionally involved in the adaptive regulatory 

mechanisms elicited by human skeletal muscle after intense resistance exercise. 
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Chapter Five  

 

 

The putative leucine sensor Sestrin2 is hyperphosphorylated by acute 

resistance exercise but not protein ingestion in human skeletal 

muscle 
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5.1 Preface  

The following section contains an edited version of the article “The putative leucine 

sensor Sestrin2 is hyperphosphorylated by acute resistance exercise but not protein 

ingestion in human skeletal muscle”, co-authored by Nina Zeng, Randall D’Souza, Brie 

Sorrenson, Troy Merry, Matthew Barnett, Cameron Mitchell and David Cameron-Smith. 

Additional information on mass spectrometry analysis was included. The article has been 

accepted to European Journal of Applied Physiology, 2018, doi: 10.1007/s00421-018-

3853-8.  

Dietary protein and RE are both potent stimuli of mTORC1. In addition to stimulating 

autophagy and alleviating oxidative stress, Sestrin2 is also a putative leucine sensor 

implicated in mTORC1 and AMPK regulation. In Chapter 4, it was demonstrated that 

Sestrin2 is a phosphoprotein induced by acute RE in human skeletal muscle. However, it 

is unclear if dietary protein played a role in Sestrin2 phosphorylation state since diet was 

not controlled. Therefore Chapter 5 examined the responsiveness of Sestrin2 to dietary 

protein ingestion, with or without RE and attempted to explore the relationship between 

Sestrins, AMPK and antioxidant responses. Findings from this chapter provided valuable 

information as there is limited literature describing the role of dietary protein and RE on 

Sestrin2 regulation in human skeletal muscle.  

  



78 

 

5.2 Introduction  

Mammalian target of rapamycin complex 1 activation is critical for MPS after protein 

feeding and RE [130,179,363]. Whilst this is finely regulated by AA availability, the 

sensing mechanisms for mTORC1 activation are complex. It has been proposed that AA 

regulate GTPase-activating protein activity towards Rags 1 or 2 (GATOR1 or 2) [265], 

where GATOR2 activates mTORC1 by inhibiting GATOR1 following increased AA 

exposure [267]. 

Sestrins are a family of stress-responsive proteins composed of three members: Sestrin1, 

2 and 3 [281]. They play parts in mTORC1 regulation [282], oxidative stress control [18] 

and autophagy [19]. Sestrin2, in particular, has been proposed as a leucine sensor [15,213] 

that regulates GATOR2 [292,293]. In vitro analyses has demonstrated that Sestrin2 is 

hyperphosphorylated in the absence of leucine [296]. Currently, there is evidence of both 

endurance and RE increasing the expressions of Sestrin 1, 2 and 3 in human and mouse 

skeletal muscle [322,342,343,420]. However, the dynamics of Sestrin2 regulation and 

downstream mTORC1 signalling in response to dietary protein feeding have not been 

investigated in human skeletal muscle.   

After a protein-rich meal, MPS is increased, proportionally with the rise in plasma 

concentration of EAA, particularly leucine [148,240,421]. This acute synthetic response 

to feeding is enhanced with a prior bout of RE [422], via increased mTORC1 activation 

[130,423]. Whether the combination of RE and dietary protein intake would alter 

Sestrin2 response remains unknown. Further, nutrition alone does not regulate AMPK, 

but during exercise, AMPK is often activated to conserve energy and suppress MPS [403]. 

Beyond the role of regulating mTORC1 via GATOR2, Sestrin2 can regulate mTORC1 

through AMPK [17,303]. Previously, we showed that a single bout of RE resulted in 

mTORC1 activation and Sestrin 2 hyperphosphorylation [420], how this may have 

affected the activity of AMPK is unknown.    

Sestrin2 has been shown to suppress ROS formation through Nrf2 upregulation. Upon 

oxidative stress, Nrf2 is released from its inhibitor, Keap1, so that it can facilitate gene 

transcription of oxidation regulating enzymes [317]. It has been proposed that this is 

dependent on Sestrin2 and p62 phosphorylation [18]. Previously, we demonstrated an 

inverse relationship between Sestrin2 and p62 phosphorylation after acute RE [420], but 

the implications for Nrf2-mediated induction of antioxidants remains unexplored.  

It is not yet known if Sestrin2 is acutely regulated in response to protein ingestion in 

human skeletal muscle. Further, nutrition alone does not regulate AMPK and has little 

impact on intracellular antioxidant responses. Therefore, the responsiveness of Sestrin2 

to dietary protein ingestion, with or without RE was explored through two studies. We 

hypothesised that the phosphorylation state of Sestrin2 is regulated by protein ingestion 

and there may be a dose-dependent relationship that is influenced by the quantity of 

dietary protein ingestion. Further, we previously showed that 9 g of milk protein 

concentrate (MPC) augmented some measures of downstream mTORC1 signalling post-
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RE compared to the isoenergetic carbohydrate placebo group [191]. Hence, we 

hypothesised to see a more significant Sestrin2 mobility shift after MPC supplementation.   

 

5.3 Materials and method  

5.3.1 Participants 

Sixteen healthy middle-aged men (45‒60 y) participated in Study One and twenty healthy 

middle-aged men participated in Study Two. Participants were not taking any medication 

and were free of metabolic, neuromuscular and cardiovascular medical conditions. They 

were not engaged in regular RE at the time of the study. Baseline characteristics are 

shown in Table 5.1. All participants provided informed verbal and written consents. 

Study One and Two were approved by the Health and Disability Ethics Committee (New 

Zealand).  

 

Table 5.1 Participant characteristics.  

 Study One  Study Two  
 10 g MPC  

(n=8) 
20 g MPC  

(n=8) 
p value 9 g CHO-Ex 

(n=10) 
9 g MPC-

Ex (n=10) 
p value 

Age (years) 48.9 ± 4.4 52.1 ± 6.4 0.30 45.5 ± 5.8 48.6 ± 4.6 0.19 
Height (cm) 179.1 ± 7.0 176.1 ± 6.8 0.35 175.9 ± 5.6 179.5 ± 6.1 0.18 
Weight (kg) 86.8 ± 9.2 74.5 ± 6.1 0.03* 79.3 ± 9.1 76.3 ± 8.4 0.17 
BMI (kg/m2) 26.9 ± 1.5 24.6 ± 2.7 0.06 24.6 ± 2.4 24.4 ± 2.8 0.68 
% Body fat mass 24.2 ± 4.5 21.9 ± 6.6 0.43 20.5 ± 9.2  18.2 ± 5.7 0.52 
% Body fat free mass 72.5 ± 4.3 74.7 ± 6.1 0.42 75.3 ± 9.0 77.6 ± 5.5 0.49 
Glucose (mmol/L) 5.5 ± 0.8 5.5 ± 0.4 0.82 5.6 ± 0.5 5.6 ± 0.4 0.77 
Insulin (µU/ml) 6.6 ± 2.7 7.1 ± 3.5 0.75 8.2 ± 3.5 7.9 ± 3.4 0.88 
BMI, body mass index. Data are shown as mean ± standard deviations. * significantly different 

between group (p < 0.05).  

 

5.3.2 Experimental design for Study One 

The evening before the experimental trial, participants were fed a standard dinner 

containing a third of their estimated daily energy requirements. The meal was consumed 

before 2200 and the next day participants arrived fasted at the clinic at 0700. A cannula 

(20-gauge) was inserted into an antecubital vein and a baseline blood sample was 

obtained. Plasma was collected in 4 mL ethylenediaminetetraacetic acid (EDTA) 

vacutainers and centrifuged immediately upon collection at 4 °C at 1,900 x g for 15 min. 

The supernatant was collected in 1.6 ml sterile tubes as 1 mL aliquots and stored at ‒

80 °C until further analysis. Participants then rested in a supine position and a muscle 

biopsy was collected under local anaesthesia (1% lidocaine) at rest from the vastus 

lateralis using a Bergström needle modified for manual suction. Immediately after the 
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initial biopsy, participants consumed one of the two study beverage, either 10 g [180] or 

20 g of milk protein concentrate (MPC) [129]. The macronutrient and EAA composition 

are shown in Table 5.2. Additional biopsies were collected at 90 and 210 min after 

beverage consumption. Biopsies were immediately frozen in liquid nitrogen and stored 

at ‒80 °C until further analyses. 

 

Table 5.2 Study beverage composition.

 10 g MPC  20 g MPC  
Energy (kJ) 186.0 397.0 

Carbohydrate (g) 0.6 0.3 
Fat (g) 0.2 1.4 

Total Protein (g) 10.0 20.0 
Threonine (g) 0.4 0.9 

Valine (g) 0.6 1.3 
Isoleucine (g) 0.5 1.1 

Leucine (g) 0.9 2.1 
Phenylalanine (g) 0.5 1.1 

Lysine (g) 0.7 1.7 
Histidine (g) 0.3 0.6 

Methionine (g) 0.3 0.6 
Total protein calculated as total nitrogen x 6.25. MPC, milk protein concentrate. Modified from 
Mitchell et al. [129,180], used with permission.  

 

5.3.3 Experimental design for Study Two 

Prior to clinical visits, participants’ one repetition maximum (1RM) for leg press and leg 

extension was determined using the Brzycki equation based on a repetition set, where 

muscle failure was achieved in less than six repetitions. Participants were fed a standard 

dinner before 2200 and were studied following an overnight fast. Upon arrival at 0700, a 

cannula (20-gauge) was inserted into an antecubital vein and a baseline blood sample 

was obtained. A muscle biopsy was also collected at rest from the vastus lateralis of a 

random leg (to counterbalance for dominance) under local anaesthesia (1% lidocaine). 

Using the leg contralateral to the baseline biopsy, participants completed four sets of 

unilateral leg press and extensions at 80% of their 1RM. Ten repetitions were completed 

for the first three sets and the last set was completed to the point of momentary muscular 

failure. After completion of exercise, in a double-blinded fashion, participants were 

randomised to consume one of the two study beverages, either 9 g of MPC (9 g MPC-Ex) 

or an isoenergetic carbohydrate placebo (9 g CHO-Ex). The macronutrient and EAA 

composition are shown in Table 3.2. Muscle biopsies were then obtained 90 and 240 min 

from the exercised-leg after beverage consumption. Biopsies were immediately frozen in 

liquid nitrogen and stored at ‒80 °C until further analyses. 
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5.3.4 Imaging and plasma measurements 

At least one week prior to the experimental trial, participants underwent a full body dual-

energy X-ray absorptiometry (DXA) scans (Lunar Prodigy, GE, Waltham, MA, USA) to 

quantify total fat and fat-free mass. Baseline plasma glucose concentrations were 

analysed using a Roche C311 autoanalyzer (Roche, Mannheim, Germany) by enzymatic 

colourimetric assay. Plasma insulin concentrations were analysed using 

electrochemiluminescence immunoassay on Cobas e 411 (Roche, Mannheim, Germany).   

 

5.3.5 Immunoblotting 

Muscle biopsies were homogenised for 40 s at 20 Hz using a TissueLyser (Qiagen, Venlo, 

Netherlands) in lysis buffer (10 µL/mg; 25 mM Tris, 0.5% v/v Triton X-100) 

supplemented with Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific, 

Waltham, MA, 78446). After centrifugation, supernatant was collected and protein 

concentration was determined using the BCA protein assay kit (Thermo Scientific, 

Waltham, MA). Protein homogenates were mixed with Laemmli’s buffer and boiled for 5 

min at 95 °C. Denatured proteins were separated by SDS‒PAGE. Proteins were 

electrotransferred to PVDF membranes (Bio-Rad, Hercules, USA) using TransBlot 

semidry transfer apparatus (Bio-Rad, Hongkong, China). Membranes were blocked in 5% 

BSA in TBST for 1 h at room temperature and probed using specific antibodies for 4E-

BP1, p-AMPKαThr172 and total AMPKα (Cell Signaling Technology, 9644, 2535 and 2532 

respectively), Sestrin2 (ProteinTech, 10795-1-AP), SQSTM1/p62, Sestrin1 and 3 (Abcam, 

ab56416, ab103121 and ab97792 respectively) and p-p62Ser403 (GeneTex, GTX128171). 

Primary antibodies were incubated overnight at 4 °C in blocking buffer (1: 1,000 dilution, 

except Sestrin1, 1: 100 and p-p62Ser403, 1: 500) with gentle agitation. The following 

morning, the membranes were probed with either anti-rabbit or anti-mouse linked to 

horseradish peroxidase secondary antibodies (Jackson ImmunoResearch, West Grove, PA, 

USA) (1: 10,000 dilution) for 1 h at room temperature. Membranes were exposed using 

enhanced chemiluminescence reagent (ECL Select Kit, GE HealthCare) and 

chemiluminescent signals were captured using ChemiDoc image device (Bio-Rad, 

HongKong, China). Densitometry analysis of protein bands was quantified using ImageJ 

software (National Institutes of Health, Bethesda, MD). Total Sestrin2 protein was 

recorded as the expression of all forms of Sestrin2 (α, β, γ and δ form) [420]. Equal protein 

loading was determined by staining with Coomassie Brilliant Blue (Thermo Scientific). 

Each participant was compared to themselves and pre-feeding samples were given an 

arbitrary expression of 1 and post-feeding with or without RE values were represented 

as fold changes in respect to the pre-feeding abundance. 
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5.3.6 Mass spectrometry analysis  

5.3.6.1 Immunoprecipitation  

After protein extraction as described above and protein concentration was determined, 

2 µl of Sestrin2 antibody (ProteinTech, 10795-1-AP) was added to 650 µg of protein 

homogenate. Samples were rotated for 2.5 h at 4 °C followed by adding 20 µl of protein A 

sepharose beads (Sigma-Aldrich, P9424). After rotating for another 2.5 h at 4 °C, sample 

was centrifuged at 4 °C for 30 s at 500 rpm and supernatant was removed and discarded. 

Sample was then washed with 500 µl of lysis buffer described above and supernatant 

removed again. The process was repeated twice. After the final spin, all supernatant was 

aspirated with a microliter syringe (Hamilton Company, Reno, NV, USA). Sample was then 

mixed with Laemmli’s buffer and boiled for 5 min at 99 °C. 25 µl of immunoprecipitated 

sample was then subjected to immunoblotting as described above. 

  

5.3.6.2 Sample preparation  

Once the protein was separated by gel electrophoresis, gel was stained with Coomassie 

blue. This is consist of 0.08% Coomassie Brilliant Blue G250, 1.6% orthophosphoric acid, 

8% ammonium sulphate and 20% methanol. The gel was immersed and stained with 

shaking at room temperature overnight. After disposal of the staining solution the next 

morning, the gel was destained with MilliQ water with frequent removal and addition of 

fresh water until the background of the gel became clear and protein bands were clearly 

visible.  

Bands of interest were excised from the gel using sterilised scalpel blade on a glass plate. 

Bands were then diced into 1mm3 pieces and then put into an Eppendorf containing 120 

µl of wash solution (50% acetonitrile and 50% 50 mM ammonium bicarbonate) and 

agitated in an Eppendorf ThermomixerR (Marshall Scientific, Hampton, NH, 22331) at 

37 °C for 10 min at 600 rpm. After the wash solution was removed, fresh wash solution 

was added and the step was repeated until no blue coomassie stain was left in the sample. 

