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ABSTRACT 
 

Mitochondria have a critical role in supplying energy and mediating adaptive signalling 

following exercise. Recently, short open-reading frames within the mitochondrial genome 

have been found to encode several functional polypeptides termed ‘mitochondrial-derived 

peptides (MDPs)’ named humanin, MOTS-c and small humanin-like peptides (SHLP) 1-6). 

Exogenous treatment with several of these peptides has been shown to promote system-wide 

enhancements in cytoprotection and metabolism and had been shown to activate similar 

molecular signalling pathways to aerobic exercise in vitro and in rodent models of disease. 

Although MDPs are shown to be relatively ubiquitously expressed throughout the body and 

in circulation, little is known regarding their endogenous regulation. Given that mitochondria 

are sensitive to metabolic perturbations induced by exercise stressors and activate similar 

pathways to exercise known to promote health, we hypothesized that MDPs are likely 

endogenously regulated by exercise. 

 

The first aim of this thesis was to determine the effect of exercise and short-term training on 

endogenous intramuscular and plasma expression of several MDPs within humans. Within a 

cohort of healthy young men, it was shown that MOTS-c and humanin were transiently 

increased within skeletal muscle and plasma immediately following acute high intensity 

interval exercise but not with training. As these responses of MOTS-c and humanin were 

characteristic of myokines, the next aim was to determine if skeletal muscle was capable of 

producing MOTS-c and/or humanin following isolated contraction, ex vivo. It was observed 

that MOTS-c and humanin expression increased following isolated contraction relative to a 

rested control in EDL but not soleus, suggesting that skeletal muscle contains an intrinsic 

mechanism capable of producing MDPs, although this appears to be differentially modulated 

depending on fibre type composition of the muscle. 

 

As the possibility of intramuscular uptake from the circulation within the in vivo model of 

exercise in humans could not be eliminated, the next aim was to determine the effect of 

exercise on both skeletal muscle and non-muscle tissues as well as plasma by utilising two 

acute exercise bouts of differing intensity and duration. It was observed that both skeletal 

muscle and non-muscle tissues were differentially modulated by exercise and this was 

dependent on tissue type, exercise intensity and duration. As liver MOTS-c expression was 
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observed to be significantly higher after exercise, the following aim was to determine whether 

circulating MOTS-c uptake was enhanced specifically amongst several tissues using a 

radiolabelled MOTS-c peptide approach following exercise. Following optimisation, 

significantly higher uptake of radiolabelled MOTS-c into the liver, pancreas, and 

subcutaneous fat was observed following exercise, suggesting that these tissues are targeted 

following acute exercise, which may be a part of the endogenous function of MOTS-c. 

 

Finally, given MOTS-c and humanin were reported to activate similar signalling pathways to 

exercise that promote enhancements in mitochondrial biogenesis and function, the final aim 

of the thesis was to determine whether these MDPs could promote ergogenic effects on 

exercise performance in mice during sedentary or exercise trained conditions and whether 

this may be related to mitochondrial adaptations. Only 20mg/kg/day of exogenous MOTS-c, 

but not humanin, treatment promoted enhancements in treadmill exercise performance, 

increased basal core temperature, lowered subcutaneous fat, lowered blood lactate at 

exhaustion from exercise and increased complex I and IV mitochondrial respiratory complex 

expression in gastrocnemius but only in sedentary treated mice. When investigating the 

mechanism behind these ergogenic effects, there was no difference in mitochondrial 

respiration, hydrogen peroxide production, respiratory exchange ratio or signalling protein 

activation/expression of canonical mitochondrial biogenesis markers, in vitro. Taken 

together, these finding suggest MOTS-c is capable of evoking ergogenic effects on exercise 

performance although this occurs independently of functional mitochondrial adaptation. 

 

These findings provide evidence that the mitochondrial-derived peptides, namely MOTS-c 

and humanin, are acutely exercise-sensitive in skeletal muscles, non-muscle tissues and 

plasma. Additionally, we provide evidence that circulatory MOTS-c uptake into the liver, 

pancreas and subcutaneous fat is significantly increased following acute exercise, suggesting 

that these tissues may be targeted in response to exercise-induced stress as part of the 

endogenous function of MOTS-c. Lastly, we demonstrated the potential ergogenic effects of 

MOTS-c on exercise performance in sedentary mice and provide evidence that these effects 

appear independent of markers of mitochondrial adaptation. 
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CHAPTER ONE 
 

LITERATURE REVIEW 

 

1.0 Introduction 

Exercise is a well-known therapeutic for promoting health and lifespan with longitudinal 

research repeatedly demonstrating exercise to be inversely correlated with all-cause mortality 

and the risk of many non-communicable diseases, such as cardiovascular and metabolic 

disease (2-6). The protective benefits gained from exercise are thought to be part of an 

adaptive response to high levels of acute metabolic, thermoregulatory, and mechanical stress 

generated by exercise (7-10). These stressors are important as they are thought to act as 

intracellular intermediary signals that convey the status of the cell and subsequently promote 

downstream adaptations. All the benefits are well known, physical inactivity is common 

within the developing world, especially within the aging population. A recent systematic 

review reported that an estimated 40-80% of people aged over 65 years are not meeting the 

World Health Organisation’s physical activity guidelines (11). Older adults are generally 

found to have higher amounts of fat mass, lower levels of muscle mass and bone density as 

well as reduced measures of cardiovascular and metabolic function (12, 13). In particular, 

chronic physical inactivity results in reduced mitochondrial function, which can contribute to 

symptoms of metabolic dysfunction such as obesity and insulin resistance (14, 15).  

 

Mitochondria are organelles which function to maintain cellular energy (adenosine tri-

phosphate) through the electron transport system and oxidative phosphorylation, as well as 

mediates programmed-cell death via apoptosis, suggesting they are critical in maintaining 

cellular homeostasis (16-20). In addition to these important roles, mitochondria are thought 

to mediate a variety of beneficial cellular adaptations through retrograde communication via 

signalling intermediates to the nucleus of the cell. These mitochondrial signals promote 

hormetic changes such as the transcription of stress-responsive genes and their subsequent 

proteins, which when prolonged such as during exercise training, bolster cell and system-

wide function (17, 19). As aforementioned, exercise induces multiple sources of stress that 

have been shown to promote specific mitochondrial adaptations such as increases in 

mitochondrial enzymes, number and/or density (biogenesis) and subsequently, function 

within exercised skeletal muscle. These benefits contribute to increased oxidative capacity 
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(8, 18), cardiorespiratory fitness and thus overall health and lifespan (21, 22). The exact ways 

in which mitochondria facilitate these adaptations following exercise are not fully 

understood, however it is clear that mitochondrial signalling is a key component.  

The mitochondria, which were thought to originally exist as separate prokaryotic bacteria that 

then migrated into eukaryotic cells (23), have since been shown to house their own unique 

genome of ~16,500 base pairs. Until more recently, the mitochondrial genome was thought 

to only encode for 13 proteins (all of which are involved in coding for mitochondrial 

respiratory enzyme complexes), 22 transport ribonucleic acids (tRNAs) and 2 ribosomal 

ribonucleic acids (rRNA) (21, 24). However, recent technological advancements identified 

short open reading frames within the ribosomal RNA (rRNA) regions, MT-RNR1 (12S 

rRNA) and MT-RNR2 (16S rRNA), which were found to encode functional polypeptides. 