The gel was then dehydrated in 100% acetonitrile briefly and then dried in a speed 

vacuum for 10 min, followed by rehydration with 10 mM dithiothreitol (DTT) in 50 mM 

ammonium bicarbonate. Proteins were then reduced by incubating at 56 °C for 1 h. After 

the gel slice has cooled down to room temperature, the DTT solution was removed and 

sample was alkylated with 50 mM iodoacetamide and incubated in the dark for 30 min at 

room temperature. Following reduction and alkylation, the gel was dehydrated a second 

time before being rehydrated with a solution containing 12.5 ng/µl of sequencing grade 

trypsin (Promega) in 50 mM ammonium bicarbonate. Sample was digested overnight at 

37 °C before being acidified with formic acid. The resulting peptide solution was sent to 

Mass Spectrometry Centre at the University of Auckland for analysis.   
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5.3.6.3 Phosphopeptide enrichment  

Mass spectrometry (MS) analysis of protein phosphorylation is challenging due to low 

stoichiometry, poor ionisation and incomplete fragmentation of phosphopeptides [424]. 

To increase the chance of identifying the phosphorylation sites, a second type of sample 

preparation was carried out. This protocol does not require immunoprecipitation. 

Instead, all proteins were subjected to gel electrophoresis and after staining the gel with 

Coomassie blue, region between 50 and 75 kDa was excised and prepared as described 

above. 

Following the manufacturer's protocol, the Thermo Scientific High-SelectedTM Fe-NTA 

phosphopeptide enrichment kit (Thermo Fisher Scientific, Auckland, A32992) was used 

to enrich phosphorylated peptides from protein digests. Briefly, peptide solution was 

suspended in wash buffer and transferred to the equilibrated spin column. Resin was 

added to the sample, mixed and incubated for 30 min. The column was then placed into a 

microcentrifuge tube and spun at 1,000 x g for 30 s. Flow through was discarded and 

column was washed again followed by centrifugation and discard of flow through. After 

repeating the step, column was added with liquid chromatography-mass spectrometry 

(LC-MS) grade water and centrifuged at 1,000 x g for 30 s. Column was then placed in a 

new tube and elution buffer was added. The elute was dried immediately in a speed 

vacuum to remove elution buffer. It was then suspended with 70 µl of 0.1% formic acid 

and was ready for MS analysis.  

 

5.3.6.4 Mass spectrometry analysis protocol  

The resulting peptides from immunoprecipitation and phosphopeptide enrichment were 

analysed on a TripleTOF 6600 Quadrupole-Time-of-Flight Mass Spectrometer (AB Sciex, 

Darmstadt, Germany) coupled to an Eksigent NanoLC 400 UHPLC system and controlled 

via Analyst TF 1.7 software (AB Sciex). Peptides were loaded onto a 0.3 x 10 mm trap 

column packed with Reprosil C18 media (Dr Maisch GmbH HPLC) and desalted for 3 min 

at 4 µl/min or 10 min at 3 µl/min before being separated on a 0.075 x 200 mm picofrit 

column with a 15 µm integrated electrospray emitter (New Objective) packed in-house 

with Reprosil C18 media. Solvents for high-performance liquid chromatography (HPLC) 

were 0.1% formic acid in water (buffer A) and 0.1% formic acid in acetonitrile (buffer B). 

Separations were performed at a flow rate of 250 nl/min using a gradient of: 4 min from 

1% B to 2% B; 18 min from 2% B to 35% B; 2 min from 35% B to 90% B; 4 min at 90% B; 

0.5 min from 90% B to 1% B; 16.5 min at 1% B.   

For tandem mass spectrometry (MS/MS) analysis, an initial MS survey scan from 350–

1,600 m/z was collected for 150 ms, followed by MS/MS scans of 100–1,600 m/z and 40 

ms for the 30 most abundant precursor ions detected with a charge state of between 2 

and 5. Previously selected precursor ions were excluded for 10 s. The resulting data were 

searched against a database containing the UniProt human proteome downloaded in 
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January 2017 (70,956 entries) using ProteinPilot version 5.0 (AB Sciex). Search 

parameters were: Sample Type - Identification; Search Effort - Thorough; Cys Alkylation 

- Iodoacetamide; Digestion - Trypsin; Special Factors - Phosphorylation emphasis and Gel 

based ID. A cut off of 1.3 for the ProteinPilot Unused score was used for reporting protein 

identifications. 

 

5.3.7 Lambda phosphatase and PNGaseF treatment  

Approximately 20 mg of muscle biopsies were homogenised in lysis buffer (10 µL/mg; 25 

mM Tris, 0.5% v/v Triton X-100) supplemented with Halt Protease Inhibitor Cocktail, 

EDTA-Free (Thermo Scientific, Waltham, MA, 87785). After centrifugation, an equal 

amount of protein was incubated with or without 500 U of Lambda Protein Phosphatase 

(New England Biolabs, Ipswich, MA, P0753S) at 37 °C for 2 h. The sample was then boiled 

for 5 min at 95 °C. Denatured proteins were separated by SDS‒PAGE using 8 or 15% gel 

for detection of Sestrin2 and 4E-BP1, respectively.  

Extracted samples were treated with peptide: N-glycosidase F (PNGaseF) according to 

manufacturer’s instruction (New England Biolabs, Ipswich, MA, P0704S). 20 μg of protein 

was combined with glycoprotein denaturing buffer (5% SDS, 0.4 M DTT) and boiled at 

100 °C for 10 min. Then, glycoprotein reaction buffer (0.5 M sodium phosphate), 10% NP-

40 and 500 U of PNGaseF were added and samples were incubated at 37 °C for 1 h, 

followed by SDS‒PAGE.   

 

5.3.8 RNA extraction and quantitative real-time PCR  

Approximately 20 mg of muscle tissue was used for total RNA extraction using the 

AllPrep® DNA/RNA/miRNA Universal Kit (QIAGEN GmbH, Hilden, Germany) following 

the manufacturer’s instructions. RNA concentration was determined using 

NanoPhotometer® N60 (IMPLEN, Inc., Westlake Village, CA, USA). 1,500 ng of RNA was 

converted to cDNA using High-Capacity RNA-to-cDNATM kit (Life Technologies, Carlsbad, 

CA). cDNA was stored at ‒20 °C until further analyses. 

Messenger RNA expression was determined by RT-qPCR on a LightCycler 480 II (Roche 

Applied Science, Penzberg, Germany) using SYBR Green I Master Mix (Roche Applied 

Science). The geometric mean of five reference genes was used to normalise the target 

mRNA by the 2-∆∆CT method [371]. C1orf43, CHMP2A, EMC7, VCP and HPRT were identified 

as the least variable and therefore used as reference genes. The sequence of these primers 

can be found in Supplementary Table 1. Primers of target mRNA were designed using 

BLAST software [369]. Standard and melting curves were performed for every target to 

confirm primer efficiency and single‐product amplification. Due to insufficient sample 
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volumes, RNA data were only available for Study Two at baseline and 240 min post-

beverage consumption.  

 

5.3.9 Statistical analysis  

To compare the differences in baseline characteristics between participants in each study, 

paired Student’s t-test was used. Two-way repeated measures ANOVA was used to 

determine differences in protein and gene expression with time as a repeated factor and 

group as a between-subject factor. When interactions were observed, differences from 

baseline in each group and between groups at each time point were analysed using a 

Sidak post hoc test.  When interaction was not present, but there was a main time effect, 

post hoc tests over time were performed on the marginal means. Significance was set at p 

< 0.05. Values are presented as means ± SD in tables, while values are presented as means 

± SEM in figures. All analyses were performed with SigmaPlot (version 13.0; Systat 

Software, Inc., San Jose, CA).  

 

5.4 Results  

5.4.1 Study One 

When analysed by immunoblotting, Sestrin2 separated into four distinct bands, which 

will be referred to as α, β, γ and δ in the order of decreasing electrophoretic mobility 

(Figure 5.1 E). No altered mobility shift was evident in response to either 10 or 20 g of 

MPC. The relative abundance of all four bands: α, β, γ and δ, remained unaltered 90 and 

210 min after feeding (time × group p = 0.640, 0.371, 0.268 and 0.525 respectively) 

(Figure 5.1 A‒D). Further, no difference was observed in the protein expression of total 

Sestrin2, Sestrin1 and 3 in response to 10 or 20 g of MPC (time × group p = 0.111, 0.560 

and 0.378 respectively) (Figure 5.2).  
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Figure 5.1 Effects of MPC on Sestrin2. The proportion of Sestrin2 in δ form (a), γ form (b), β 
form (c) and α form (d) following MPC consumption in Study One. Representative western blot 
of Sestrin2 (e). Data are expressed as fold change from rest and error bars represent SEM.  
 
 

  

Figure 5.2 Representative blots. Muscle protein was extracted and protein expressions of 
Sestrin1 and Sestrin3 were determined through western blot. All data were normalised to pooled 
control sample ran on each gel and total protein determined through Coomassie staining. 
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5.4.2 Study Two  

After RE, a prominent shift in electrophoretic mobility of Sestrin2 was evident (Figure 5.3 

F). There was a main time effect for the relative amount of Sestrin2 present in the δ band 

(p < 0.001) and the γ band (p < 0.001), but no interaction was found (p = 0.471 and 0.441 

respectively). The δ band increased at 90 and 240 min after exercise (p < 0.001 for both) 

irrespective of beverage consumption (Figure 5.3 A) and there was a concomitant 

reduction in the γ band at 90 and 240 min (p < 0.001 for both) irrespective of 

supplements (Figure 5.3 B). No difference was found in the relative amount of the α and 

β bands and total Sestrin2 (time × group p = 0.241, 0.594 and 0.462 respectively) (Figure 

5.3 C‒D). No interaction was found in the mRNA expression of SESN2 (p = 0.462), but it 

increased 240 min after exercise irrespective of supplements (p = 0.025) (Figure 5.3 E).   
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Figure 5.3 Effects of RE on Sestrin2. The proportion of Sestrin2 in δ form (a), γ form (b), β form 
(c) and α form (d) and its mRNA expression (e) following RE and beverage consumption in Study 
Two. Representative blot of Sestrin2 (f). Data are expressed as fold change from rest, error bars 
represent SEM and horizontal line represents a main time effect. * significantly different from 
baseline samples (*p < 0.05) (***p < 0.001).   
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No difference was observed in the protein expression of Sestrin1 (time × group p = 0.833) 

(Figure 5.4 A) and although there was no interaction (p = 0.159), the mRNA expression 

of SESN1 decreased 240 min after exercise (p < 0.001) irrespective of beverage 

consumption (Figure 5.4 C). The protein expression of Sestrin3 was differentially 

expressed between the two groups (time × group p = 0.014). It increased 240 min 

following exercise in the 9 g CHO-Ex group (p = 0.035), but not in 9 g MPC-Ex group (p = 

0.265). Further, at 240 min, compared to the 9 g MPC-Ex group, Sestrin3 protein was 

higher in the 9 g CHO-Ex group (p = 0.003) (Figure 5.4 B). However, no difference was 

observed in the mRNA expression of SESN3 (time × group p = 0.245) (Figure 5.4 D).      
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Figure 5.4 Effects of RE on Sestrin1 and 3. The protein and mRNA expressions of Sestrin1 (a,c) 
and Sestrin3 (b,d) following RE and beverage consumption in Study Two. * significantly different 
from baseline samples (*p < 0.05) (***p < 0.001). ## significantly different from MPC at indicated 
time point (p < 0.01).      
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A single bout of RE did not alter the phosphorylation state of AMPKαThr172 (time × group 

p = 0.232) (Figure 5.5 A). Contrarily, there was a main-time effect for the phosphorylation 

state of p62Ser403 and its total protein expression (p = 0.027 and 0.035 respectively), with 

no interaction effects (p = 0.545 and 0.993 respectively) (Figure 5.6). Phosphorylation of 

p62Ser403 was repressed 90 min post-exercise (p = 0.044) and a similar trend at 240 min 

(p = 0.057) with no difference between groups (Figure 5.5 B). However, total p62 

increased 240 min post-exercise (p = 0.037) with no group differences (Figure 5.5 C). The 

mRNA expression of p62 did not show an interaction effect (p = 0.16), but it increased 

240 min post-exercise (p = 0.006) with no group differences (Figure 5.5 D). 
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Figure 5.5 Downstream effectors of Sestrin2. Fold change in the phosphorylation state of 
AMPKαThr172 (a) and p62Ser403 (b) and fold change of total p62 protein (c) and its mRNA expression 
(d) following RE and beverage consumption in Study Two. * significantly different from baseline 
samples (*p < 0.05) (**p < 0.01). 
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Figure 5.6 Representative blots. Muscle protein was extracted and protein expressions of 
Sestrin1, Sestrin3, p-AMPKαThr172, total AMPKα, p-p62Ser403 and total p62 were determined 
through western blot. All data were normalised to pooled control sample ran on each gel and total 
protein determined through Coomassie staining. 
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The mRNA expression of Nrf2 was upregulated 240 min following exercise (p = 0.006) 

with no difference between groups (time × group p = 0.18) (Figure 5.7 A). Downstream 

antioxidant targets of Nrf2, including heme oxygenase 1 (HMOX1), sulfiredoxin-1 (SRXN1) 

and glutamate-cysteine ligase modifier subunit (GCLM) were upregulated post-exercise 

(all p < 0.001) with no difference between groups (time × group p = 0.690, 0.957 and 

0.458 respectively) (Figure 5.7 B‒D).   
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Figure 5.7 Nrf2 pathway. The mRNA expression of Nrf2 (a), HMOX1 (b), SRXN (c) and GCLM (d) 
following RE and beverage consumption in Study Two. *** significantly different from baseline 
samples (p < 0.001). 
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5.4.3 Sestrin2 phosphorylation  

To provide evidence that the multiple electrophoretic bands represent different 

phosphorylated forms of Sestrin2, samples were incubated with or without lambda 

protein phosphatase prior to SDS‒PAGE. The effectiveness of phosphatase treatment was 

confirmed by a shift of 4E-BP1, a phosphoprotein that separates into multiple 

electrophoretic forms [425], into a single band (Figure 5.8 A). Unlike [296], where 

Sestrin2 resolved into a single migrating band after phosphatase treatment in HEK293, 

Sestrin2 in human muscle tissues migrated as two bands. To determine if post-

translational glycosylation was responsible for the appearance of the two bands, samples 

were treated with PNGaseF to remove N-linked oligosaccharides. After treatment of 

phosphatase and PNGaseF, two bands were still visible (Figure 5.8 B), indicating N-linked 

glycosylation was not a major contributor to the electrophoretic mobility pattern of 

Sestrin2 in human muscle. Unfortunately, due to low yield from immunoprecipitation and 

low recovery from phosphopeptide enrichment, MS identification of Sestrin2 

phosphorylation site was not successful.     

 

 

Figure 5.8 Lambda phosphatase and PNGase treatment. Baseline and exercise samples were 
treated with or without phosphatase prior to SDS‒PAGE for Sestrin2 and 4E-BP1 (a). Resting 
samples were treated with or without phosphatase/PNGaseF prior to SDS‒PAGE for Sestrin2 (b).    
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5.5 Discussion  

The coupling of protein feeding and mechanical stimulation to increase mTORC1 activity 

is complex and involves the activation and interaction of multiple kinases, including those 

that are sensitive to the availability of AA, particularly leucine. The aim of the current 

analyses was to characterise the acute response of the Sestrin family to protein feeding 

with or without a single bout of RE. At the dose of oral protein ingested in the current 

study, there was no evidence of an alteration in Sestrin2 mobility shift and Sestrin1/2/3 

protein expression remained stable. However, this study confirmed that Sestrin2 is a 

phosphoprotein that is responsive to RE in human skeletal muscle, and there was no 

evidence of a relationship to AMPK signalling.  

 

5.5.1 Effect of protein supplementation on Sestrin2 

The current study is the first human in vivo analysis to examine whether leucine-induced 

dephosphorylation of Sestrin2 [296] is relevant in human skeletal muscle. The 

consumption of 10 or 20 g of MPC did not result in a mobility shift of Sestrin2, as there 

was no significant change in the relative intensity of all four bands (α, β, γ and δ). However, 

the same muscle biopsies showed activation of the mTORC1 pathway and upregulation 

of MPS [129,180]. When HEK293 cells were incubated in complete medium, Sestrin2 

separated into three bands (α, β, γ), but under leucine starvation, there was a mobility 

shift resulting in increased abundance of a slower migrating δ band, which is indicative 

of altered phosphorylation state [296]. Such change has been demonstrated to tighten its 

interaction with GATOR2, thereby inhibiting mTORC1 activation [296]. 

Twenty grams of MPC contains 9.8 g of EAA [129]. Previously, we demonstrated that the 

plasma concentration of leucine increased from ~ 100 µM to ~ 200 µM after consuming 

20 g of MPC [129]. Further, 10 g of EAA has been shown to increase the muscle 

intracellular leucine concentration from ~ 130 µM to ~ 280 µM up to 3 h post ingestion 

[241]. Differences in Sestrin2 phosphorylation states were detected between HEK293 

cells incubated in culture medium containing 190 µM of leucine and medium without 

leucine. Further, the δ form of Sestrin2 followed a declining linear trend to media 

concentrations of up to 760 µM [296]. It is clear that based on the cell culture work of 

Kimball et al. [296], Sestrin2 phosphorylation state is regulated within the range of 

extracellular leucine concentrations achieved by the present model. However, it appears 

that the largest changes in Sestrin2 phosphorylation state in cell culture occur between 

the complete absence of leucine and 760 µM of extracellular leucine. Given that 20 g of 

high-quality protein is known to maximally stimulate MPS in young adults [171,173] and 

increase MPS above fasting rates in older adults [185] if a mobility shift required a higher 

protein dose than the in vivo, regulatory significance in human muscle would be 

questionable. The observed effect size of the δ form of Sestrin2 at 210 min reflected a 13% 

difference between groups which was not significant (p = 0.451). Given the current 
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population size and data variance; a 28% difference in expression between groups would 

have been required to identify a significant difference between treatments with 80% 

power. However, the physiological role of a difference less than 30% would likely be 

limited. 

The evidence that leucine affects Sestrin2 phosphorylation state and function has only 

been shown in HEK293 and mouse fibroblasts [15,16,293] and the ability of Sestrin2 to 

act as a leucine sensor is still unresolved [297,298]. The present data for the first time 

suggests changes in the phosphorylation state of Sestrin2 may not be essential in 

mediating AA-induced activation of mTORC1 activity in human skeletal muscle. This is 

supported by another animal study, where mTORC1 inhibition during asparaginase 

treatment, a form of AA stress, was not regulated by hyperphosphorylation of Sestrin2 in 

liver [412]. Unlike HEK293 cells [296], the interactions between Sestrin2 and GATOR2 in 

vivo may not depend on the phosphorylation state of Sestrin2. To have a better 

understanding of how Sestrin2 may regulate the AA-dependent mTORC1 activation 

pathway, future studies should quantify the binding of Sestrin2 to GATOR2 in human 

skeletal muscle. 

 

5.5.2 Effect of resistance exercise on Sestrin2 

With a single bout of RE, there was a prominent shift, with increased abundance of the δ 

band, regardless of the type of beverage consumed. There was also a concomitant 

reduction of the γ band. Interestingly, in HEK293 cells, leucine-induced mTORC1 

activation was inversely related to the relative amount of the δ band [296]. Consistent 

with our previous study on human skeletal muscle [420], such relationships were not 

observed currently, as mTORC1 activation [191] and the abundance of δ band was 

upregulated post-exercise.  

Beyond the role of regulating mTORC1 via GATOR2, Sestrin2 can inhibit mTORC1 activity 

by promoting the phosphorylation of AMPKα at Thr172 [17,305], even in the presence of 

leucine [307]. However, the current study shows that RE-induced hyperphosphorylation 

of Sestrin2 is not related to the phosphorylation state of AMPKα, as it remained stable. 

This is not unexpected since there is evidence indicating Sestrin2 can regulate mTORC1 

activity in AMPK-null mouse fibroblasts [292,310]. It remains elusive how alteration of 

Sestrin2 phosphorylation state may regulate the mTORC1 pathway in vivo. However, the 

common theme across the in vitro, animal and the current model is that 

hyperphosphorylation of Sestrin2 appears to be induced via stress, either through a 

nutritional (leucine starvation or AA stress) [296,412] or exercise-induced stress 

response [420].  

Phosphatase treatment of Sestrin2 resulted in two bands, which not only demonstrates 

that phosphorylation of Sestrin2 occurs in human muscle but also indicates that other 
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post-translational modifications might have occurred. Although this study ruled out the 

possibility of N-linked glycosylation, other modifications might have taken place as 

Sestrin2 has been shown to be methylated [426] and ubiquitinated [427]. Alanine 

substitution of the three phosphorylation sites (Thr232, Ser249 and Ser279) (currently 

unavailable as a phospho-antibody), identified in HEK293 cells [296] resulted in Sestrin2 

migrating as two electrophoretic bands, thereby supporting the idea that there might be 

additional phosphorylation or post-translational modifications occurring. The 

phosphorylation sites of Sestrin2 that are relevant in human muscle are yet to be 

identified and may differ to HEK293 cells thus making it important for future studies to 

distinguish these sites and identify potential post-translational modification.  

In addition to regulating mTORC1 activity, Sestrin2 can also regulate ROS generation [312] 

via Nrf2-mediated induction of a wide range of antioxidants [18]. It does so by 

upregulating the degradation of Keap1, a key inhibitor of Nrf2, even when mTORC1 is 

activated and macroautophagy is suppressed [18,428]. An in vitro model proposed that 

Keap1 degradation depends on Sestrin2 and p62Ser403 phosphorylation [316]. Consistent 

with our previous study [420], an inverse relationship between Sestrin2 and p62Ser403 

phosphorylation was evident after RE. Further, the mRNA expression of Nrf2 and its 

downstream antioxidant targets: HMOX [429], GCLM [430] and SRXN [431] were 

upregulated after RE. Even though Sestrin2 hyperphosphorylation appeared to be 

mediated via exercise-induced stress response, it is not clear if the phosphorylation state 

of Sestrin2 played a role in Nrf2 induction. Identification of the phosphorylation sites and 

site-specific mutagenesis are the next steps to clarify its role in human muscle physiology.    

 

5.5.3 Other Sestrin paralogs 

Sestrin1 and 3 belong to the same family as Sestrin2 and share strong sequence homology 

[285]. However, each appears to be differentially regulated. Neither Sestrin1 nor 2 

responded to protein feeding, but their responses to RE was different. While there was 

altered phosphorylation state of Sestrin2, protein expression of Sestrin1 remained stable. 

Contrarily, the protein expression of Sestrin3 was upregulated in response to CHO 

consumption. Sestrin1 and 2 are both regulated by the tumour suppressive p53 gene 

[282], so a comparable response was expected. For instance, Sestrin1 and 2 exhibited 

protective function in muscle by protecting cells from oxidative damage [312] and frail 

older adults had lower serum Sestrin1 and 2 concentrations compared to non-frail 

controls [353]. Potentially, Sestrin2 may be more responsive to acute stress compared to 

Sestrin1 in skeletal muscle, hence a different response was observed.  

Sestrin3 is regulated by FoxO3 [291] and is the only member to be implicated in hepatic 

insulin signalling via mTORC2 [309]. It is upregulated in the skeletal muscle of type 2 

diabetic patients and positively correlated with fasting and 2 h postprandial plasma 

glucose [330]. In this study, the CHO beverage evoked a larger glucose and insulin 
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response than 9 g MPC [191]. This may reflect a potential relationship between Sestrin3 

expression and the acute insulin response in human skeletal muscle [330]. The 

differential responses to RE and nutritional supplementations suggest that although the 

Sestrin family members share strong sequence homology, they may play distinct roles in 

human muscle physiology. Comparing their biological functions is important in 

determining their physiological significance.    

 

5.6 Conclusion  

Sestrins are a family of highly conserved stress-induced proteins with pleiotropic 

biological functions, including alleviating oxidative stress, regulating mTORC1, fine-

tuning metabolism and modulating muscle ageing [285,307]. The present analyses 

demonstrate that Sestrin family is not regulated by the ingestion of a single dose of 

dietary protein and RE did not alter Sestrin1 protein abundance. However, post-exercise 

carbohydrate consumption increased Sestrin3 protein. Furthermore, independent of 

macronutrient consumption, RE-induced Sestrin2 hyperphosphorylation, which was 

evidenced by mobility shift appearance of the δ band and this did not show a direct 

relationship with AMPK signalling. Thus, although the Sestrin family members share 

strong sequence homology, each is regulated independently and may play a unique 

physiological role in human skeletal muscle. The robust regulation of Sestrin2 

hyperphosphorylation following RE appears to be mediated through an exercise-induced 

stress response, but its potential effect on human muscle physiology still requires 

elucidation. 
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Chapter Six  

 

 

Sestrins are differentially expressed with age in the skeletal muscle of 

men: a cross-sectional analysis  
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6.1 Preface  

The following section is entitled “Sestrins are differentially expressed with age in the 

skeletal muscle of men: a cross-sectional analysis” co-authored by Nina Zeng, Randall 

D’Souza, Cameron Mitchell and David Cameron-Smith. The article has been accepted to 

Experimental Gerontology, 2018, doi: 10.1016/j.exger.2018.05.006.  

Findings from Chapter 4 and 5 suggest that while the Sestrin family members share 

considerable sequence homology, each is regulated independently in response to RE and 

nutritional stimuli. Unlike Kimball et al. [296], where leucine regulates the 

phosphorylation state of Sestrin2 in vitro, in human skeletal muscle, Sestrin2 is 

hyperphosphorylated by acute RE but not protein ingestion. Further, unlike Sestrin2, 

Sestrin1 and 3 did not show electrophoretic mobility shift. However, in Chapter 4, it was 

demonstrated that the expression of Sestrin1 was highly induced after ten weeks of 

resistance training. Studies from D.melanogaster and mouse models provided a 

connection between Sestrins and muscle growth, as knockout of Sestrins resulted in 

muscle degeneration. Given that there might be a potential link between Sestrins and the 

regulation of muscle development, in Chapter 6, the expression of Sestrins and the 

process they regulate were compared in a healthy cohort including young, middle-aged 

and older men.  
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6.2 Introduction 

Skeletal muscle mass and function are key determinants of metabolic health and physical 

performance [21]. After reaching its peak in early adulthood, skeletal muscle mass and 

function gradually decline from the fourth and fifth decade of life, a condition known as 

sarcopenia [91]. This is associated with impaired whole-body insulin sensitivity [344] 

and mobility [357]. Sestrins have been recently identified as a family of stress-responsive 

proteins composed of 3 members: Sestrin1, 2 and 3 [281]. They play important roles in 

ageing by attenuating oxidative stress [18], stimulating autophagy [19] and regulating 

the AMPK-mTORC1 axis [282]. Genetic ablation of Sestrin in D.melanogaster (dSesn) and 

C.elegans (cSesn), lead to the development of several age-related pathologies, including 

triglyceride accumulation, excess ROS production and skeletal muscle degeneration 

[307,308]. The relationship between Sestrins and ageing in human skeletal muscle is yet 

to be elucidated.   

The mammalian target of rapamycin complex 1 is a critical regulator of cell growth, 

metabolism and autophagy [207]. Sestrins can suppress mTORC1 by phosphorylating 

AMPKαThr172 [17] and have been proposed to regulate autophagy, likely via AMPK and 

mTORC1 [307,432]. Accumulation of oxidised protein and protein aggregates are 

common features in aged tissue [433]. These could be causative factors in some age-

associated diseases [434]. Therefore, some degree of autophagy is important for healthy 

ageing [435]. How ageing affects Sestrins and its association with the mTORC1 pathway 

and autophagy have not been explored in human skeletal muscle previously.  

Apart from promoting autophagy via mTORC1, Sestrins can suppress ROS formation 

through Nrf2 upregulation. This occurs by promoting the degradation of Nrf2 inhibitor, 

Keap1. Once released, Nrf2 acts as a key factor to facilitate gene transcription of multiple 

antioxidant genes [320]. Increased oxidative stress is a common feature of ageing and 

Nrf2 activation is often impaired [436]. However, controversy remains around the 

direction of change in the basal expression of antioxidants [345].  

Dysregulation of mTORC1 signalling, accumulated protein aggregates and increased 

oxidative stress alters whole body metabolism and contributes to the aetiology of age-

related diseases [434,436,437]. Given that Sestrins regulate mTORC1, autophagy and 

suppress ROS accumulation, it is hypothesised that Sestrins may attenuate stress-

dependent acceleration of ageing [307]. Mammals have three Sestrins paralogs, how each 

might be affected by ageing is unclear. As Sestrins may play a role in muscle maintenance 

[307,308], the objective of this study is to explore Sestrin-related signalling pathways and 

characterise the expression of all three Sestrins in the skeletal muscle of a healthy cohort 

including young, middle-aged and older men.  
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6.3 Materials and method 

6.3.1 Participants 

This study reports cross-sectional observations collected from the baseline period of 

multiple clinical trials conducted at the University of Auckland Nutrition and Mobility 

Clinic and Deakin University by the same lab group led by the same principal investigator. 

A total of seven clinical trials were included [129,133,155,180,191,392], with one not yet 

published (ACTRN12617000393358). Participants were assessed for baseline physical 

and biochemical characteristics. In total, 182 healthy men from three different age groups, 

31 young (18–30 y), 78 middle-aged (40‒55 y) [129,133,180,191] and 73 older men (65‒

80 y) [155,392] were included in the analyses.  

Participants were all within the BMI range of 18‒35 kg/m2. All were largely sedentary 

while healthy and did not engage in regular resistance training. However, those involved 

in aerobic exercises were not excluded. Participants lived in New Zealand and Australia. 

They did not consume any dietary supplements in the one month preceding the trial and 

were able to perform activities of daily living independently without mobility aids. All 

were non-smokers, free of cancer, diabetes, mental illness, digestive disorders, thyroid 

diseases, cardiovascular diseases, metabolic diseases and conditions affecting 

neuromuscular functions.  Young and middle-aged participants taking medications such 

as statins, steroids or nonsteroidal anti-inflammatory drugs which may affect muscle 

biology were excluded. However, older men that were taking anti-coagulation or anti-

hypertensive medications were not excluded.   

Thigh muscle cross-sectional area (CSA) and isometric knee extension torque were 

unavailable for 40 middle-aged men, while grip strength was unavailable for 60 middle-

aged men. 43 older men were recruited at Deakin University [392], which only measured 

weight and BMI. Therefore, baseline physical and biochemical characteristics were only 

available from the 30 older men recruited at the University of Auckland [155]. All 

participants were informed of the requirements and potential risks of the studies prior 

providing their written informed consent. The experimental procedures adhered to the 

standards set by the latest version of the Declaration of Helsinki and were approved by 

the Health and Disability Ethics Committee (New Zealand) and Deakin University Human 

Research Ethics Committee (Australia).  

 

6.3.2 Imaging and physical function  

Participant’s body weight was measured without shoes in light clothing and height was 

measured on a stadiometer without shoes. Full body dual-energy X-ray absorptiometry 

(DXA) scans (Lunar Prodigy, GE, Waltham, MA, USA) was used to quantify total lean and 

fat mass. The whole body scan was automatically segmented by the software. Thigh 
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muscle CSA at 50% femur length of the dominant leg was assessed by using a Stratec XCT 

3000 peripheral quantitative computed tomography (pQCT) with software version 6.20C 

(Stratec Medizintechnik, Pforzheim, Germany) [133]. Participants were positioned 

supine with the dominant leg centred within the machine’s gantry and anchored by a 

footrest with straps to limit movement during each scan. Femur length was measured 

from the lateral knee joint space to the greater trochanter. The following measurements 

were obtained: total area with subcutaneous fat removed (mm2) and cortical area (mm2). 