These peptides have been termed “mitochondrial-derived peptides” (MDPs) and include 

humanin, small humanin-like peptides 1-6 and mitochondrial open-reading frame of the 

twelve S ribosomal RNA region, type c, (MOTS-c) (25, 26). These particular MDPs have 

been found in a variety of tissues within rodents including the brain, liver, muscle, spleen, 

testes, and the intestines as well as within plasma in humans and rodents (25, 27).  

 

Exogenous administration within in vitro and rodent models of disease has shown MDPS to 

promote cyto, neuro, and metabolically protective effects such as increased cell viability and 

protection against cytotoxicity, obesity, and insulin resistance (25, 28, 29). Additionally, the 

mechanism by which these novel peptides are endogenously regulated is largely unknown, 

although as more research is being carried out, MDPs seem to demonstrate a similar negative 

correlation as to what is observed with cardiorespiratory fitness, where decreased plasma 

expression of MDPs are associated with increasing numbers of disease states, including those 

involving metabolic dysfunction and aging . Given that these peptides evoke similar 

protective effects as to what is observed with exercise, induce similar beneficial adaptations 

and as exercise relies heavily upon the function of the mitochondria, this suggest that MDPs 

could be an integral signalling intermediate which exercise induces and promotes to maintain 

healthy function (30, 31). 

 

Taken together, exercise is a stimulator of mitochondrial signalling for healthy function,  

although little is known regarding the mechanism that underpins this. Mitochondria are 

critically important in exercise energy supply and mediating adaptation, therefore, we 

hypothesise that exercise may be critical in the endogenous regulation of a new branch of 
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adaptive signalling mediators known as mitochondrial-derived peptides (17). This review will 

focus on the literature of known mediators of exercise adaptation in skeletal muscle and 

mitochondria as well as what is currently known of the origin, function, and endogenous 

regulation of the recently discovered mitochondrial-derived peptides, humanin, MOTS-c and 

SHLP2 and 6 and how these two areas may link together.  

 

1.1 The use of exercise as a therapeutic in aging and disease  

 

1.1.1 Definition of exercise and cardiorespiratory fitness 

Exercise can generally be defined as the undertaking of planned physical exertion to achieve 

enhancement or maintenance of physical fitness and health (32). Exercise training can be 

broken into many types, although generally is described as either cardiorespiratory (aerobic) 

or resistance (strength) exercise (33). For the purpose of this literature review, the primary 

focus will be on cardiorespiratory (aerobic) exercise due to the greater involvement of the 

mitochondria in maintaining aerobic respiration compared to during resistance exercise (34). 

Aerobic exercise increases the demand on the cardiorespiratory significantly due to the 

increased need for energy of working skeletal muscle to produce movement (35). Throughout 

aerobic exercise, atmospheric air is rapidly inspired and expired through the lungs to facilitate 

the pulmonary exchange of oxygen and carbon dioxide between the atmosphere and blood. 

Consequently, as oxygen is used for energy during exercise, carbon dioxide is produced and 

travels in the venous blood to be expired out of the lungs, whilst alveoli in the lungs replace 

this with oxygen along a concentration gradient. Once oxygenated blood is in the heart, it is 

then rapidly and forcefully pumped out into the systemic circulation, allowing exercising 

tissues to be re-oxygenated and nourished with nutrients such as glucose, that are picked up 

along the way (36).  

 

The maximal efficiency of the body to transport oxygen through the central circulation to the 

periphery and for the oxygen to be utilized by the exercising tissue is known as the aerobic 

capacity (10). In healthy individuals, this is measured by obtainment of a measure of the 

maximal rate of oxygen consumption per minute, otherwise known as a V̇O2max. This is 

determined by respiratory metabolic analysis during a maximal aerobic exercise test and is a 

common tool used in diagnostics of cardiorespiratory disease (37). Although V̇O2max has 

been shown to decline with age by ~1% per year after the age of 25, suggesting that regular 

exercise is required to maintain/enhance fitness as we age (37, 38). This has led to the 
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formulation of general recommendations for physical activity in adults by The World Health 

Organisation. The World Health Organisation (WHO) recognises that regular exercise is 

necessary to maintain health as well as reduce the risk of chronic non-communicable disease 

and subsequent disability (39, 40). The WHO currently recommends completing at least 150 

minutes of moderate intensity exercise or 75 minutes of high intensity exercise per week for 

adults aged 18-65 years old (39).  

 

1.1.2 Aerobic training methods for enhancing cardiorespiratory fitness  

The effects of maintaining cardiorespiratory fitness have long been known to be beneficial 

for health and longevity (2, 3, 41, 42). Exercise prescription for improving cardiorespiratory 

fitness has historically involved long durations (20-60 minutes) of moderate intensity exercise 

(60-75% of heart rate maximum) to elicit cardiometabolic adaptations (35). Moderate 

intensity exercise was viewed as optimal because it would allow the exerciser to stimulate 

the cardiorespiratory system for an extended period necessary to elicit a sufficient vascular, 

oxidative, and metabolic response for adaptations to occur, with a relatively low risk of over-

training (43). A systemic review of decades of aerobic training research has found the 

minimum training intensity required to elicit improvements in V̇O2max is approximately 55-

65% of heart rate maximum however, it is speculated that training at such a low intensity 

would require more frequent and longer exercise bouts in order to elicit progressive effects 

(5, 44). Therefore a moderate intensity program may only be suited to clinical populations 

where higher intensity exercise may exacerbate uncontrollable symptoms of chronic disease 

such as unstable angina in cardiac disease patients (33, 42).  

 

In contrast, higher intensity training programmes such as high intensity interval training 

(HIIT) have been shown elicit similar or in some cases, greater improvements in V̇O2max as 

well as other measures of mitochondrial adaptation (oxidative capacity, mitochondrial 

biogenesis and function) with shorter durations of training (43). High intensity interval 

training involves short intermittent periods of exercise at intensities approaching maximal 

aerobic power (85-95% of HRmax) interspersed between periods of significantly lower 

intensity exercise (20-50% lower) or complete rest (45, 46). A review by Wenger and Bell, 

(1986) compared various cardiorespiratory training studies involving various training 

intensities, frequencies and durations and found that the most efficient way to improve 

cardiorespiratory fitness in healthy populations (V̇O2max) was through exercise programmes 



5 

that were reaching nearer to maximal aerobic power (90-100% of V̇O2max), with a total 

exercise duration of 35-45 minutes/week (5). When comparing the intensity of aerobic 

training programs in moderately-trained, otherwise healthy males (n=40), only the high 

intensity interval training (90-95% HRmax during exercise) groups incurred a significant 

change in V̇O2max over an 8-week training period (V̇O2max increased 5.5 and 7.3% across 

the HIIT groups). Those in the moderate intensity (70% HRmax during exercise), long 

duration groups showed no significant change (43). The authors suggest that in the moderate 

intensity groups, there was not sufficient stimuli in order to promote central adaptations such 

as increased stroke volume, therefore, cardiac output remains unchanged through training. In 

comparison to the high intensity training groups, cardiac output significantly increased 

subsequently due to an increase in stroke volume. This disparity in adaptation is in accordance 

with results from other similar studies and therefore strengthens the case for high intensity 

interval training over moderate intensity, long duration training in stimulating adaptations in 

exercise capacity (5, 47, 48). Furthermore, these superior benefits of exercise HIIT are 

extended to those at the molecular level, whereby higher intensity exercise places greater 

stress on the mitochondria, which is thought to lead to greater adaptations via mitohormesis, 

to a certain extent. Although new research continually emerges that demonstrates the 

differences in the efficiency of high and moderate intensity training, it is clear that in the 

context of sedentary, healthy, and clinical populations, both forms of training promote 

significant increases in cardiorespiratory fitness, skeletal muscle and mitochondrial function, 

which overall are beneficial health (5). Although any exercise is superior to physical 

inactivity, a dose-response relationship does exist whereby depending on the outcome 

measure, the amount/intensity of exercise will only generate a meaningful response up to a 

certain point. Beyond this, the benefits gained are significantly disproportionate to the 

workload and as such has been termed ‘the point of diminishing returns’ by exercise 

physiologists (49).    