Muscle CSA was determined as the difference in these measures. 

Isometric muscle strength of knee extensors was tested using a Biodex System 4 

dynamometer (Shirley, New York, United States) with the knee angle set to 90° of flexion. 

Lower limb strength testing occurred at least 72 h prior to collections of muscle biopsies.  

Isometric grip strength was measured using a Jamar dynamometer (Patterson Medical) 

with the grip set to position 2 [155]. 

 

6.3.3 Muscle biopsy sampling  

Participants were asked to refrain from intense physical activity prior to the 

experimental trial.  On the evening before the trial, participants were instructed to 

consume their normal diet before 2200 and were instructed to consume nothing except 

water for the rest of the evening. Participants arrived fasted to the lab at 0700, a cannula 

(20-gauge) was inserted into an antecubital vein and a baseline blood sample was 

obtained. Plasma was collected in 4 mL EDTA vacutainers and centrifuged immediately 

upon collection at 4 °C at 1,900 x g for 15 min. The supernatant was collected in 1.6 ml 

sterile tubes as 1 mL aliquots and stored at ‒80 °C until further analysis. A muscle 

biopsy (~100 mg) was collected at rest from the vastus lateralis muscle under local 

anaesthesia (1% Xylocaine) using a Bergström needle modified for manual suction. 

Biopsies were quickly frozen in liquid nitrogen and stored at ‒80 °C until further analyses.  

 

6.3.4 Plasma analysis 

Plasma biochemistry analysis was performed using a Roche C311 autoanalyzer (Roche, 

Mannheim, Germany) by enzymatic colourimetric assay. Plasma insulin concentrations 

were analysed using electrochemiluminescence immunoassay on a Cobas e11 (Roche, 

Mannheim, Germany). The homeostatic model assessment (HOMA) was used to estimate 

insulin resistance (HOMA2-IR) and beta cell function (HOMA2-%B) by using the 

nonlinear computer model obtained from HOMA Calculator v2.2.2 (The Oxford Centre for 

Diabetes, Endocrinology and Metabolism, UK) [438].  
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6.3.5 Immunoblotting 

Approximately 20 mg of muscle biopsies were homogenised for 40 s at 20 Hz using a 

TissueLyser (Qiagen, Venlo, Netherlands) in lysis buffer containing 10 µL/mg; 25 mM Tris 

0.5% v/v Triton X-100 supplemented with Halt Protease and Phosphatase Inhibitor 

Cocktail (Thermo Scientific, Waltham, MA). The supernatant was collected after 

centrifugation to determine protein concentration using the BCA protein assay kit 

(Thermo Scientific, Waltham, MA). Laemmli’s buffer was added to protein homogenates 

and boiled for 5 min at 95 °C. Denatured proteins were separated by SDS‒PAGE and 

proteins were transferred to nitrocellulose membranes (Bio-Rad, Hercules, USA) using 

TransBlot semidry transfer apparatus (Bio-Rad, Hongkong, China). Membranes were 

blocked in 5% skim milk in TBST for 1 h at room temperature and probed using specific 

antibodies for 4E-BP1, p-p70S6KThr421/Ser424, total p70S6K, p-AMPKαThr172 and total 

AMPKα (Cell Signaling, 9644, 9204, 2708, 2535 and 2532 respectively), Sestrin2 

(ProteinTech, 10795-1-AP), NADPH oxidase 4, glutathione reductase, SOD1, SOD2, 

SQSTM1/p62, Sestrin1 and 3 (Abcam, ab133303, ab16801, ab13498, ab13533, ab56416, 

ab103121 and ab97792 respectively).  

Primary antibodies were incubated overnight at 4 °C (1: 1,000 dilution, except Sestrin1 

which is 1: 100) with gentle agitation. The following morning, the membranes were 

probed with either anti-rabbit or anti-mouse linked to horseradish peroxidase secondary 

antibodies (Jackson ImmunoResearch, West Grove, PA, USA, 1: 10,000 dilution) for 1 h at 

room temperature. Membranes were exposed using enhanced chemiluminescence 

reagent (ECL Select Kit, GE HealthCare) and chemiluminescent signals were captured 

using ChemiDoc image device (Bio-Rad, HongKong, China). Densitometry analysis of 

protein bands was quantified using ImageJ software (National Institutes of Health, 

Bethesda, MD). The intensity of each band was recorded relative to the pooled control 

sample ran on each gel and then adjusted to total protein, which was determined by 

staining with Coomassie Brilliant Blue G-250 Dye (Merck KGaA, Darmstadt, Germany). 

To measure the phosphorylation status of Sestrin2 and 4E-BP1, which are 

phosphoproteins that separate into multiple electrophoretic forms, mobility shift 

quantification was used [420,425]. Phosphorylation results in the protein migrating at a 

higher, apparent molecular mass [410]. Sestrin2 and 4E-BP1 were resolved into four and 

three bands respectively during electrophoresis (Figure 6.1). The form exhibiting the 

slowest electrophoretic mobility (δ form of Sestrin2 and γ form of 4E-BP1) represents 

the most highly phosphorylated form of the protein. Therefore, mobility shift was 

recorded as the expression of δ form of Sestrin2 and γ form of 4E-BP1 as a percentage of 

all the bands observed for the given protein. While total Sestrin2 and 4E-BP1 protein 

were recorded as the expression of all forms of Sestrin2 (α, β, γ and δ form) and 4E-BP1 

(α, β and γ form) [439]. Due to insufficient sample volumes, protein data was only 

available for 31 young, 30 middle-aged and 26 older men.      
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Figure 6.1 Representative blots of Sestrin2 and 4E-BP1.   

 

6.3.6 microRNAs selection  

miRNA regulators of SESN1 (miR-15a-5p, -16-5p, 21-5p, -29a-3p, -29b-3p, -133a-3p, -

133b, 200c-3p and 377-5p) were identified through three computational tools: DIANA-

microT-CDS [440], miRanda [441] and TargetScan [442]. These tools use miRNA 

prediction rules such as seed match, conservation, free energy, site accessibility and 

target-site abundance [443] to identify potential miRNA regulators of gene expression. 

miR-15a-5p, -16-5p and -200c-3p were predicted via DIANA-microT-CDS. All had a miTG 

Score >0.9, where the closer to 1, the greater the confidence of predicted interaction. 

These have also been experimentally verified [444]. miR-29a-3p, -29b-3p, -133a-3p, -

133b were predicted through TargetScan and miRanda, where the cut off value for the 

probability of conserved targeting is greater than 0.5 (PCT>0.5 for TargetScan [445] and 

phastCons score>0.5 for miRanda [441]). miR-21-5p [446] and -377-3p [447] were 

selected based on a literature search. Parameters delivered by TargetScan and miRanda 

for these are presented in Table 6.1. Description of these parameters can be found in 

[448].  
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Table 6.1 Parameters and values shown in the results delivered by TargetScan and 
miRanda.  

 TargetScan miRanda 

hsa-miR 
Context 
++ Score 

Context 
++ score 

percentile 

Weighted 
context 
++ score 

Branch-
length 
score 

PCT 
score 

mirSVR 
score 

PhastCons 
score 

-15a-5p -0.35 97 -0.35 3.52 0.75 -0.74 0.64 
-16-5p -0.35 97 -0.35 3.52 0.75 -0.73 0.64 
-200c-3p -0.32 98 -0.32 4.52 0.85 -0.95 0.66 
-21-5p -0.22 93 -0.22 4.17 0.22 -0.11 0.64 
377-5p -0.13 77 -0.13 0.13 N/A -1.06 0.68 
-29a-3p -0.29 92 -0.29 3.09 0.54 -0.77 0.64 
-29b-3p -0.29 92 -0.29 3.09 0.54 -0.77 0.64 
-133a-3p -0.20 80 -0.20 3.63 0.74 -0.31 0.70 
-133b -0.23 87 -0.23 3.63 0.62 -0.31 0.70 

N/A, not available.  

 

6.3.7 RNA extraction  

Following the manufacturer’s instructions from the AllPrep® DNA/RNA/miRNA 

Universal Kit (QIAGEN GmbH, Hilden, Germany), total RNA was extracted from 20 mg of 

muscle biopsies.   

 

6.3.8 cDNA synthesis  and quantitative real-time PCR 

1,500 ng of input RNA was then used for cDNA synthesis using High-Capacity RNA-to-

cDNATM kit (Life Technologies, Carlsbad, CA). mRNA was measured by RT-qPCR on a 

LightCycler 480 II (Roche Applied Science, Penzberg, Germany) using SYBR Green I 

Master Mix (Roche Applied Science). Target mRNA includes Nrf2, SOD1, SOD2, GSR, LC3B-

I, LC3B-II, BNIP3, p62, SESN1, SESN2 and SESN3. Primers were designed using BLAST 

software [369] with sequences in Supplementary Table 1. To compare the basal 

expression of the different targets, the 2-ΔCT method was used [370]. The geometric mean 

of four reference genes was used for normalisation [371]. The recently proposed human 

reference genes [372], C1orf43, CHMP2A, VCP and EMC7 were identified as the least 

variable and used as reference genes. Due to insufficient sample volumes, mRNA data for 

Nrf2, SOD1, SOD2, GSR, LC3B-I, LC3B-II, BNIP3 and p62 was only available for 30 young, 

58 middle-aged and 73 older men.      

10 ng of input RNA was used for cDNA synthesis using TaqMan™ Advanced miRNA 

cDNA Synthesis Kit (Thermo Fisher Scientific, Carlsbad, CA, USA). miRNA abundance 

was measured by RT‐qPCR on a QuantStudio 6 (Thermo Fisher Scientific, Carlsbad, CA, 

USA) using Applied Biosystems Fast Advanced Master Mix (Thermo Fisher Scientific, 

Carlsbad, CA, USA).  
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Target miRNAs were purchased from (Thermo Fisher Scientific, Cat# A25576, Carlsbad, 

CA, USA). The geometric means of three miRNAs (miR-320a, -361-5p, -423-5p) were used 

for normalisation of miRNA data. These were selected based on the miRNAs that showed 

the least variation amongst the participants between and within groups. Due to 

insufficient sample volumes, miRNA data was only available for 31 young and 23 older 

men.      

 

6.3.9 Statistical analysis 

Statistical analysis was performed using SPSS Statistics version 23.0 (IBM Corp, USA). 

Analysis for baseline correlation was done using Pearson’s approach, where measures of 

phenotype (weight, BMI, total lean and fat mass, thigh muscle CSA, isometric knee 

extension torque and grip strength) and fasting plasma chemistry (glucose, insulin and 

HOMA-index) were correlated with the mRNA expression of the Sestrin family. Partial 

correlations were performed using the same variables as above but with adjustment for 

age.  

One way ANOVA was used to compare the differences of mRNA and protein expressions 

of the target of interests. Tukey’s post hocs were used where appropriate to compare 

group differences. To compare the differences of miRNA between young and old 

individuals, paired Student’s t-test was used. Normality was determined using Shapiro-

Wilk analysis. When necessary, data were log-transformed to approximate normality. All 

values are presented as means ± SD. Significance was set at p < 0.05.  
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6.4 Results  

6.4.1 Baseline characteristics  

In this study, the weight, BMI, total fat mass, total arm fat mass, appendicular fat mass, 

trunk fat mass and fasting glucose concentrations of older men (71.1 ± 4.7 y) were greater 

than the younger men (22.1 ± 3.1 y) (p = 0.02, <0.001, <0.001, <0.001, 0.028, <0.001 and 

0.01 respectively), while their thigh muscle CSA, total arm lean mass, total leg lean mass, 

appendicular lean mass, isometric knee extension torque and grip strength were 

significantly lower (p = 0.016, <0.001, 0.008, 0.002, <0.001 and <0.001 respectively). 

Compared to middle-aged men (49.9 ± 4.4 y), older men had greater fat mass, total arm 

fat mass, trunk fat mass (p = 0.012, 0.05, 0.008 respectively) and less total lean mass, total 

arm lean mass, total leg lean mass, appendicular lean mass, thigh muscle CSA, isometric 

knee extension torque and grip strength (p = 0.003, <0.001, <0.001, <0.001, 0.03, <0.001 

and <0.001 respectively). Middle-aged men also had a lower torque (p = 0.012) and 

higher BMI, total fat mass, trunk fat mass, fasting glucose and HOMA2-%B than younger 

men (p = 0.001, 0.044, 0.004, 0.007 and 0.046 respectively) (Table 6.2).  

 

Table 6.2 Participant characteristics.

   Young (n=31) Middle (n=78) Old (n=73) 

Age (years) 22.1 ± 3.1 49.9 ± 4.4† 71.1 ± 4.7*,# 
Weight (kg) 78.4 ± 11.3 84.0 ± 10.4 85.6 ± 14.1* 
BMI (kg/m2) 23.8 ± 2.7 26.4 ± 2.8† 27.9 ± 4.0* 
Total lean mass (kg) 59.5 ± 7.3 61.3 ± 6.5 56.3 ± 7.8c, # 

   Total arm lean mass (kg) 7.6 ± 1.2 8.0 ± 1.5 6.5 ± 1.0 c,*,# 
   Total leg lean mass (kg) 20.6 ± 2.9 20.7 ± 2.8 18.4 ± 2.9 c,*,# 
   Appendicular lean mass (kg) 28.1 ± 3.9 28.6 ± 3.6 24.8 ± 3.7 c,*,# 
   Trunk lean mass (kg) 27.2 ± 3.4 28.2 ± 4.5 27.6 ± 4.2 c 
Total fat mass (kg) 15.5 ± 7.8 19.6 ± 7.4† 24.5 ± 9.5c,*,# 

   Total arm fat mass (kg) 1.4 ± 0.8 1.7 ± 0.8 2.1 ± 0.8 c,*,# 
   Total leg fat mass (kg) 5.2 ± 2.4 5.2 ± 2.1  6.2 ± 2.6 c 
   Appendicular fat mass (kg) 6.5 ± 3.2 6.8 ± 2.7 8.3 ± 3.2 c,* 
   Trunk fat mass (kg) 8.4 ± 4.5 12.1 ± 5.1† 15.4 ± 6.2 c,*,# 
Thigh muscle CSA (cm2) 166.5 ± 28.4 163.9 ± 24.2a 147.4 ± 25.0c,*,# 

Isometric knee extension torque (Nm) 278.1 ± 58.8 232.6 ± 72.5a, † 153.1 ± 53.3c,*,# 

Grip strength (kg) 50.1 ± 9.1 51.3 ± 7.3b 35.9 ± 10.1c,*,# 

Fasting glucose (mmol/L) 5.3 ± 0.3 5.6 ± 0.5† 5.7 ± 0.6c,* 

Fasting insulin (μU/ml) 9.5 ± 4.8 8.6 ± 4.4 10.0 ± 4.2c 

HOMA2-%B 94.8 ± 31.4 79.3 ± 23.5† 86.6 ± 20.1c 

HOMA2-IR 1.2 ± 0.6 1.1 ± 0.6 1.3 ± 0.6c 

All values are expressed as mean ± SD. a n=38; b n=18; c n=30 due to missing demographic data.     
* significantly different between young and old, p < 0.05. # significantly different between middle 
and old, p < 0.05. † significantly different between young and middle (p < 0.05). P values were 
determined by using one way ANOVA. BMI, body mass index; CSA, cross-sectional area; HOMA-B, 
homeostasis model assessment of β cell secretory status; HOMA-IR, homeostasis model 
assessment of insulin resistance.  
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6.4.2 mRNA and protein expression of Sestrins  