 

1.2 Molecular adaptations to aerobic exercise training 

Both moderate, long duration and high intensity, short duration exercise can promote central 

and peripheral adaptations in the form of increased cardiac output at maximal exertion 

(increased stroke volume/contractility of the heart myocardium) (50) and enhanced aerobic 

energy metabolism (mitochondrial function and vascularization of skeletal muscle) (9, 22, 

35). However, the difference in relative intensity of exercise affects the amount of cellular 
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stress induced and thus sensed by the cells involved. This in turn effects the metabolic 

signalling pathways and thus the adaptations that occur downstream. Greater intensity 

exercise requires higher rates of ATP utilisation/synthesis, and subsequently leads to greater 

changes in ions and metabolites such as with, calcium ions, lactate metabolism, as well as 

ADP, AMP and free radicals (reactive oxygen species) accumulation (51). This accumulation 

increases the cellular signalling response through several pathways, one of which is activation 

of AMP-dependent kinases such as 5' AMP-activated protein kinase (AMPK) and 

Ca2+/Calmodulin-dependent protein kinase (CaMKII) (7, 45, 52). Greater levels of AMPK 

and CaMKII following HIIT have been associated with increased expression of genes 

associated with mitochondrial biogenesis and function when compared to moderate intensity 

work-matched exercise (53-55). Furthermore, these changes that occur in muscle are 

observed to lead to systemic effects such as improved glycaemic control, which has more 

recently been linked to changes in non-exercised tissues secondary to exercised skeletal 

muscle signalling via a concept known as tissue cross-talk. Given that exercise improves 

measures of systemic health, it is important to undertake exercise  in order to lower the risk 

of diseases that are currently on the rise, such as cardiovascular and metabolic disease.     

 

1.2.1 Cardiovascular disease, obesity and metabolic dysfunction are on the rise 

Currently, the number one cause of death is vascular disease (31% of all deaths globally in 

2015), which includes peripheral vascular disease, coronary heart disease (atherosclerosis) as 

well as stroke (56). Another major epidemic causing disability and death is obesity and type 

2 diabetes mellitus (57, 58). It is estimated that almost 3 million people die each year due to 

excess body mass related complications, with an additional 36 million disability-adjusted life 

years (DALY – estimated years without healthy living) reported as being lost per year (59). 

Obesity has been highly correlated with type 2 diabetes with an estimated 50% of Americans 

who are diabetic also being reported as obese (BMI >30). Type 2 diabetes is currently the 6th 

leading cause of death globally with an estimated 1.6 million deaths reported in 2015 (60). 

Furthermore, BMI has been strongly linked to measures of insulin sensitivity (HOMA-IR), 

suggesting a much needed focus on reducing BMI to improve cardiometabolic risk factors 

(61). Physical inactivity is a risk factor for all three of these pressing health burdens (40). 

Internationally 31% of adults are estimated to be completing less than the minimum 

recommended amount of exercise per week (40). In 2016, the number of physically inactive 

New Zealanders was estimated to be approximately 13% (<30 minutes of exercise/week), 
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which is lower by international comparison, however this population statistic has actually 

increased by 10% over the last decade (62). Physical inactivity is a modifiable risk factor that 

can be targeted to decrease a number of other risk factors for CVD, diabetes, and obesity (33, 

63, 64). However, to address this issue, it is important to understand the benefits of increased 

exercise/physical activity on cardiovascular and metabolic disease. 

 

1.2.2 Exercise is strongly associated with lower incidence of disease and mortality 

 

Cardiovascular disease 

Improvements in cardiorespiratory fitness through physical activity and exercise has been 

strongly correlated with decreased risk of disease and mortality (2, 12, 39, 41, 42). Blair and 

colleagues (1989) investigated the attributable risk of all-cause mortality when correlated 

with varying levels of cardiorespiratory fitness in a longitudinal cohort of middle aged men 

and women (40-51 years of age). The results showed that age-adjusted all-cause mortality 

rates were significantly lower in the most-fit men and women category (18.6 and 8.5 per 

10,000 person-years) in comparison to those in the least-fit category (64.0 and 39.5 per 10,000 

person-years). Remarkably, this difference remained when adjusted for family history of 

cardiovascular disease and cancer, age, smoking status, total cholesterol level, systolic blood 

pressure and fasting blood glucose. The authors concluded almost 30 years ago, that low 

cardiorespiratory fitness is a significant risk factors for all-cause mortality and that by having 

a greater fitness level, disease and mortality caused by cardiovascular disease and cancer can 

be significantly decreased (41). Williams (2001), compiled a meta-analysis involving twenty-

three cohorts of men and women of various fitness percentiles, involving approximately 

1,325,000 person-years of follow up, longitudinal data. These results showed that the greatest 

reduction in relative risk of cardiovascular and coronary heart disease occurred between the 

lowest and second lowest physical activity and fitness percentiles (12.5-25th percentile) 

(p<0.02) (6). An interesting aspect of these findings was that the relative decrease was 

significantly higher for physical fitness (~ 40% decrease) rather than physical activity (~ 10% 

decrease) (6). The authors stated that this difference may be exaggerated by physical fitness 

studies reporting CVD more so than physical activity monitoring, however further analysis 

of only studies that included CHD and CVD endpoints has shown the same difference 

suggesting that exercise rather than physical activity is an important factor (6). Similarly, a 

cohort of 6213 men were assessed for risk of CVD and all-cause mortality based on exercise-
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tested exercise capacity and physical activity levels. Those who were within the physically 

fit (higher exercise capacity) were associated to have an approximate 50% reduction in risk 

of all-cause mortality and CVD. Also, an increase of  1 metabolic equivalent of task (MET) 

in physical fitness (V̇O2max) was associated with a ~20% reduced risk of all-cause mortality 

(65).  

 

Metabolic syndrome 

Various studies have also compared cardiorespiratory fitness with the relative incidence of 

risk factors for CVD, metabolic syndrome, and obesity. Longitudinal correlations have shown 

that adult males and females who are physically unfit have an age-adjusted odds ratio of 3.0 

(95% C.I. 2.7-3.4; P < 0.001) and 2.7 (95% C.I. 2.1-3.5; P < 0.001) for incidence of a cluster 

of risk factors for metabolic syndrome respectively (hypertension, elevated fasting blood 

glucose, central adiposity and dyslipidaemia) in comparison to those who are physically fit 

(65). In comparison to those who were highly fit, the odds ratio increased further to 10.1 

(95% C.I. 9.1-11.2; P < 0.001) and 4.9 (95% C.I. 3.8-6.3; P < 0.001) times lower in males 

and females, respectively. These large cohort studies clearly demonstrate the potential 

reductions in all-cause mortality and risk factor prevalence that can be gained from 

maintaining regular exercise for cardiorespiratory fitness. Further research involving over 

5000 men aged 39-68 years with BMI ranging between 14.1-46.0 kg/m2 has shown that after 

being adjusted for age and BMI, for each 500 kilocalories (kcal) increase in weekly energy 

expenditure (kcal) through exercise, there is an associated 6% decrease in the relative risk of 

type 2 diabetes (0.94, 95% CI –0.90 to 0.98) (66).  Although the benefits of exercise appear 

to be clear, the current understanding of the mechanisms underlying how the body is 

regulating these beneficial adaptations to exercise are largely unknown. During exercise, 

contraction-mediated uptake of glucose occurs to supply the muscle, however there is also 

evidence to suggest that following exercise, sensitivity to insulin is increase. This is suggested 

to occur through a number of mechanisms involving the glucose transporter, (GLUT4), 

although further research is required to determine the signalling pathway/s that facilitate these 

effects following exercise (67-72). In order to formulate hypotheses investigating the role of 

exercise in disease treatment/prevention, it is fundamentally important to understand the 

physiology of skeletal muscle metabolism and the role that mitochondria play in facilitating 

cell-wide and systemic adaptations following exercise. 
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1.2.3 The role of skeletal muscle in glucose homeostasis  

Glucose is a vital energy source for all cells in the human body. It is readily converted into 

the energy substrate ATP in order to facilitate essential homeostatic processes (16). 

Maintaining glucose homeostasis is crucial as vital organs such as the brain, heavily rely on 

a constant supply of glucose for energy in order to function appropriately (36). Glucose 

homeostasis operates through a well-controlled balance of glucose uptake into peripheral 

tissue (storage or utilization in skeletal muscle, liver and adipose tissue) and glucose 

production through glycogenolysis by the liver (73). Skeletal muscle plays a key role in these 

processes through its utilisation of glucose for energy, which is increased during exercise (71, 

74).  Blood glucose homeostasis is maintained by multiple organ systems, however the 

majority of uptake and utilisation occurs within skeletal muscle, especially during exercise 

(36). Glucose requires facilitated diffusion across the cell membrane through specialised 

glucose transporters (GLUT) (75). Under conditions of significant metabolic demand such as 

exercise, GLUT4 transporters are largely responsible for glucose uptake (74). GLUT4 

transporters differ from GLUT1 as they reside within intracellular vesicles deep within the 

cytosol of the cell. Once signalled, GLUT4 transporters translocate to the cell membrane and 

allow rapid facilitated diffusion of glucose into the intracellular membrane (75).   

 

1.2.4 Disease states associated with metabolic dysfunction  

Since 1980, the number of diagnosed cases of diabetes worldwide has increased almost 3-

fold from 108 to 422 million (57). In 2015, diabetes was associated with an estimated 1.6 

million deaths and engrossed an estimated cost of 1.3 trillion US dollars worldwide (60, 76). 

Metabolic dysfunction can generally be characterized by the reduced or inability for glucose 

to be taken up into the cell (36). Metabolic dysfunction can be involved in either the secretion 

of insulin or at the functionality of the insulin receptor, both of which affect the ability of 

insulin to modulate glucose uptake (77). Excess glucose remains in the blood 

(hyperglycaemia) when the insulin signalling cascade can no longer transduce the necessary 

signal to translocate GLUT4 receptors to the membrane (insulin resistance). As a subsequent 

effect, insulin production strenuous increases by pancreatic beta islet cells to compensate. 

Over time the islet cells become dysfunctional due to the chronic need for increasing amounts 

of insulin, which in combination with insulin resistance is thought to lead to the pathogenesis 

of type 2 diabetes mellitus (77-79).  
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Metabolic dysfunction is commonly associated with excess adipose tissue, such as that seen 

in obesity (77). Adipocytes primary function is to store energy in the form of lipids (36). As 

part of energy storage modulation, adipose tissue releases hormones and pro-inflammatory 

cytokines that either increase or decrease insulin sensitivity of organs such as the liver and 

skeletal muscle (major utilisers of glucose metabolism) (80). As aforementioned, the 

pathogenesis of type 2 diabetes mellitus involves a combination of chronic insulin resistance 

and pancreatic beta cell dysfunction. As the pathogenesis of skeletal muscle metabolic 

dysfunction rather than type 2 diabetes, is the focus of this section of the literature review, 

beta islet cell dysfunction will not be further discussed. Instead, readers are directed to (78, 

81, 82) for an extensive review involving pancreatic beta islet cell function/dysfunction in 

the pathogenesis of type 2 diabetes mellitus. 

 

1.2.5 Insulin and contraction-mediated glucose uptake of skeletal muscle  

Following a meal, glucose is absorbed into the blood which stimulates pancreatic beta-cell 

islets to secrete insulin into the bloodstream (36). Insulin molecules bind to insulin-receptors 

(IR) positioned along the cell surface, which then activates the insulin-signalling cascade 

which facilitates GLUT4 transporter containing vesicles to translocate and dock at the cell 

surface and thus allow glucose to be transported into the cell (75). Simultaneously during this 

process, hepatic glucose production (glycogenolysis) is also significantly decreased through 

the inhibition of glucagon secretion by pancreatic alpha cells (83). This primarily is to 

facilitate significant glucose uptake into the peripheral tissue with the aim of returning blood 

glucose back down to homeostatic rested levels (36, 73). This is a recyclable process whereby 

GLUT4 transporters return deep into the subcellular compartment in vesicle storage 

(endocytosis) following normalisation of blood glucose levels (73). Although the insulin-

mediated mechanism efficiently modulates glucose uptake, is not the only means by which 

glucose uptake occurs (71). The insulin signalling cascade has been extensively researched, 

contraction-mediated glucose uptake by skeletal muscle is far less understood. Contraction 

of skeletal muscle fibres is integral in regulation of whole-body glucose uptake and 

homeostasis (84). The signalling cascade following contraction is indeed different, however 

PI3 kinase and further downstream signalling occurs similarly in both cases of insulin and 

contraction-mediated glucose uptake (71). Therefore, understanding upstream signalling 

pathways of contraction-mediated uptake and the pathophysiology of disease states such as 
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insulin resistance and type 2 diabetes is important in being able to utilise exercise as a 

therapeutic and preventative measure (73).  

 

Dynamic exercise involves repeated bouts of skeletal muscle contraction which promotes 

significant changes in energy homeostasis within muscle cells (36). As exercise intensity and 

duration increases, greater motor unit recruitment and thus metabolic demand occurs. Initially 

this causes the cytosolic ATP availability (metabolic fuel) and glycogen stores to 

proportionally decrease, resulting in the accumulation of adenosine di-and mono-phosphates 

(AMP and ADP, respectively), as well as nitric oxide, and reactive oxygen species (16). 

Overall this shifts energy balance, which is reflected by a decreased ratio of ATP: ADP 

molecules, which leads to the activation of nutrient-sensing proteins and enzymes such as 

adenylate-kinase (ADK) (52). ADK catalyses the transfer of nucleotide phosphate groups 

between cytosolic ADP molecules to form ATP and AMP. It is also coupled to cellular 

metabolic sensing through ATP-sensitive potassium ion channels within the cytosol (85). 

ATP generated through ADK transfer facilitates active potassium transport, which increases 

cell membrane potential through calcium ion transport through voltage-gated calcium 

channels (85, 86). In addition, when not being deaminated to inosine monophosphate (IMP), 

AMP binds to 5' AMP-activated protein kinase (AMPK) (87), which facilitates downstream 

activation of several pathways that enhance energy metabolism. 