The basal mRNA expression of SESN1 was significantly higher in older men compared to 

both young and middle-aged (p = 0.003 and 0.002 respectively) (Figure 6.2 A). SESN2 was 

significantly more abundant in middle-aged men compared to both young and old (p = 

0.004 and 0.001) (Figure 6.2 B).  SESN3 showed no statistical differences between groups 

(p = 0.207) (Figure 6.2 C).    
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Figure 6.2 mRNA expression of Sestrins. mRNA expression of SESN1(a), SESN2 (b) and SESN3 
(c) in young (n=30), middle-aged (n=79) and old (n=73). * significantly different between older 
and young men (p < 0.05). # significantly different between older and middle-aged men (p < 0.05). 
† significantly different between middle-aged and young men (p < 0.05). Data are expressed as 
means ± SD. AU, arbitrary units.  
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The basal protein expression of Sestrin1 was significantly lower in older men compared 

to both young and middle-aged (p = 0.001 and 0.009 respectively) (Figure 6.3 A). Both 

older and middle-aged men had lower Sestrin3 protein expression compared to young 

men (p < 0.001 for both) (Figure 6.3 B). While there was no difference in the total Sestrin2 

protein expression (p = 0.978) (Figure 6.3 C), there was a significant decrease in the 

amount of the hyperphosphorylated δ-isoform of Sestrin2 (Figure 6.1) in older men 

compared to both young and middle-aged men (p = 0.006 and 0.005 respectively) (Figure 

6.3 D).    
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Figure 6.3 Protein expression of Sestrins. Protein expression of Sestrin1 (a), Sestrin3 (b), 
Sestrin2 (c) and phosphorylation of Sestrin2 as measured by mobility shift method (d) in young 
(n=31), middle-aged (n=30) and old (n=26). * significantly different between older and young 
men (p < 0.05). # significantly different between older and middle-aged men (p < 0.05).                               
† significantly different between middle-aged and young men (p < 0.05). Data are expressed as 
means ± SD. AU, arbitrary units.  
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6.4.3 miRNA regulating Sestrin1 

Of the nine targeted miRNA regulators of SESN1, seven (miR-15a-5p, -16-5p, 21-5p, -29a-

3p, -29b-3p, -133a-3p and -133b) were significantly less abundant in older men than 

young (p = 0.02, 0.02, 0.006, 0.01, 0.02, 0.001 and 0.008 respectively) (Figure 6.4 A‒E), 

while no difference was found for miR-377-5p (Figure 6.4 F). miR-200c-3p was excluded 

from the analysis due to low amplification, where the Ct value was more than 35 cycles.      
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Figure 6.4 miRNA regulating Sestrin1. miRNA expression of miR-15a-5p (a), miR-16-5p (b), 
miR-21-5p (c), miR-29a-3p (d), miR-133a-3p (e) and miR-377-5p (f) in young (n=31) and old 
(n=23). * significantly different between older and young men (p < 0.05). Data are expressed as 
means ± SD.   

 

6.4.4 Baseline correlation of measured phenotypes with Sestrins    

The basal mRNA expression of SESN1 was positively associated with BMI, total fat mass, 

fasting insulin and HOMA2-IR (p < 0.001, 0.002, 0.008 and 0.02 respectively) and trend 

for positive association with HOMA2-%B (p = 0.072). SESN1 also negatively associated 

with total lean mass, thigh muscle CSA, isometric knee extension torque and grip strength 

(p < 0.001, 0.001, <0.001 and <0.001 respectively) (Figure 6.5 A‒D). SESN2 was positively 

associated with weight (p = 0.004), while SESN3 showed a negative association with grip 

strength (p = 0.029). However, following adjustment for age, only SESN1 was still 

positively associated with fasting insulin, HOMA2-%B and HOMA2-IR (p = 0.011, 0.10 and 

0.10 respectively) and negatively associated with grip strength (p = 0.01) and trend for 

negative association with isometric knee extension torque (p = 0.051) (Table 6.3).       
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Figure 6.5 Baseline correlation data. Correlation between SESN1 mRNA expression and 
isometric knee extension torque in young (n=30), middle-aged (n=39) and old (n=30), unadjusted 
values (a) and age-adjusted values (b). Correlation between SESN1 mRNA and grip strength in 
young (n=30), middle-aged (n=18) and old (n=30), unadjusted values (c) and age-adjusted values 
(d). Dotted lines represent 95% confidence interval.  

 

Table 6.3 Pearson's correlation to Sestrins in skeletal muscle.

   Unadjusted Adjusted for age 
 SESN1 SESN2 SESN3 SESN1 SESN2 SESN3 

Weight (kg) a   0.092  0.215*  0.101  0.006  0.205  0.020 
BMI (kg/m2 )a   0.300***  0.143  0.142  0.098  0.192  0.089 
Total lean mass (kg) b -0.292**  0.147 -0.021 -0.133  0.044 -0.064 
Total fat mass (kg) b   0.267*  0.159  0.166  0.083  0.235  0.040 
Thigh muscle CSA (cm2) c -0.384*  0.084 -0.095 -0.209  0.167 -0.099 
Isometric Knee Extension 
torque (Nm) c  

-0.572***  0.094 -0.186 -0.238  0.077 -0.215 

Grip strength (kg) d -0.595***  0.186  -0.249*  -0.309*  0.291 -0.180 
Fasting glucose (mmol/L) b   0.099  0.053  0.073  0.081 -0.024 -0.048 
Fasting insulin (μU/ml) b   0.229* -0.082  0.145  0.308*  0.008 -0.014 
HOMA2-%B b   0.158 -0.128  0.086  0.310*  0.025 -0.022 
HOMA2-IR b   0.201* -0.080  0.118  0.309*  0.010 -0.012 

Pearson’s correlations coefficients r between SESN1, 2, 3 mRNA and different clinical and 
biochemical variables. a young (n=30), middle (n=78), old (n=73); b young (n=30), middle (n=78), 
old (n=30); c young (n=30), middle (n=39), old (n=30); d young (n=30), middle (n=18), old (n=30) 
due to missing demographic data. *p < 0.05, **p < 0.001, ***p < 0.0001. 
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6.4.5 Sestrins and mTOR signalling   

No differences were found between groups for p-AMPKαThr172 (p = 0.676), p-

p70S6KThr421/Ser424 (p = 0.156) and 4E-BP1 mobility shift (p = 0.276) (Figure 6.6). Instead, 

older men had less total 4E-BP1 and p70S6K1 compared to young (p = 0.001 and < 0.001 

respectively) and middle-age also had less 4E-BP1 and p70S6K1 than young (p < 0.001 

and 0.026 respectively) (Figure 6.7 A‒B). Although there was no difference between old 

and young for total AMPK, the middle-aged group trend toward increased total AMPK 

compared with young and old men (p = 0.086 and 0.068 respectively). 

 

Figure 6.6 Representative blots. Muscle protein was extracted and protein expressions of 
Sestrin1, Sestrin3, p-AMPKαThr172, total AMPK, p-p70S6K1Thr421/Ser424, total p70S6K1, p62, NADPH 
ox, glutathione reductase, SOD1 and SOD2 were determined by western blot. All data were 
normalised to pooled control sample ran on each gel and total protein determined through 
Coomassie staining.   
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Figure 6.7 mTORC1 downstream signalling. Protein expression of total 4E-BP1 (a) and 
p70S6K1 (b) in young (n=31), middle-aged (n=30) and old (n=26). * significantly different 
between older and young men (p < 0.05). † significantly different between middle-aged and young 
men (p < 0.05). Data are expressed as means ± SD.  
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6.4.6 Sestrins and autophagy   

The basal mRNA expressions of LC3B-I, LC3B-II, BNIP3 and p62 were more abundant in 

older and middle-aged men than young (p ≤ 0.004 for all) (Figure 6.8 A‒D). Protein 

expression of p62 was repressed in old and middle-aged compared to young (p = 0.017 

and p < 0.001 respectively) (Figure 6.8 E).    
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Figure 6.8 Autophagy activity. mRNA expression of LC3B-I (a), LC3B-II (b), BNIP3 (c) and p62 
(d) in young (n=30), middle-aged (n=58) and old (n=73). The protein expression of total p62 (e) 
in young (n=31), middle-aged (n=30) and old (n=26). * significantly different between older and 
young men (p < 0.05). # significantly different between older and middle-aged men (p < 0.05).                  
† significantly different between middle-aged and young men (p < 0.05). Data are expressed as 
means ± SD. 
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6.4.7 Sestrins and redox control  

The basal mRNA expression of Nrf2 was significantly higher in older men compared to 

both young and middle-aged (p < 0.001 for both) (Figure 6.9 A). A similar pattern was 

seen in SOD1 (p < 0.001 and 0.015 respectively) (Figure 6.9 B). Middle-aged men also had 

more SOD2 than young and old (p < 0.001 for both) (Figure 6.9 C). The mRNA expression 

of GSR was repressed in middle-aged and older men when compared with young (p < 

0.001 for both) (Figure 6.9 D). No statistical differences were found between groups for 

the protein expressions of NAPDH oxidase (p = 0.305), SOD1 (p = 0.989), SOD2 (p = 0.549) 

and GSR (p = 0.922).  
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Figure 6.9 Antioxidant activity. mRNA expression of Nrf2 (a), SOD1 (b), SOD2 (c) and GSR (d) 
in young (n=30), middle-aged (n=58) and old (n=73). * significantly different between older and 
young men (p < 0.05). # significantly different between older and middle-aged men (p < 0.05).          
† significantly different between middle-aged and young men (p < 0.05). Data are expressed as 
means ± SD. 
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6.5 Discussion  

Sestrins are multifunctional proteins capable of regulating mTORC1, stimulating 

autophagy and attenuating oxidative stress. In this study, older men had less Sestrin1 and 

3 protein and a different pattern of electrophoretic mobility for Sestrin2 compared to 

younger men. A discordance between gene and protein expression was observed, as the 

mRNA expression of SESN1 was highly upregulated in older men and post-transcriptional 

regulation by miRNA did not explain the discrepancy. Although Sestrin proteins were 

downregulated with increasing age, mTORC1 and AMPK activation was not affected. 

Instead, middle-aged and older men showed high basal autophagic markers and 

differential antioxidant expressions.     

 

6.5.1 Ageing and Sestrins 

Ageing is characterised by the progressive loss of metabolic homeostasis and muscle 

function [449]. This is evidenced by older men having more fat mass, higher fasting 

glucose and less lean mass and muscle strength than middle-aged and young men. The 

same pattern was evident when middle-aged were compared to younger men. Older men 

also had less Sestrin1 and 3 protein and a reduced amount of the hyperphosphorylated δ 

form of Sestrin2 compared to middle-aged and young men. Sestrins have been 

demonstrated to play important roles in metabolic and muscle homeostasis, as genetic 

ablation of dSesn and cSesn showed muscle degeneration and accumulated oxidative 

stress [307,308], while the loss of SESN2 and SESN3 in an obese mouse model resulted in 

glucose intolerance, insulin resistance and chronic activation of mTORC1 [283]. Further, 

frail elderly individuals had lower serum Sestrin1 and 2 concentrations compared to non-

frail elderly controls [353] and old mice had less Sestrin2 protein in their gastrocnemius 

muscle than young mice [322].  

Increased fasting insulin and the HOMA2-IR index is a clinical hallmark of type 2 diabetes 

[450]. SESN3 is upregulated in the skeletal muscle of participants with type 2 diabetes 

[330], while SESN2 showed a negative correlation with plasma triglycerides and fasting 

glucose in aged mice [322]. In the present healthy cohort, SESN1 positively associated 

with fasting insulin, HOMA2-B and HOMA2-IR after age adjustment, implying a 

relationship with the degree of insulin sensitivity. Compared to Sestrin2 and 3, Sestrin1 

is more abundantly expressed in skeletal muscle [287,420]. Unlike the mRNA expression 

of SESN2/3, SESN1 was highly upregulated in older men and it negatively associated with 

grip strength and trend to negatively associate with isometric knee extension torque after 

age adjustment. It appears that SESN1 mRNA expression may be used to predict one’s 

strength. However, due to limited samples, only 26 older men recruited from Deakin 

University [392] were included in the protein analysis. This subgroup only had data for 

weight and BMI. Therefore, correlation with Sestrin proteins was not analysed due to 

missing demographic data from this subset of old age group. 
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Several studies have shown that changes in mRNA expression are not always 

accompanied by changes in corresponding protein expression [451,452]. The 

discrepancy between the two can sometimes be explained through posttranscriptional 

regulation by microRNAs (miRNA), small non-coding RNAs that selectively bind to mRNA 

to inhibit translation or promote mRNA degradation [453]. Nine miRNA that may 

negatively regulate SESN1 were identified through a literature search and a targeted 

approach via three computational tools: DIANA-microT-CDS, miRanda and TargetScan. 

Seven (miR-15a-5p, -16-5p, 21-5p, -29a-3p, -29b-3p, -133a-3p and -133b) were 

significantly less abundant in older than young men, which might partially explain the 

increased mRNA expression of SESN1 in older men, but not the reduced protein 

expression. There is a possibility of other miRNA species that may be upregulated to 

account for lower Sestrin1 protein. Whilst the predictive software was stringent in 

picking miRNA with the highest predictive regulation of SESN1, it is possible that several 

miRNA species of potential interest may have been missed since at least 1881 miRNA 

precursors and 2585 mature miRNA have been identified in humans [454].  

Other non-protein-coding RNAs (ncRNAs) may also explain the discrepancy, as ribosome-

associated ncRNAs have been shown to compete with mRNA for ribosome binding to 

regulate translation [455]. It is unclear what caused the discrepancy, as protein 

expression is controlled at many different stages including RNA processing, RNA stability, 

translational regulation, protein stability and protein modification [456]. Potentially, low 

Sestrin1 protein expression might have triggered a feedback mechanism to upregulate 

the mRNA expression of SESN1. However, this requires further investigation, as a 

negative correlation between SESN1 mRNA and Sestrin1 protein expression was not 

detected. Despite the discrepancy, together with previous studies showing that frail 

elderly individuals had less serum Sestrin1 and 2 protein than healthy control [353] and 

genetic ablation of cSesn and dSesn resulted in skeletal muscle degeneration [307,308], a 

decline in human skeletal muscle Sestrin protein may be related to muscle weakness. 

 

6.5.2 Sestrins and the AMPK-mTORC1 axis  

Ageing has been shown to induce hyperactivation of mTORC1 and deactivation of AMPK 

in rodents [365,366,457], such dysregulation has been associated with age-related 

disorders, including insulin resistance, metabolic diseases, inflammation and cancer 

[207,458]. However, inconsistent results from human studies have been reported. In 

agreement with Sandri et al. [459] and Drummond et al. [186], who compared young and 

old adults, the basal phosphorylation states of AMPKα, p70S6K1 and 4E-BP1 did not 

differ between groups. While in Li et al.  [460], where food intake was controlled and the 

sample size was more than 60, older men had reduced AMPK activity, lower 

phosphorylation of AMPK and 4E-BP1 than younger men. On the contrary, another well-

controlled study demonstrated that older adults had increased basal mTORC1 signalling 

[364]. The conflicting findings could be a result of differences in experimental conditions, 
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populations studied and sample size. Although the present study excluded participants 

who engaged in resistance training, which has been demonstrated to affect the protein 

expression of Sestrin1 [420], those involved in aerobic exercise was not excluded. 

Physical activity was not recorded for all participants, but the number of steps per day 

was recorded using wrist-worn accelerometers (Fitbit Charge HR) in 30 old men [155] 

and 21 middle-aged men [133]. On average, old men walked 8594 ± 2870 steps per day, 

while middle-aged men walked 10866 ± 4430 steps. Future studies should include 

objective measures of physical activity and aerobic capacity to separate the effects of age 

per se from the declines in physical activity and capacity that occur with advancing age.  

Overexpression of Sestrins has been shown to suppress mTORC1 activity by 

phosphorylating AMPKαThr172 [17,299]. However, there is also evidence suggesting that 

Sestrin2 can regulate mTORC1 in an AMPK-independent manner [294,310]. For instance, 

in HEK293, leucine starvation caused Sestrin2 hyperphosphorylation (indicated by an 

increased amount of δ band), which inhibited p70S6K1 phosphorylation. Conversely, it 

was previously shown that a single bout of resistance exercise-induced Sestrin2 

hyperphosphorylation and p70S6K1 phosphorylation in human skeletal muscle [420]. 

Although older men showed reduced protein expression of Sestrin1/3 and Sestrin2 

dephosphorylation, there was no direct relationship between Sestrins and downstream 

AMPKα and mTORC1 activation. However, consistent with Cuthbertson et al. [171], total 

4E-BP1 and p70S6K1 were repressed in older men compared to young men. Whether 

downregulation of Sestrins played a role in the reduced amount of total 4E-BP1 and 

p70S6K1 is unclear. Therefore further studies are required to understand the 

relationship between Sestrins and mTORC1 regulation during ageing.  

 

6.5.3 Sestrins and autophagy 

Autophagy-related genes including microtubule-associated protein 1 light chain 3 (LC3B-

I), (LCB-II), Bcl-2/adenovirus E1B 19kDa protein-interacting protein 3 (BNIP3) and 

autophagy cargo receptor protein p62 were more abundant in both older and middle-

aged men compared to young men. This is in contrast to Sandri et al., where only older 

women and not men showed increase autophagy markers [459]. The induction of BNIP3 

suggests the activation of mitophagy, which is a selective degradation of damaged 

mitochondria via autophagy [461]. Decreased p62 protein is another marker for 

increased autophagy flux [462]. Unlike Francaux et al. [463], where there was no 

difference between young and old, p62 protein was significantly reduced in middle-aged 

and older men when compared to younger men. Sestrins play a role in autophagy likely 

via mTORC1 regulation. In mice and D.melanogaster, Sestrins downregulation impaired 

autophagy [283,307]. The downregulation of Sestrins in older men did not affect the 

mTORC1 or AMPK signalling pathway, but middle-aged and older men showed higher 

basal autophagy markers. This may be important in maintaining cellular homeostasis, 

since an appropriate level of autophagy is important for healthy ageing because it 
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recycles protein aggregates and damaged organelles [435]. However, future studies need 

to look at additional autophagic markers, such as the ratio of LC3BI to LC3BII, the 

phosphorylation status of ULK1 and the protein expressions of autophagy-related 5 

(ATG5) and ATG7 proteins to validate this preliminary data.    

 

6.5.4 Sestrins and redox homeostasis  

It has been proposed that with ageing, ROS production is increased and antioxidant 

enzymes are decreased [345]. However, the protein expression of nicotinamide adenine 

dinucleotide phosphate oxidase (NAPDHox), which facilitates the formation of ROS [464], 

was not different between groups. Instead, the mRNA expression of Nrf2, a transcription 

factor that controls the expression of a range of antioxidants [465], was significantly 

upregulated in older men. Sestrin2 has been shown to upregulate Nrf2 by promoting the 

degradation of Keap1 via p62 association [316,320]. It is unclear how Sestrin2 affected 

the activity of Nrf2 because the quantification of Sestrin2 binding to p62 and Keap1 is 

currently technically unfeasible in human skeletal muscle. However, although Nrf2 was 

upregulated, its downstream antioxidant targets showed a discrepancy in their mRNA 

and protein expressions. For instance, the protein expression of superoxide dismutase 

(SOD1 and SOD2), which converts O2- to H2O2 [466] did not differ between age groups. 

Similarly, glutathione reductase (GSR), a reducing substrate for the oxidised glutathione 

disulfide [467], was also not affected by age. However, the mRNA expression of GSR was 

repressed in both middle-aged and older men, while SOD1 was higher in older men and 

SOD2 was higher in middle-aged men. Nrf2 is regulated at several levels, including 

transcription [468], post-translational [469] and interactions with other proteins [470], 

so it is difficult to elucidate this differential finding. Therefore, there is a need to clarify 

the relationship between ageing and redox homeostasis and what role Sestrins play in 

this.  

 

6.6 Conclusion  

Sestrins are recognised as important regulators of ageing, because they modulate 

mTORC1 activity, stimulate autophagy and alleviate oxidative stress. In a healthy ageing 

population, reduced protein expressions of Sestrin1 and 3 and a different pattern of 

electrophoretic mobility for Sestrin2 was observed. Yet, no direct relationship with 

downstream AMPKα and mTORC1 activation were apparent. Although their downstream 

targets, total 4E-BP1 and p70S6K1 were decreased. Reduced Sestrin proteins did not 

inhibit basal autophagy, as several autophagic markers were upregulated with ageing. 

Further, although the mRNA expression of Nrf2 was upregulated with ageing, 

downstream antioxidants were either increased, decreased or unaltered. Therefore, no 

clear relationship was observed between Sestrins and their downstream targets, but it 

appears that Sestrin1, the most highly expressed paralog in skeletal muscle may be 
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analogous to dSesn and cSesn in the control of muscle homeostasis since its gene 

expression correlated with both glucose homeostasis and grip strength. To further 

evaluate the role of Sestrin1 in human skeletal muscle homeostasis, there is a need to 

understand the posttranslational mechanisms which explain the discrepancy between its 

mRNA and protein expression.  
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7.1 General summary 

Skeletal muscle plays a critical role in locomotion and metabolism, yet its importance to 

wellbeing is often underappreciated [21]. The maintenance of adequate muscle mass and 

function is strongly associated with the quality of life and survival from chronic illness 

[80,91,471]. The two main approaches to maintain or increase muscle mass and function 

are through nutrition and RE, as both are potent stimulators of mTORC1, the master 

regulator of muscle growth [144,148].  

The importance of the mTORC1 pathway to muscle maintenance is well established [9]. 

However, the AA sensing mechanism that drives mTORC1 activation remains unclear 

[11]. AA are the building blocks of skeletal muscle proteins and leucine is a potent 

stimulator of the mTORC1 pathway [13]. Research on understanding how AA, especially 

leucine, are sensed inside and outside of the cells and how they stimulate mTORC1 has 

been extensively performed in vitro [15,212,213,226,251,256]. Many targets and 

pathways have been proposed to be involved in the regulation of mTORC1 (Figure 1.3) 

and they can be generalised into three main groups, AA transporters, sensors and 

mediators. Although human studies have examined the relevance of AAT to mTORC1 

activation in skeletal muscle (Table 1.1), research in this area remains in its infancy. It is 

still unknown how chronic alteration in diet would affect these AAT in older adults and 

as yet, no studies have generated an overview picture of how anabolic stimuli would 

affect AA transporters, sensors and mediators. Further, limited studies have been 

conducted in middle-aged adults. Research on this demographic may be important in 

determining the triggers of muscle loss since they are at the age when the progression 

towards sarcopenia begins [91]. 

Therefore the first section of this thesis is to translate and validate the knowledge derived 

from in vitro models to human skeletal muscle. To achieve this, in Chapter 2, the effects 

of maintaining a high protein diet for ten weeks in older men on the expressions of AA 

transporters, sensors and mediators and mTORC1 activation were examined. Then in 

Chapter 3, the acute adaptations of these targets to dietary protein supplementation with 

or without RE in middle-aged men were analysed.  

The second section of the thesis focused on Sestrin2 because it has been proposed as a 

therapeutic target, whose inhibition may increase mTORC1 and MPS [15]. This raises a 

few concerns, firstly, experiments demonstrating Sestrin2 as a putative leucine sensor 

have only been derived from in vitro studies [15,213], its ability to sense leucine has never 

been validated in humans. Secondly, mammals have three Sestrin paralogs 

(Sestrin1/2/3), although Sestrin2 has been extensively studied in cell culture and animal 

models, less is known about the functions of Sestrin1 and 3. Whether they share 

redundant functions due to their high sequence homology is unclear. Lastly, Sestrins 

belong to a class of stress-responsive proteins. Not only have they been proposed to 

regulate mTORC1, but they also attenuate oxidative stress [18], stimulate autophagy [19] 

and regulate metabolism [282]. Hence it is not surprising that loss of Sestrins in mice 
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resulted in autophagy defects, oxidative muscle damage, myofiber degeneration and 

metabolic dysregulation [283,305,307-309].  

The concerns mentioned above need to be addressed before any therapies can be 

designed. Firstly, to determine if Sestrin1/2/3 have redundant functions in human 

skeletal muscle, the acute and chronic effects of RE on the Sestrin family was examined 

in Chapter 4. Then to validate the relevance of Sestrin2 as a leucine sensor in human 

skeletal muscle, the responsiveness of the Sestrin family to dietary protein 

supplementation with or without RE was evaluated in Chapter 5. Finally, to determine 

the effect of age on Sestrins and their multifunctional roles, a cross-sectional analysis 

involving young, middle-aged and older men was conducted in Chapter 6.             

 

7.2 Amino acid-dependent mTORC1 activation 

The expression of the following AAT: LAT1, SNAT2, CAT1, PAT1 and SLC38A9, in 

response to chronic and acute dietary protein supplementation (with or without RE) 

were examined in Chapter 2 and 3 respectively due to their close relationships with 

mTORC1 signalling and MPS [13,14,228,248,249,254]. Maintaining a diet containing 0.8 

g ∙ kg-1 ∙ d-1 of protein (RDA) for ten weeks in older men reduced appendicular lean mass 

while consuming 2RDA maintained it [155]. It was hypothesised that chronic high protein 

intervention would increase the basal expression of these AAT and mTORC1 activation 

to explain the maintenance of muscle mass. The expression of AA sensors and mediators 

were also expected to be increased to relay the AA signal to mTORC1. However, in 

Chapter 2, it was shown that a high protein diet did not alter the fasting mTORC1 activity 

or the expressions of the AA transporters, sensors and mediators, except LAT1. Its mRNA 

expression was upregulated in both groups, but its protein expression was 

downregulated in the 2RDA group. Its implication is currently unclear. However, ten 

weeks of dietary intervention might have altered their postprandial responses, as it has 

been demonstrated that acute anabolic stimuli transiently upregulated the expressions 

of AAT [367].     

This is confirmed in Chapter 3 using a unilateral leg RE model. It was demonstrated that 

the mRNA expression of LAT1/SLC7A5, SNAT2/SLC38A2, CAT1/SLC7A1 and 

PAT1/SLC36A1 increased after RE regardless of the beverage consumption. This 

indicates that they are responsive to mechanical stimuli in middle-aged men. Further, 

Drummond et al. [239] showed that RE increased the mRNA expression of these AAT in 

both young and older adults. Therefore, it can be concluded that the transcriptional 

changes of these AAT following mechanical stimuli are not affected by age.  

It has been shown that the combination of protein supplementation and RE-induced the 

mRNA expression of LAT1/SLC7A5, but not its protein expression in old adults [243,244]. 

The inability to upregulate LAT1 protein has been suggested to be responsible for 

reduced mTORC1 activation [239]. However, in Chapter 2, despite the reduction of LAT1 
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protein, mTORC1 activity was unaffected. Further, in Chapter 3, although LAT1 protein 

remained stable in all conditions, mTORC1 was upregulated in the exercised leg [191].  

Consistent with previous studies [239,376], LAT1 protein was analysed through whole-

muscle homogenates. This technique might not have been sensitive enough to generate 

an accurate picture of the transporter activity. Since AAT are challenging to detect using 

western blot, because they contain several transmembrane regions, hence the withdrawn 

of western blot as a recommended application for the SLC38A9 antibody after contacting 

the company for troubleshooting (Appendix II). To compensate, immunofluorescence 

localisation of AAT was attempted. This was not successful due to high background and 

weak signal. In late 2017, Hodson et al. [231] was the first research group to localise LAT1 

in resting human skeletal muscle, thereby taking an important step forward in 

understanding how AAT regulate mTORC1 activity in muscle physiology.  

While many mechanistic pathways involved in AA-dependent mTORC1 activation have 

been proposed in vitro, controversies between theories still exist. Hence making it 

difficult to translate in vitro knowledge to in vivo models. For instance, LRS, a putative 

leucine sensor, has been proposed to bind directly to RagDGTP to promote GTP hydrolysis, 

thereby activating the Rag heterodimer complex [215]. However, the role of LRS as a 

GTPase activating protein (GAP) has been challenged [273]. Further, while some studies 

suggested that AA availability determines the guanine nucleotide state of the Rag proteins 

to promote their associations with mTORC1 [265], others showed that AA activate 

mTORC1 without altering the GTP charging state of Rag proteins [472].  

This thesis only measured the mRNA and protein expressions of LRS and Rag proteins. 

While there was no change in their protein expressions, the mRNA expression of LRS was 

upregulated in response to the carbohydrate drink and the mRNA expressions of Rag 

proteins were downregulated after RE and nutritional supplementations in Chapter 3. 

Gene and protein expressions of these targets may not be fully reflective of their 

biological activity. Measurements of protein-protein and cellular localisation may be 

required to provide further insights since Rag proteins regulate mTORC1 by recruiting it 

to the lysosome and LRS has been proposed to translocate to the lysosome to regulate the 

activity of Rag proteins. Immunofluorescence colocalisation of LRS, Rag proteins and 

mTOR was attempted but was not successful and with limited samples, 

coimmunoprecipitation was not performed. Therefore, to examine the relevance of the 

proposed mechanisms from in vitro model to human skeletal muscle, there is a need to 

optimise coimmunoprecipitation and immunofluorescence colocalisation techniques. 

Despite the unsuccessful attempts in immunofluorescence microscopy, serendipity was 

achieved. Using the Sestrin2 antibody purchased from Cell Signalling Technology, fiber-

specific staining was observed. However using the Sestrin2 antibody purchased from 

Proteintech, the result was not replicated. With further validation, it was concluded that 

the immunofluorescence fibre specific signal of Sestrin2 from Cell Signalling Technology 

is unlikely to reflect true Sestrin2 binding. These set of experiments were conducted in 
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2016, the year when Kimball et al. [296] first demonstrated Sestrin2 as a phosphoprotein 

in HEK293 cells and its phosphorylation state was regulated by leucine availability. When 

blotting Sestrin2 using the same antibody (Proteintech) as Kimball et al. [296], striking 

similarities of multiple bands were observed, thereby giving strong reason to believe 

Sestrin2 is also a phosphoprotein in human skeletal muscle.     

Due to limited techniques and controversies between theories in the mechanisms behind 

AA-dependent mTORC1 activation, interpretation of the results generated from this 

thesis has been a challenge. However consistently with other studies [243,244], findings 

suggest that the postprandial transcriptional upregulation of AAT is responsive to acute 

anabolic stimuli. After the unexpected finding from Sestrin2 and a detailed literature 

search, the focus on this thesis shifted to gain a better understanding of this 

multifunctional protein. Since Sestrin2 has been proposed to function as a leucine sensor 

and at the same time prevents oxidative stress and regulates autophagy.    