 

Role of AMPK in modulating glucose metabolism at rest and following exercise 

AMPK is an extensively studied energy-sensing enzyme that is thought to be a key signalling 

molecule in the contraction-mediated skeletal muscle signalling cascade for adaptation (71, 

88). AMPK, a heterotrimeric molecule comprises of three subunits (alpha α, beta β, and 

gamma γ) each with three isoforms e.g. α1, α2 and α3 (89). When activated, AMPK 

stimulates energy-generating processes such as glucose uptake and fatty acid oxidation and 

decreases energy-consuming processes such as protein and lipid synthesis. Exercise is 

perhaps the most powerful physiological activator of AMPK and a unique model for studying 

its many physiological roles. In addition, it improves the metabolic status of rodents with a 

metabolic syndrome phenotype, as does treatment with AMPK-activating agents; it is 

therefore tempting to attribute the therapeutic benefits of regular physical activity to 

activation of AMPK. 
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During metabolic stress, such as that during exercise or contraction, AMP molecules readily 

bind to two Bateman domains located within four cystathionine beta synthase domains on the 

γ subunit. Binding of two AMP or one ADP molecule causes a structural change, revealing 

the catalytic α subunit and allowing the phosphorylation of the threonine-172 (Thr-172) site 

by upstream kinases such as threonine LKB1 (90, 91). AMP bound to both Bateman sites has 

been shown to increase AMPK activation allosterically by up to 5 fold compared to basal 

AMPK levels, although binding of ADP induces no allosteric activity (89, 92). It should be 

noted that the vast majority of AMPK activation (>100 fold increase from basal levels) occurs 

following AMPK phosphorylation at the Thr-172 site following AMP/ADP binding to 

AMPK subunits (93). It is thought that kinase and phosphatase imbalances caused by AMP 

and ADP binding to AMPK (following increased ATP utilisation) is a significant cause of 

AMPK phosphorylation (89, 90, 92).  

 

As the precise mechanisms involved in contraction-mediated glucose uptake are not fully 

understood, it is suggested that the downstream signalling cascade is similar to that which 

occurs in insulin-mediated GLUT4 translocation (71). It is thought that following AMPK 

activation, AMPK phosphorylates TBCD1 and 4, Rab-GTPase protein sites (94, 95). 

Phosphorylation of these TBCD protein sites inhibits Rab-GTPase function thus facilitating 

binding of Rab to guanosine triphosphate (active form) from guanosine diphosphate (inactive 

form) (95). Similarly to insulin-signalling, Rab-GTPs and SNARE complexes facilitate the 

translocation and endocytosis of GLUT4 containing vesicles for GLUT4 insertion and 

glucose transport into the cell (71). As this process is independent of insulin, exercise can be 

used effectively to enhance glucose homeostasis, reduce the development of type 2 diabetes 

and reduce the symptoms of metabolic dysfunction (33, 34). 

 

Insulin sensitivity is enhanced following exercise 

Insulin sensitivity is defined as the concentration of insulin that elicits a half-maximal 

response in glucose uptake from the blood (96). Increases in skeletal muscle insulin 

sensitivity following exercise has been shown repeatedly through oral-glucose tolerance 

testing (OGTT) and euglycemic (normal glucose level), hyperinsulinemic (elevated insulin 

level) clamp studies in both rodent and human subjects (96, 97). Insulin sensitivity has been 

shown to be enhanced from 2-16 hours following acute exercise, with the duration of 

sensitivity suggested to be dependent on the modality, intensity and duration of exercise (98). 
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Further clamp studies have also shown increased insulin utilisation following exercise under 

euglycemic clamp conditions, although the exact mechanism regarding this increase in 

glucose uptake is still to be fully elucidated (97, 98).  Mounting evidence has also provided 

evidence to suggest these increases in glucose uptake are not isolated to insulin but may 

involve signalling molecules produced during contraction and insulin-mediated glucose 

transport (98). Glucose uptake has also been shown to increase similarly to that of findings 

associated with insulin sensitivity. 

 

Additionally, hypoxia and hydrogen peroxide stimulation (decreased oxidative 

phosphorylation) in conjunction with acute exercise showed an increase in glucose uptake for 

up to 3-hours following acute exercise in isolated skeletal muscle rodent studies (99). 

Therefore, it is likely that a downstream signalling mediator is involved in regulating glucose 

uptake following exercise. The protein p38 mitogen-activated protein kinase (MAPK) has an 

established role in glucose uptake by contraction and insulin mediation (100). A recent 

investigation showed an increase in p38 MAPK activation for longer than 3-hours in skeletal 

muscle following exercise, which is similar to that associated with an increased insulin-

sensitivity from the same dose of exercise (101). Stimulation of p38 MAPK by anisomycin 

increased glucose-uptake greater than 3 fold and enhanced insulin sensitivity in comparison 

to unstimulated soleus and epitrochlearis muscle samples and p38 MAPK inhibition by SB-

202190 abolished these effects (102). In retrospect, these results prematurely suggested p38 

MAPK may be underpinning insulin sensitivity as when exercised mice were given SB-

202190, inhibition of p38 MAPK did not affect the enhancement in insulin sensitivity (102). 

The role of potential mediator/s involved in enhancing glucose uptake are not yet fully 

understood. However, adaptations to exercise involving increased GLUT4 membrane 

expression and activity have been researched extensively.  

 

1.3 Roles of the mitochondria at rest and during exercise 

Exercise places significant metabolic stress on the body (35). Part of this stress is a 

consequence of meeting the demand for energy to facilitate movement. Multiple energy 

systems are involved in the supply of substrates and the production of cellular energy in the 

form of ATP (35, 103). These energy systems include the adenosine triphosphate: creatine 

phosphate system (ATP: CP – sarcolemmal origin), glycolysis (cytosolic origin), the citric 

acid cycle (CAC) cycle (mitochondrial matrix), and electron transport chain/oxidative 
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phosphorylation (mitochondrial cristae). Each of these systems produce ATP under differing 

metabolic demands and conditions. The ATP: creatine phosphate (phosphagen) system and 

glycolysis function anaerobically (without the oxygen) and involve rapid generation of ATP 

for sprint or very short durations (<10 seconds to <2 minutes). The citric acid cycle and  

ETS/oxidative phosphorylation operate aerobically (with oxygen) and provide energy 

production for longer durations of exercise (energy production is predominantly aerobic after 

2 minutes) (35). For the purpose of this literature review, aerobic energy production within 

the cytosolic organelle, the mitochondrion, namely involving the citric acid cycle and 

oxidative phosphorylation, will be the focus of this thesis section. In addition, the role of the 

oxidative by-product, reactive oxygen species, in exercise adaptation as well as mitochondrial 

biogenesis will also be discussed. For an extensive review on the ATP:CP (phosphagen) 

system and glycolysis, the reader is directed to (16, 103).  

 

1.3.1 Mitochondrial origin and structure 

Mitochondria are organelles that exist in networks and reside within the cytosol of nearly all 

eukaryotic cells (not red blood cells) (14). Mitochondria are maternally inherited in humans 

and thought to have originally existed as endosymbiotic α-proteobacterium, which through 

an unknown event, became engulfed and part of the ancient eukaryotic cell (23). It is 

suggested that many of the proteobacterial functions of mitochondria were either lost or 

transferred to the eukaryotic cell nucleus as part of this process (24). Within the eukaryotic 

cell,  the mitochondria are primarily responsible for their role in aerobic energy production 

(ATP) but are also implicated in regulating cellular apoptosis (programmed cell death) and 

intracellular signalling. For the purpose of this review, energy production related to the citric 

acid cycle and oxidative phosphorylation/electron transport system will be covered as this is 

mitochondrially regulated, which are the focus of this thesis. The structure of the 

mitochondrion involves two membranes, namely an outer and inner membrane, separated by 

an intermembrane space. The structure of the mitochondrion has evolved to become efficient 

in carrying facilitating mitochondrial processes (16).   

 

Mitochondrial structure 

The outer membrane encapsulates the mitochondrion and separates the inner membrane from 

metabolic by-products (cytosolic metabolites) produced by cytosolic reactions (36). The outer 

membrane is comprised of a phospholipid bilayer containing porins (small holes) for passive 
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diffusion of small-molecule such as ions, as well as various membrane transporter complexes 

that facilitate the movement of larger proteins in and out of the intermembrane space. Overall 

the outer membrane facilitates the exchange of metabolites and energy produced by the 

mitochondrion’s inner membrane (104). The inner membrane separates the intermembrane 

space from the mitochondrial matrix. The inner membrane is compartmentalized into a series 

of folds collectively called cristae (36). These folds significantly increase the relative surface 

area of the mitochondrion, providing a large membrane surface area for aerobic metabolism 

to occur (104). The membrane also houses respiratory complexes, which facilitate the 

movement of electrons along the inner membrane in order to drive a proton (H+) gradient 

(16). During healthy states, the inner membrane relatively impermeable to H+ ions, although 

partial leak and transport does occur. This relative impermeability is crucial in generation of 

the chemiosmotic and proton gradients across the inner membrane from the intermembrane 

space (ion and pH difference between membranes) to facilitate ATP synthesis (105).  

 

1.3.2 Energy producing functions of the mitochondria 

 

Glycolysis and the citric acid cycle (TCA) 

The cells largest production of energy occurs within the matrix of the mitochondrion through 

a process called oxidative phosphorylation. In order to facilitate oxidative phosphorylation, 

the metabolic intermediates Flavin adenine dinucleotide (FADH2) and nicotinamide adenine 

dinucleotide (NADH) are required for establishment of the chemiosmotic gradient. FADH2 

and NADH are proteins derived from oxidative reactions during the citric acid cycle (106). 

Flavin adenine dinucleotide (FADH) and nicotinamide adenine dinucleotide (NAD+) are 

produced in the mitochondrial matrix as metabolic products of the citric acid cycle (TCA) 

(36). Prior to entering the TCA, enzymatic breakdown of glucose releases facilitates the 

conversion of 2ADP to 2ATP molecules (for utilisation as a rapid energy source) via electron 

donorship causing NAD+ to become NADH, as well as 2 x pyruvate molecules.  Pyruvate 

then either passively diffuses through porins in the outer membrane of the mitochondria and 

enters the mitochondrial matrix via specific inner membrane transmembrane transporters or 

is converted to lactate by lactate dehydrogenase which reduces NADH back to NAD+. Lactate 

can then either be converted back to glucose for energy or can be reconverted back to pyruvate 

by pyruvate dehydrogenase. Once pyruvate has entered the inner mitochondrial membrane, 

it then enters the TCA, where it is first converted into acetyl co-enzyme A (Acetyl CoA) by 
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the oxidation of an NAD+ molecule (converted it to NADH). Acetyl CoA then feeds into a 

series of oxidative enzymatic reactions resulting in the net production of 6 x NADH, 2 x 

FADH2, 2 x guanosine triphosphate (GTP) and 4 x CO2 molecules. In the presence of oxygen, 

NADH and FADH2 molecules from the TCA can then donate electrons to complex I and II 

of the electron transport chain, respectively as part of the initial steps of oxidative 

phosphorylation within the respiratory enzyme complex chain system (ETS) (16, 106). These 

steps are summarised in Figure 2.2 below. During situations of high energy demand such as 

exercise, the glycolytic steps of this process occur predominantly in the cytosol, whereas 

during fully aerobic conditions, this occurs in the cytosol and mitochondria, suggesting 

anaerobic conditions can partially bypass the mitochondria to produce a more rapid source of 

ATP for energy. Although, glycolysis is limited by the availability of the enzymes which 

catalyse its activity and therefore can lead to fatigue when the duration of high intensity 

exercise is extended past the anaerobic capacity of the system (107-111).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1 Metabolic pathway of glucose to produce cellular energy (ATP) from glycolysis to the citric 

acid cycle (TCA) and finally oxidative phosphorylation under aerobic conditions. ATP= adenosine 
triphosphate, LDH= lactate dehydrogenase, PDH= pyruvate dehydrogenase, NAD+= Nicotinamide adenine 
dinucleotide, NADH= reduced Nicotinamide adenine dinucleotide, FAD=  flavin adenine dinucleotide, 
FADH2= reduced  flavin adenine dinucleotide, O2=oxygen molecules and H2O= water molecules. Created with 
BioRender.com 
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Oxidative phosphorylation and the electron transport system 

As previously stated, the inner membrane of the mitochondria contains chains of bioenergetic 

protein complexes. These complexes (nominally named complex I-IV) transfer electrons 

from reduced metabolic intermediates received from the citric acid cycle (FADH2 and 

NADH) to facilitate the drive of protons out of the matrix into the intermembrane space (16). 

The transfer of electrons along the electron transport chain, fuels the respiratory complexes 

to drive hydrogen ions into the intermembrane space. This is essential for establishing a 

necessary proton gradient between the intermembrane space and the mitochondrial matrix to 

drive phosphorylation of ADP and inorganic phosphate (Pi) for ATP synthesis (106). The 

relative role of each of these complexes in the ETS will now briefly be described.     

  

Complex I function  

Complex I (CI), also commonly referred to as NADH dehydrogenase, is a 44-subunit protein 

enzyme positioned at the beginning of the electron transport chain. Its structure has a 

characteristic letter L shape that extends from the inner mitochondrial membrane into the 

mitochondrial matrix (112). Complex I readily oxidizes NADH to form NAD-, which releases 

energy by freeing an electron to be transferred along several iron-sulphur clusters to 

ubiquinone. The energy released is sufficient enough to facilitate the pumping of up to 4 H+ 

from the matrix into the intermembrane space. Once two electrons have been transferred to 

ubiquinone, it is oxidized into ubiquinol, which carries electrons from CI to complex III (16). 

The regulation of NADH/NAD- has important implications in maintaining complex I and 

cytosolic citric acid cycle function (16, 113). Systematic inhibition of ubiquinone has also 

been demonstrated to have significant effects on the production of reactive oxygen species 

(113). Both of these areas will be briefly covered in a following section of this review. 

 

Complex II function 

Complex II, otherwise known as succinate dehydrogenase is similarly anchored in the inner 

membrane and extends outwards into the mitochondrial matrix. CII oxidizes succinate 

received from the citric acid cycle into fumarate. The electrons released reduce the complex 

bound Flavin adenine nucleotide (FAD), causing the formation of FADH2. These electrons 

are then transferred along iron-sulphur clusters to a quinone pool, where ubiquinol is formed 

(16, 114). Complex II effectively plays a two-part role and so is often deemed a citric acid 

cycle and oxidative phosphorylation enzyme (114). Complex II differs to CI as it does not 
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extend into the intermembrane space. Also, it is suggested that electron transfer associated 

with reduction of FAD to FADH2 does not generate sufficient energy to pump protons into 

the intermembrane space. Taken together, these are possible suggestions as to why CII does 

not contribute to the proton gradient (114). Complex II instead serves a role in trafficking 

electrons attached to ubiquinol to complex III to feed the electron transport chain.  