 

7.3 The pleiotropic functions of Sestrins 

Sestrin2 has been proposed as a putative leucine sensor [15,213] and in vitro analysis has 

identified it as a phosphoprotein, which in response to leucine feeding, is 

dephosphorylated to release its inhibition on GATOR2, thereby promoting mTORC1 

activation [294,296]. A technique was successfully achieved with careful adjustment to 

separate Sestrin2 into multiple clear, quantifiable electrophoretic bands in Chapter 4. 

Then in Chapter 5, for the first time, using lambda phosphatase treatment, it added 

evidence that Sestrin2 is a phosphoprotein in human skeletal muscle.  

Humans have three Sestrins paralogs, Sestrin1/2/3, but only the structure of Sestrin2 has 

been identified [16,294]. Although the Sestrin family membranes share strong sequence 

homology, it is unclear if they share redundant functions in human skeletal muscle. 

Therefore, to examine whether the Sestrin family behaves similarly, their responses to 

different stimuli were investigated in Chapter 4 and 5. Firstly, consistent with Kimball et 

al. [296], Sestrin1 and 3 did not resolve into multiple bands like Sestrin2. Further, despite 

the strong sequence homology, all three Sestrins were differentially regulated in 

response to RE and nutritional supplementation. In Chapter 4, it was demonstrated that 

RE did not affect Sestrin3, while Sestrin2 was transiently hyperphosphorylated post-RE. 

However, only Sestrin1 was upregulated after 12 weeks of resistance training. These 

results were validated in Chapter 5, where a single bout of RE did not affect Sestrin1 or 3, 

but Sestrin2 was hyperphosphorylated. Interestingly, although dietary protein 

supplementation did not affect the Sestrin family, Sestrin3 was upregulated after 

carbohydrate consumption. Given that Sestrin1/2/3 responded differently to RE and 

nutritional supplementations, they potentially have different and distinct non-conserved 

roles in human muscle physiology.  
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To investigate whether the phosphorylation state of Sestrin2 is regulated by AA 

availability like those observed in HEK293 cells [296], participants were fed 10 or 20 g of 

milk protein concentrate (MPC) in Chapter 5. Surprisingly, this did not alter the 

phosphorylation state of Sestrin2. The largest change in Sestrin2 phosphorylation state 

in HEK293 cells occurred between the complete absence of leucine and 760 µM of 

extracellular leucine [296]. The plasma concentration of leucine increased from 100 µM 

to 200 µM after the consumption of 20 g of MPC [129]. Increasing the dosage of protein 

could potentially alter the phosphorylation state of human Sestrin2. However, 20 g of 

high-quality protein is known to maximally stimulate MPS in young adults [171,173] and 

increase MPS above fasting rates in middle-aged and older adults  [129,185]. If a mobility 

shift required a higher protein dose than 20 g, regulatory significance in human muscle 

would be questionable. Unlike HEK293 cells [296], the interactions between Sestrin2 and 

GATOR2 in vivo may not depend on the phosphorylation state of Sestrin2. Another 

mechanism might be regulating the interaction between Sestrin2 and GATOR2 to control 

mTORC1 activity. Therefore, to better understand how Sestrin2 regulates the AA-

dependent mTORC1 activation pathway in human skeletal muscle, future studies should 

quantify the interaction between Sestrin2 and GATOR2. 

Despite the absence of Sestrin2 mobility shift after protein supplementation, it was 

consistently demonstrated in both Chapter 4 and 5 that Sestrin2 was transiently 

hyperphosphorylated post-RE. Contrary to Kimball et al. [281], where mTORC1 

activation was inversely related to the relative amount of the δ band, the slowest 

migrating electrophoretic band, Chapter 4 and 5 showed a positive relationship between 

mTORC1 activation and the intensity of the δ band. Kimball et al. demonstrated that 

Sestrin2 hyperphosphorylation tightens its interaction with GATOR2, thereby inhibiting 

mTORC1 [296]. However, beyond its role in regulating mTORC1 via GATOR2, Sestrin2 

has been proposed to inhibit mTORC1 by promoting the phosphorylation of AMPKαThr172 

[17,305]. Yet, in Chapter 5, it was demonstrated that RE-induced hyperphosphorylation 

of Sestrin2 had no effect on AMPKα phosphorylation. Hence it is unclear how alteration 

of Sestrin2 phosphorylation state may have regulated the mTORC1 pathway in vivo. 

However, it appears that Sestrin2 hyperphosphorylation is induced by stress, either 

through nutritional deprivation [296,412] or intense exercise.  

In addition to stimulating MPS, RE may result in oxidative stress [331]. Sestrin2 has been 

proposed to prevent oxidative stress by upregulating Nrf2 through the degradation of 

Keap1, a process proposed to be regulated by Sestrin2 and p62Ser403 phosphorylation 

(Figure 1.4) [316]. However, the mechanism has not been validated in human skeletal 

muscle. In this thesis, an inverse relationship between p62Ser403 and Sestrin2 

hyperphosphorylation was consistently demonstrated in Chapter 4 and 5. Further, an 

upregulation of Nrf2 and its downstream antioxidant targets were observed post-RE in 

Chapter 5. From these findings, it appears that Sestrin2 hyperphosphorylation might be 

an adaptive mechanism to prevent oxidative stress by upregulating antioxidants. 

However, it is unclear how the inverse relationship between Sestrin2 and p62Ser403 might 
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have played a role. The antioxidant results are also preliminary because only mRNA 

expression was examined.  

Beyond its ability in sensing leucine, Sestrins have been demonstrated to exhibit 

protective function in the muscle of D. melanogaster and C. elegans, as genetic ablation of 

dSesn and cSesn resulted in skeletal muscle degeneration [307,308]. Invertebrates only 

have a single ortholog, while mammals have three paralogs. Which mammalian Sestrin 

paralogs may be analogous to dSesn and cSesn is currently unknown. However, a recent 

study demonstrated that frail elderlies had less serum Sestrin1 and 2 proteins than 

healthy elderly controls [353]. Hence the last aim of the thesis was to understand how 

ageing affects Sestrins by characterising their basal expressions in a healthy cohort of 

young, middle-aged and older men. In Chapter 6, it was demonstrated that older men had 

less Sestrin1 and 3 proteins and a reduced amount of Sestrin2 δ band compared to 

younger men. However, although Sestrin proteins were downregulated with increasing 

age, mTORC1 and AMPKαThr172 activity was not affected. Informative conclusions could 

not be drawn on how reduced Sestrin proteins might have affected their proposed 

functions on autophagy and antioxidant regulations because protein expressions of 

autophagic markers were not examined due to limited sample availability and a mixture 

of results was generated for the mRNA and protein expressions of antioxidants. In the 

future, autophagy and antioxidant specific studies that measure oxidative damage, 

antioxidant enzyme activities and autophagic regulation are needed to gain a better 

understanding of the roles of Sestrins in human skeletal muscle.       

Even though no clear relationship was observed between Sestrins and their downstream 

targets, in a healthy cohort, only SESN1 showed a negative correlation with grip strength 

and isometric knee extension torque after age adjustment. It is also the only paralog that 

displayed discrepancy between its gene and protein expression, which was not explained 

by the post-transcriptional regulation through the miRNA analysed in Chapter 6. It cannot 

be concluded that mammalian Sestrin1 may be analogous to dSesn and cSesn in the 

control of muscle homeostasis. However, it is clear that with age, its protein expression 

is reduced. Therefore further studies on its regulation of skeletal muscle mechanisms are 

essential.  
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7.4 Implications of findings   

In agreement with previous human work [243,244], the postprandial transcriptional 

upregulation of AAT is responsive to acute anabolic stimuli in human skeletal muscle. 

However, the approach used in this thesis to quantify the protein expression of AAT might 

not reflect their full activity due to the challenge of detecting them through western 

blotting. It is also difficult to draw physiological relevance to skeletal muscle based on 

mRNA and protein abundances since AAT are active at the cellular membrane [473]. 

Further, the majority of the proposed mechanisms for relaying the AA signal to mTORC1 

require protein interactions between the AA sensors and mediators [228,269,279]. 

Coimmunoprecipitation requires large amount of starting tissue, which is not always 

feasible with human clinical studies. Hence, immunofluorescence was attempted, but not 

successful. However, using the immunofluorescence technique developed by Hodson et 

al.  [231,355], future studies might provide a better indication of the activity of AAT and 

how AA mediators and sensors might relay the AA signal to mTORC1.   

The role of Sestrin2 as a putative leucine sensor in human skeletal muscle is still 

unresolved because the interaction between Sestrin2 and GATOR2 was not measured. 

The novel finding in this thesis is the evidence of Sestrin2 being a phosphoprotein in 

human skeletal muscle. Based on the upregulation of the mRNA expressions of Nrf2 and 

several antioxidants, Sestrin2 hyperphosphorylation might be mediated via a stress 

response to prevent oxidative stress post-RE. However, due to limited analysis on this 

pathway, it remains elusive. For validation, future studies need to assess the activity of 

antioxidants through enzyme assay and oxidative damage by measuring protein 

carbonylation, lipid peroxidation and hydrogen peroxide production from skeletal 

muscle fibres.  

The second main finding is that each Sestrin paralogs appear to be regulated 

independently in response to nutrition and RE. Potentially they might have distinct roles 

in human muscle physiology. For the first time, in agreement with a previous study, 

compared with SESN2 and 3, the mRNA expression of SESN1 is more abundantly 

expressed in skeletal muscle [287].  Further, 12 weeks of resistance training-induced its 

protein expression, while older men had less Sestrin1 protein compared to younger men. 

However, there was a discrepancy between the mRNA and protein expression of Sestrin1 

in older men, with its gene expression correlated with grip strength. Invertebrate Sestrin 

has been proposed to suppress age-related muscle degeneration. Like mammalian 

Sestrin1 [287], they are highly enriched in skeletal muscles and their reduction 

accelerated muscle myopathy [307,308]. Potentially the functions of human Sestrin1 

might be analogous to dSesn and cSesn, but will require further research. The function of 

Sestrin3 is less definite. While its protein expression was upregulated in response to 

carbohydrate consumption in Chapter 5, no relationship with glucose and insulin status 

in a healthy cohort was evident in Chapter 6. Elucidating and comparing the biological 

functions of the Sestrin family is thus important in determining their physiological 

significances in future studies.  
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7.5 Future direction  

The data presented in this thesis provided insights into the complex regulation of AA-

dependent mTORC1 activation and the complex functionality of the Sestrin family. 

Findings from these research chapters raised several questions. Hence additional 

research is critical in generating more information on their functions and clinical 

relevance. It is suggested that the following proposed studies should be performed to 

further the understanding of the molecular mechanisms that contribute to AA-dependent 

mTORC1 regulation and the distinct functions of each Sestrin family member.  

  

7.5.1 Leucine uptake and sensing   

Of all the AAT identified in human skeletal muscle, LAT1 is considered the primary 

leucine transporter. It is vital for optimal stimulation of mTORC1 and MPS [13,362,474] 

and its knockout resulted in a significant reduction of leucine transport into rodent 

muscle [475]. Lysosomal localisation of mTORC1 is important for its activation [212,354] 

and LAT1 has been proposed to be translocated to the lysosome by LAPTM4b to promote 

mTORC1 activation in vitro [256]. However, precisely where and how leucine is sensed is 

still unknown.  

Although Sestrin2 and LRS have been proposed as leucine sensors, their relevance to 

skeletal muscle cells remains elusive. Their ability to sense leucine [297,298] and their 

exact mechanisms are currently under debate [273]. Also, many cell culture models 

(HEK293 and HeLa cells) often starve cells of AA by removing them from the media. For 

instance, the complete removal of leucine, induced Sestrin2 hyperphosphorylation in 

HEK293 cells and the largest change in Sestrin2 phosphorylation state occurred between 

the complete absence of leucine and 760 µM of extracellular leucine [296]. Human plasma 

AA concentrations during fasting would never fall to 0 due to proteolysis [129] and 

intracellular leucine concentration reach 280 µM in the fed state [241]. Hence a change 

in Sestrin2 phosphorylation state after protein supplementation was not detected in 

Chapter 5. The use of different models and extreme conditions complicate the ability to 

fully understand how in vitro models translate to human skeletal muscle.   

To identify the physiological significance of these putative leucine sensors, their 

proposed functions need to be examined in primary human myotubes. Cultured human 

muscle cells can be differentiated into mature myotubes, thus providing a relevant 

alternative to study molecular events that occur in vivo [476]. Firstly, a leucine binding 

assay is needed to assess its binding affinity to Sestrin2 and LRS in human muscle cells.  

Secondly, the effect of a physiological dose of leucine to their proposed in vitro 

mechanisms needs to be determined. Finally, given that LAT1 is the primary leucine 

transporter, there is a need to determine if its downregulation would affect the ability of 

Sestrin2 and LRS to sense leucine and regulate mTORC1. 
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Through immunofluorescence microscopy, Hodson et al. [231] demonstrated that LAT1 

is abundantly expressed in the sarcoplasm of Type II fibres in young men. This may 

potentially support the greater anabolic potential of Type II fibres since they mediate a 

greater mTORC1 response post-exercise [233]. Ageing has been associated with the 

targeted reduction in both the number and size of Type II fibres [114]. It has been shown 

that RE alone [239] and the combination of EAA supplementation and RE [243,244]  did 

not upregulate LAT1 protein in older adults. If LAT1 were mainly located at Type II fibres, 

then the inability to upregulate LAT1 may be explained by the age-dependent reduction 

of Type II fibres. Hence there is a need to validate this by observing the distribution of 

LAT1 in both young and old skeletal muscle. Similarly, the impact of this on LRS and 

Sestrin2 should be examined.     

The following table outlines a proposed study aimed to firstly establish the relevance of 

leucine sensing ability of LRS and Sestrin2 in human myoblasts. Followed by the 

examination of the distribution of LAT1 in young and aged muscle and how they affect 

LRS and Sestrin2.     

 

Table 7.1 Connection between LRS, Sestrin2 and LAT1 in human muscle cells. 
Background 
 

Findings from in vitro models are often difficult to translate to human skeletal 
muscle due to the use of different models and extreme AA conditions. To have 
a better understanding of how LRS and Sestrin2 may sense leucine and 
regulate mTORC1 in human skeletal muscle, experiments should be 
performed in human myotubes. Secondly, through immunofluorescence 
microscopy, LAT1 was demonstrated as abundantly expressed in Type II 
fibres in young men. Whether older men have reduced LAT1 in Type II fibres 
is currently unknown and how this might affect the function of LRS and 
Sestrin2 requires elucidation.   

 
Questions How do LRS and Sestrin2 sense leucine in human muscle cells and do older 

men have reduced LAT1 in their Type II fibres? If they do, how would the 
reduced expression of LAT1 affect the activity of LRS and Sestrin2?  
 

Aims To evaluate the relevance of LRS and Sestrin2 in AA-dependent mTORC1 
activation in human muscle cells and to determine if older men had reduced 
LAT1 in their muscle fibres under fasting condition.  

 
Design Fasting muscle biopsies from young participants will be used to isolate the 

myoblasts for primary human skeletal muscle cell culture. Myoblasts will be 
grown to confluence and induced to differentiate. Following 7 d of 
differentiation, cells will be starved overnight prior to treatment.  

1. Following the protocol from Wolfson et al. [15], a leucine binding 
assay will be performed.  

2. Myotubes will be exposed to 2 or 5 mM of leucine [477]. 
3. LAT1 will be knocked out in the myotubes using CRISPR-Cas9 

technology.    
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Collect vastus lateralis muscle biopsies from ten healthy young and ten older 
men under fasting conditions and after protein supplementation. The sample 
size was based on an 80% difference (± 60% SD) between groups for the 
intensity of LAT1 staining at basal with 80% power. Bergström needle 
biopsies will be performed in participants at fasting condition and 1 and 3 
hours after consuming 20 g of whey protein.  
 