 

Complex III function 

Complex III, also known as coenzyme Q-cytochrome c-oxidoreductase is an 11 subunit 

enzyme complex that facilitates the transfer of electrons from ubiquinol molecules supplied 

by complex I and III, to the water soluble membrane protein, cytochrome c. This process 

involves the translocation of protons across the inner membrane to the intermembrane space 

from the mitochondrial matrix and shuttling of electrons through a cycle unique to CIII, 

named the Q-cycle. 

 

Ubiquinone-ubiquinol cycling (Q-cycle) 

Ubiquinol molecules are oxidized to transfer two electrons by CII, which when entering the 

Q-cycle are then separated between two distinct pathways. Firstly, ubiquinol binds to a 

specialised site on the intermembrane side of CIII (QO). Once bound, two electrons and two 

protons are released causing ubiquinol to disconnect from the complex. Cytochrome-c can 

only transfer one electron at a time and so for each time ubiquinol binds to the QO site, an 

electron is passed down through an iron-sulphur cluster to the c1 cytochrome-c binding site, 

which then ferries the electron to cytochrome c. The remaining electron moves across low 

and then high potential cytochrome b sites, where it eventually binds at a second site called 

Qi. Here, a ubiquinone molecule from the matrix can be reduced to form ubiquinone semi-

quinone anion, Q.1. Once this two-part cycle is repeated by a second ubiquinol molecule, two 

matrix protons are able to fully reduce ubiquinone into ubiquinol, which frees the Qi site and 

allows the full process to repeat (115, 116). The net result of this cycle is the translocation of 

4 protons into the intermembrane space (contributing to the electric-proton gradient), transfer 

of 2 electrons to complex IV via cytochrome-c as well as the addition of a ubiquinol molecule 

that can also theoretically re-enter the cycle. Although the Q-cycle requires more ubiquinol 

(2 ubiquinol vs. 1) to effectively transfer the same amount of electrons to cytochrome c, it is 

able to translocate twice as many protons into the intermembrane space in comparison to 

cytochrome c shuttling alone (4 vs. 2 protons) (16). This is crucial under situations such as 
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exercise, where maximal energy production is required to fuel the work required to produce 

movement.   

 

Other sources of electron donation to complex III 

Complex I and II readily transfer electrons across the ETS by reducing ubiquinone however, 

these are not the only sources of electrons which supply complex III (16). Beta oxidation of 

lipids broken down from triglycerides stored in fat adipose tissue involves 2-carbon fatty acid 

oxidation to form acetyl co-enzyme A and leads to the reduction of ubiquinone through 

electron transfer between flavoproteins and FAD/FADH2 intermediates (117). Ubiquinone 

can also be reduced through phosphate electron shuttling involving oxidation of 

dihydroxyacetone (DHAP) to glycerol-3-phosphate (G-3-P). These molecules permeate in 

and out of the mitochondrial intermembrane space shuttling electrons from cytosolic NADH 

to DHAP, forming NAD- and G-3-P, respectively. G-3-P can then be oxidized to donate 

electrons to reduce ubiquinone, thus adding to the quinone pool for electron transfer to 

complex IV (118). The net result of these conversional processes ultimately facilitates proton 

translocation across the inner membrane into the intermembrane space in order to contribute 

to the electrochemical gradient (16, 106).  

 

Complex IV function 

Complex IV, also known as cytochrome-c oxidase, is a 13-subunit enzyme complex 

containing a copper core of a further three-subunits (119). Complex IV activity involves the 

binding of up to four cytochrome-c molecules, which when bound to complex IV, donate 

their electrons to the centrally located cytochrome heme subunits and subsequently become 

re-oxidized. The transfer of four electrons through the centre of the catalytic heme complex 

causes the translocation of four protons (e- : H+) from the matrix into the intermembrane space 

(120). As a result, the four electrons from cytochrome-c are transferred to molecular oxygen 

(O2). Each oxygen molecule is reduced by 4 hydrogen ions to produce 1 molecular water 

(H2O). For every 4 electrons transferred through complex IV, the net yield is 2 water 

molecules within the matrix and translocation of 4 protons into the intermembrane space (16). 

Complex IV is the final step of the electron transport chain in building the electrochemical 

gradient essential for oxidative phosphorylation.  
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ATP synthase function / process of oxidative phosphorylation 

The electrochemical gradient established through the activity of the ETS enables the pumping 

of protons from the intermembrane space into the mitochondrial matrix to facilitate 

phosphorylation of ADP molecules (16). ATP synthase, also known as the FOF1 complex, is 

a large, membrane-bound, enzyme complex containing two key units, FO and F1. The FO unit 

is comprised of a, b, and c ringed subunits and extend across the inner membrane portion of 

the complex and is largely hydrophobic, whereas F1 contains a, b units and a single γ subunit 

arranged in a water soluble bulb, where ATP hydrolysis can occur (121). Together, these two 

subunits/channels provide the necessary mechanism for protons (H+) to re-enter the 

mitochondrial matrix and drive phosphorylation. The FO subunit provides a channel for H+ 

to flow down its electrochemical gradient into the matrix. The flow of H+ provides the energy 

necessary to rapidly spin the F1 subunit, which binds inorganic phosphate (Pi) to ADP 

molecules flowing through the ATP synthase complex. It should be noted that H+ flowing 

can leak through separate channels into the matrix and so are not involved in the synthesis of 

ATP. Using the Nernst equation, it has been theorized that at least 2 protons are required to 

synthesize 1 ATP molecule from ADP and inorganic phosphate (16). Following oxidative 

phosphorylation, newly synthesised ATP molecules are transported to the cytosol to fuel 

various cellular functions. ATP transport is regulated by the two transporters within the inner 

mitochondrial membrane (16). ATP and ADP are exchanged by an ATP/ADP antiporter, 

where one cytosolic ADP3- molecule is exchanged for one mitochondrial ATP molecule. This 

process is coupled to a separate phosphate transporter (HPO4
2-/OH-), where a single 

mitochondrial hydroxide molecule (OH) is transported outwards to the intermembrane space 

for the influx of a cytosolic hydrogen phosphate molecule (HPO4
2-) into the matrix.     

Taken together, the mitochondria processes energy under aerobic conditions by transfer of 

electrons through its chain of respiratory complexes and subsequently proton transport across 

its membranes, which facilitates the phosphorylation of adenosine diphosphate to adenosine 

triphosphate for usable energy. Although this function of the mitochondria is well-known, it 

is not the only integral function of the mitochondria. The mitochondria contains various non-

energy producing roles including regulating its own genome, production of reactive oxygen 

species, retrograde signalling intermediates and activating stress-responsive transcription 

factors. 
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1.3.3 Non-energy producing functions of the mitochondria 

 

The mitochondrial genome  

Mitochondria possess their own genome, containing 16,569 identified base-pairs and 

originally thought to only encode for 13 proteins, which are all involved in subunit expression 

of the mitochondrial respiratory chain complexes associated with aerobic energy production, 

as well as 22 transport RNAs (tRNA) and 2 ribosomal RNAs (MT-RNR1/12S and MT-

RNR2/16S) that are important in the genomes translation (16). Contrary to nuclear 

transcription, the mitochondrial genome does not contain introns, meaning when transcription 

occurs, it is thought the entire 16.5K base pair genome is transcribed. However, this exact 

mechanism and those that govern gene-specific sequence translation is still relatively 

unknown. Given that the mitochondria contains 1000’s of functional proteins of nuclear 

origin and actively communicates metabolic perturbations to the nucleus suggests that the 

mitochondria and nucleus have a symbiotic relationship, established to cooperate in 

maintaining cell-wide homeostasis (23). However, more recent evidence suggests, functional 

polypeptides encoded within short open-reading frames of the mitochondrial genome may be 

involved. 