 

Measures Human primary muscle cells 
• Leucine binding assay to assess the binding affinity of LRS and 

Sestrin2 to leucine.   
• Coimmunoprecipitation to determine the interaction between 

GATOR2 and Sestrin2 and the interaction between Rag D protein and 
LRS.  

• Immunofluorescence microscopy to determine their localisation 
within the cellular compartment after leucine stimulation. 

• Western blot and RT-qPCR analysis of the protein and gene 
expression of Sestrin2 and LRS and mTORC1 activity.    
 

Human skeletal muscle tissues 
• Immunofluorescence microscopy to determine the distribution of 

LAT1 at fasting condition and colocalisation of the lysosomal marker 
(LAMP2), LAT1, mTORC1 (mTOR and raptor), LRS and Sestrin2 
before and after protein feeding. 

• Western blot analysis to measure mTORC1 activity before and after 
protein feeding.  

• Coimmunoprecipitation to determine the interaction between 
GATOR2 and Sestrin2; the interaction between Rag D protein and 
LRS; and the interaction between LAT1 and LAPTM4b.   
 

 
Anticipated 
Results  

1) Leucine binding assay will show that both skeletal muscle LRS and 
Sestrin2 can bind to leucine. 

2) LAT1 knockout in human myotubes will affect the function of LRS and 
Sestrin2.  

3) Older men will have reduced intensity of LAT1 staining in their 
muscle fibres and reduced function of LRS and Sestrin2.   

4) Increased colocalisation of LAT1 with LAMP2 will be seen after 
protein supplementation in young men which will be attenuated in 
older men.  

5) mTORC1 activity will correlate with the intensity of colocalisation of 
LAT1 with the lysosome.     

  
Outcomes The findings from this proposed study will first determine the relevance of 

LRS and Sestrin2 in leucine sensing in human muscle cells. It will next 
determine if LAT1 expression will affect their activities. Finally, it will add to 
the understanding of the dynamic relocalisation of LAT1 to the lysosome for 
mTORC1 activation. Together, they would increase the understanding of how 
AA stimulate mTORC1 in human skeletal muscle.      
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7.5.2 Sestrins and muscular function  

Invertebrate Sestrin has been proposed to suppress age-related muscle degeneration. 

They are highly enriched in skeletal muscles and their knockout phenotypes include 

accelerated age-related skeletal muscle degeneration, dysfunctional mitochondria, 

protein aggregates and ROS accumulation, which are results of defective autophagy 

[307,308]. Mammals express three forms of Sestrins. Consistent with [284,287], this 

thesis showed that compared to SESN2 and SESN3, the mRNA expression of SESN1 was 

more highly expressed in skeletal muscle. Further, 12 weeks of resistance training 

induced its protein expression, whilst its basal mRNA expression correlated with grip 

strength. However, there is no evidence that the function of human Sestrin1 might be 

analogous to dSesn and cSesn.    

The genetic ablation of any one of the three Sestrin members did not lead to noticeable 

developmental abnormalities [287,322]. Instead, the concomitant ablation of SESN2 and 

SENS3 resulted in the development of glucose intolerance and accumulation of ROS in 

adult mice [283], hence suggesting they may share redundant functions in metabolic 

control. Further, only a small proportion of triple knockout mice survived to adulthood 

[310]. These studies have only focused on a few aspects of the proposed functions of 

Sestrins. As yet, there is no study examining all the functions of Sestrins including the 

regulation on mTORC1, AMPK, redox homeostasis, autophagy, metabolism and muscle 

development.  

To clarify the unique regulation of each Sestrin paralog in muscle physiology, a 

comparative study examining all the proposed functions of the Sestrin family is required. 

By comparing the phenotypes and physiological processes of single (SKO), double (DKO) 

and triple knockout (TKO) animal models, the redundant and independent functions of 

each Sestrin paralog may be determined. Once their functions have been clarified in 

skeletal muscle, isolated human skeletal muscle cells may be treated to upregulate their 

expressions, thereby validating the findings from animals to humans. The following table 

outlines a proposed study aimed at characterising the distinct roles of Sestrins in muscle 

physiology using knockout mice models.   
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Table 7.2 Clarifying the function of Sestrins in skeletal muscle through animal models. 
Background 
 

Invertebrate Sestrin (dSesn and cSesn) has been proposed to suppress age-
related muscle degeneration by stimulating autophagy. Mammals express 
three forms of Sestrins that have been proposed to regulate many different 
physiological processes. While knockout models have been performed in the 
past, the redundant and independent functions of each Sestrin paralog in 
skeletal muscle remains elusive. It is unclear if a particular mammalian 
Sestrin may display analogous functions as dSesn and cSesn. To identify which 
Sestrin paralog contributes to muscle development, there is a need to clarify 
their individual functions in skeletal muscle.  
 

Questions Which mammalian Sestrin paralog displays similar function as dSesn and 
cSesn in muscle development?   

 
Aims To understand the physiological significance of the Sestrin family in skeletal 

muscle and their impact in the regulation of mTORC1, AMPK, oxidative stress, 
autophagy, metabolism and especially, muscle development.   

 
Design Collect blood, gastrocnemius, extensor digitorum longus, soleus and tibialis 

anterior muscle from Sestrin-SKO, DKO and TKO mice at three stages of life: 
childhood, adulthood and older age. Once the Sestrin paralog that plays the 
main role in muscle development is identified, it will be overexpressed in 
isolated human myotubes collected from young and older participants.      
 

Measures Phenotypes and metabolism  
• Muscle strength and physical function  
• Body composition  
• Oral glucose tolerance test 
• Immunofluorescence microscopy to measure fibre CSA and the ratio 

of Type I to Type II fibres.    
 
mTORC1/AMPK regulation  

• Western blot analysis to measure the activity of mTORC1 and AMPK 
• Co-immunoprecipitation to measure the association between 

GATOR2 and AMPK to Sestrins.  
 
Antioxidant regulation  

• Western blot and RT-qPCR analysis to measure the activity of NADPH 
oxidase, xanthine oxidase, glutathione peroxidase and antioxidants. 

• Spectrophotometric analysis to measure the enzyme activity of 
antioxidants. 

• High-resolution respirometry with simultaneous fluorometry to 
measure ROS production.  

• ELISA assays to measure lipid peroxidation and protein carbonylation 
in muscle and plasma.  

• Enzyme assays to measure the total and oxidised glutathione 
concentration in plasma to determine GSH to GSSG ratios. 

 
Autophagy regulation  

• Western blot and RT-qPCR analysis to measure autophagic markers, 
the ratio of LC3B-I and LC3B-II and the phosphorylation state of ULK1.  
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Human myotubes 

• Sestrins will be overexpressed by transfecting the isolated human 
myoblasts with plasmids encoding Sestrins.    

• Normal and transformed human myoblasts will be grown to near 
confluence and induced to differentiate for 7 days. They will be 
immunostained at several time points for sarcomeric myosin to 
measure myoblast differentiation and myogenesis. The number of 
myotubes, myotube diameter, total nuclei number and myonuclei per 
myotube will be measured.     

 
Anticipated 
Results  

1) Some degree of redundant functions may be found. Like Lee et al. 
[283], both Sestrin2 and 3 may be important in metabolism 
regulation. 

2) Compared to SESN2 and SESN3-SKO mice, SESN1-SKO mice would 
display adverse outcomes in muscle development at all stages of life. 
Muscle mass, physical strength, fibre size and number will be reduced.    

3) Compared to other DKO mice, those with SESN1-KO would display 
abnormal muscle development in childhood and severe muscle 
myopathy in adulthood.  

4) By overexpressing Sestrin1 in isolated human myoblasts from both 
young and older adults, myotube formation and CSA will be greater 
than those not treated.             
 

Outcomes 
The findings from this proposed study will identify which mammalian Sestrin 
shares similar function to dSesn and cSesn in muscle development. It will then 
validate these finding in isolated human muscle cells. If confirmed that Sestrin 
plays a role in muscle development, it can be used as a therapeutic target to 
promote muscle cell hypertrophy and attenuate age-associated myopathies.   

 

7.6 Conclusion 

Skeletal muscle is a fascinating biological tissue that plays many roles in the body. The 

findings from this thesis highlighted the complex functionality of Sestrins in human 

skeletal muscle and illustrated the convoluted pathways involved in AA-dependent 

mTORC1 activation. Although the relevance of the in vitro pathways proposed to regulate 

AA-dependent mTORC1 remains unclear in human skeletal muscle, this thesis presented 

findings that have never been published before. These include the confirmation that 

Sestrin2 is a phosphoprotein in human skeletal muscle and it is hyperphosphorylated 

after resistance exercise. Further, the most abundantly expressed form of Sestrins in 

human skeletal muscle, Sestrin1, was downregulated in older men. This work offers an 

avenue for promising future research to understand the significance and roles of each 

Sestrin paralogs in muscle physiology. This knowledge will be essential for future 

therapies and strategies to combat sarcopenia and maintain the overall health of skeletal 

muscle.       
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Supplementary Table 1 Primer sequences used for real-time quantitative RT-qPCR. 

 Group Gene Name Primer Sequence (5’ to 3’) 

Amino acid transporters/ 
transceptors 

LAT1/SLC7A5  
Forward ACATCCTCCAGGCTCTTCTTCG 
Reverse GTAGAGCAGCGTCATCACACA 
SNAT2/SLC38A2  
Forward GCAGTGGAATCCTTGGGCTT 
Reverse AAAGACCCTCCTTCATTGGCAG 
CAT1/SLC7A1  
Forward TCTCATTTAAGGTTCCCTTCCTG 
Reverse ACAGGCCATAGCCAAAGTAGA 
PAT1/SLC36A1  
Forward TGCTGGTCAGCTTGGTCAT 
Reverse GCAGAACCATTCCAATGCC 
SLC38A9  
Forward TTTGGGCCATATCTTCGGTGA 
Reverse GCTCCTGAATATCTTATGATCCCT 

Amino acid mediators 

RRAGA  
Forward TGCAGTAAATTGGCCGCTTC 
Reverse CGGATCTGACATGACCACCA 
RRAGB  
Forward CTGGTACAGGAGGATCAACGG 
Reverse ATGCTGGACCAAGCCTTATAG 
RRAGC  
Forward ATCCAGAAGGTGGTGTTTCATAAG 
Reverse TCCATTTGCCCAGGAAAATCCC 
RRAGD  
Forward GCACAGAGGAGGGAGTTCTG 
Reverse TAGACGACTTGCCGCTTCTC 

 MIOS  
 Forward AGAGGCTGGAAATTTGGAAGGA 
 Reverse AGAACATCTAAAGGTGAACCCTGT 
 WDR24  
 Forward GGACTCTGTCAGCACCTTCTC 
 Reverse TGCACATTGCCGTTCTCAAAG 

Amino acid sensors 

LRS  
Forward TGGCCGGAACAAAGTGACAAA 
Reverse AAGTGAGGAAGTTGCCTGTGG 
CASTOR1  
Forward AAAAGTTCCCCAGTGACCTCC 
Reverse GCCACATTCATCAAAGCCCAG 

Sestrins 

SESN1  
Forward TTTCGTGTCCAGGACTATTGC 
Reverse ACTGTCCCACATCTGGATAAAGG 
SESN2  
Forward CAACCTCTTCTGGAGGCACTT 
Reverse CCTGCTCAGGAGTCAGGTCA 
SESN3  
Forward CAGGCAGCAACTTTGGGATTGT 
Reverse AGACGCCTCTTCATCTTCCCTT 
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Antioxidants 

Nrf2  
Forward GGTTGCCCACATTCCCAAATC 
Reverse CGTAGCCGAAGAAACCTCA 
HMOX1  
Forward AAGACTGCGTTCCTGCTCAA 
Reverse GGGGGCAGAATCTTGCACTT 
GCLM  
Forward CCCAGATTTGGTCAGGGAGT 
Reverse GCACTTCTAGTTGATGATGAAGAGT 
SRXN1  
Forward GATCCGGGAGGACCCAGACA 
Reverse TGCTCCCAGGTACACCCTTA 
SOD1  
Forward GGAAGCATTAAAGGACTGACTGAA 
Reverse TCCAACATGCCTCTCTTCATCCT 
SOD2  
Forward GTGAACAACCTGAACGTCACC 
Reverse AGCAACTCCCCTTTGGGTTCTC 
GSR  
Forward CAGCCCTGGGTTCTAAGACA 
Reverse CCTTGACCTGGGAGAACTTCAG 

Autophagy markers 

p62  
Forward GAATCAGCTTCTGGTCCATCGG 
Reverse GCTTCTTTTCCCTCCGTGCT 
LC3B-I  
Forward TTCGAGAGCAGCATCCAACC 
Reverse TGAGCTGTAAGCGCCTTCTAA 
LC3B-II  
Forward GATGTCCGACTTATTCGAGAGC 
Reverse TTGAGCTGTAAGCGCCTTCTA 
BNIP3  
Forward CTGAAACAGATACCCATAGCATT 
Reverse CCGACTTGACCAATCCCA 

Housekeepers 

Clorf43  
Forward CTATGGGACAGGGGTCTTTGG 
Reverse TTTGGCTGCTGACTGGTGAT 
CHMP2A  
Forward CGCTATGTGCGCAAGTTTGT 
Reverse GGGGCAACTTCAGCTGTCTG 
EMC7  
Forward GGGCTGGACAGACTTTCTAATG 
Reverse CTCCATTTCCCGTCTCATGTCAG 
HSP90  
Forward AAGTGCACCATGGAGAGGAG 
Reverse CGAATCTTGTCCAAGGCATCAG 
HPRT  
Forward CCTGGCGTCGTGATTAGTGAT 
Reverse TCGAGCAAGACGTTCAGTCC 
VCP  
Forward AAACTCATGGCGAGGTGGAG 
Reverse TGTCAAAGCGACCAAATCGC 
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LAT, L-type amino acid transporter; SNAT, sodium-couple amino acid transporter; CAT, cationic 
amino acid transporter; PAT, proton-coupled amino acid transporter; SLC38A9, solute carrier 
family 38 member 9; RRAG, Ras related GTP-binding protein GTPase; LRS, leucyl-tRNA 
synthetase; SESN, sestrin; CASTOR1, cytosolic arginine sensor for mTORC1; MIOS, meiosis 
regulator for oocyte development; WDR24, WD repeat domain 24; Nrf2, nuclear factor 
(erythroid-derived 2)-like 2; HMOX1, heme oxygenase 1; GCLM, glutamate-cysteine ligase 
modifier subunit; SRXN1, sulfiredoxin-1; SOD, superoxide dismutase; GSR, glutathione reductase; 
p62, sequestosome 1; LC3B-I, microtubule-associated light chain 3; LC3B-II, autophagosomal 
membrane-associated light chain 3; BNIP3, Bcl-2/adenovirus E1B 19kDa protein-interacting 
protein 3; CLORF43, chromosome 1 open reading frame 43; CHMP2A, charged multivesicular 
body protein 2A; EMC7, ER membrane protein complex subunit 7; HSP90, heat shock protein 90; 
HPRT, hypoxanthine phosphoribosyltransferase; VCP, valosin-containing protein.   
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Appendix I 

The following section contains abstracts of all co-authored work published during the 

candidature of this PhD.     

  



139 

 



140 

 

  



141 

 

 

 

 

 

 



142 

 

  



143 

 

 

  



144 

 

 

  



145 

 

  



146 

 

 

  



147 

 

  



148 

 

  



149 

 

 

  



150 

 

Appendix II 

The following section contains a response from Sigma Aldrich regarding the use of the 

antibody SLC38A9 (HPA043785) for western blotting.   
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