 

Small open-reading frames (sORF) 

An open reading frame is a sequence of in frame sense nucleotide codons that includes stop 

and start sequences that can thus be translated by ribosomes following transcription from 

either the nucleus or mitochondrial genome (122, 123). These open reading frames typically 

exist within portions of already known coding mRNA that produces a functional protein. 

However, these open reading frames have distinguished functional effects following 

transcription and translation compared to the origin gene they are encoded within, suggesting 

they likely have biological functions in vivo. Open reading frames can be classified into 

several categories including, upstream ORFs (uORFs), long non-coding ORF (lncORFs), 

intergenic ORF, canonical ORF and small/short open-reading frames (sORFs), each of which 

is classified by the length of the potential codons sequence of the ORF (123). The smallest 

ORF identified is 6 codons in length but theoretically could be 2 codons in length (stop and 

start codon only), whereas the longest sORF is ~250 codons in length (122-126). For the 

purpose of this review, we will focus on small/short open-reading frames. 
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Small/short open-reading frames were first identified through computational screening 

(bioinformatics, proteomics etc.), 2) involving analysis of genomic databases for potential 

coding ORF. Following identification of previously non-characterised potential ORF, the 

codon sequence is cross-analysed for conservation across multiple species as ORF with high 

level of conservation are more likely to code for functional peptides and not just be random 

sequences (122, 125). A further characteristic to assess is the strength of the Kozak sequence, 

which is the relative position of the ORF from the initiation point of translation. A strong 

Kozak sequence combined with high homology across species suggests the ORF likely codes 

a functional peptide (127). Although, biological evidence of translation of the ORF is then 

required as proof of concept that the sequence codes for a functional protein. Biological proof 

can be obtained through several methodologies, which include but are not limited to reverse 

transcriptase polymerase chain reaction of DNA product for specific sequences using 

primers, protein mass spectrometry as well as by complimentary DNA library 

measurement.(122, 124, 127) Although, depending on the methodology used, some of these 

techniques have limited sensitivity for small ORFs or low throughput due to high technical 

skill and preparation involved (122).  

 

As the nuclear genome was sequenced long ago, nuclear short ORFs have long been studied 

although, following the more recent complete sequencing of the mitochondrial genome, an 

estimated ~1000 potential coding ORFs have since been identified using high throughput 

omics sequencing combined with phenotype association analysis (122). Techniques such as 

mitochondrial-wide association studies (MiWAS) that have been pioneered by the Cohen 

group at the University of Southern California, have significantly increased the possibility to 

discover more of these sORFs within the mitochondrial genome that may provide functional 

benefits in vivo (126, 128). As mitochondria have a relatively small genome compared to the 

nucleus and have relatively small amounts of non-coding nucleotide regions between known 

genes, identification of sORFs had previously been difficult due to the insensitivity of 

screening as well as the inability for mitochondrial transfection experiments to be used as 

biological proofs of concept (126).  

 

Mitochondrial sORFs 

However, with these recent technological advancements, several potential peptides have been 

identified within short-open reading frames (sORFs) of previously identified gene regions 
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(16S/MT-RNR2 and 12S/MT-RNR1) (126, 129). Throughout the mitochondrial genome, 

sORFs have been theoretically suggested to have the capacity to encode for hundreds of 

previously unidentified functional polypeptides, suggesting another potential mechanism by 

which the mitochondria may carry out its functional roles within the cell (126). Some of the 

potential encoding sequences of these peptides share homology with encoding regions within 

nuclear DNA regions and so it is possible that DNA from the nucleus may be transferred to 

the mitochondrial, allowing nuclear peptides to be incorporated into its genome for translation 

(25, 26, 29). Of the peptides identified thus far, some have been shown to exhibit up to 90% 

homology with nuclear gene encoding regions however, others have been shown to have 

complete mitochondrial homology only, which may suggest that some sharing of genetic 

material may have occurred over the millions of years of co-habitation within the cytosol 

(27). Furthermore, as mitochondria have distinct ribosomal machinery compared to the 

cytoplasm, there has been evidence that some of these mitochondrial-encoded sORFs have 

the potential to be translated in the cytoplasm. One such peptide, humanin has been shown to 

function similarly whether in a 21 or 24 amino acid sequence depending on whether it was 

translated in the mitochondria or cytoplasm, respectively. Cytoplasmic translation produces 

a similar peptide sequence, although with an added carboxyl group on the 3’ end of the 

sequence, which has been linked to increased stability of synthetic humanin analogues. Taken 

together, short open-reading frames hold great potential for translating previously unknown 

potential function polypeptides. However, further work is required to investigate exactly how 

these peptides are regulated and whether there translation induces functional benefits in vivo. 

 

Reactive oxygen species (ROS) 

Reactive oxygen species, more commonly referred to as ROS, are derivatives of molecular 

oxygen that have gained oxidative and free radical properties, which in high amounts may 

have deleterious effects on cellular proteins, lipids, and DNA. These negative effects 

generated the theory of free radical ageing (now largely unsubscribed to), which theorizes 

aging progression as being related to increased free radical toxicity/damage as cells become 

dysfunctional with age (130). On the contrary, recent mounting evidence suggests ROS may 

actually be beneficial in stimulating cellular and system-wide adaptation through several 

pathways including but not limited to p38 MAPK, AMPK and calcium ion flux cellular stress 

signalling (18). Notably in mammals, greater production of ROS occurs in areas of high 

oxygen consumption, such as the mitochondria, endoplasmic reticulum and peroxisomes of 



24 

skeletal and cardiac myocytes (131). Mammalian mitochondrial ROS production, similarly 

to energy stress signalling (AMPK), has been positively correlated with exercise intensity, 

although the mechanism between signalling and ROS has not yet been fully elucidated (18). 

The formation of ROS related to the electron transport system and how ROS may induce 

adaptation through exercise will be the focus of this review section. For further information 

related to other sites of ROS production exclusive of the mitochondria, the reader is directed 

to (132).  

 

Formation of ROS and their relation to the mitochondrial electron transport system 

Within the mitochondria, molecular oxygen passively diffuses in and out of the matrix and as 

previously described, is heavily involved in the electron transport system. As part of the ETS 

that generates the electrochemical proton gradient for oxidative phosphorylation, electrons 

are relatively tightly transferred across the enzymatic chain of respiratory complexes by 

quinones, iron, and flavomononucleotides (16). However, in redox-active sites of electron 

transfer, such as flavomononucleotides proteins within complex I or ubiquinol and during 

states of high metabolic demand, electrons can escape/leak out of the ETS and reduce 

molecular oxygen to form superoxide anions (O2
-). Mitochondrial superoxide production is 

mediated by the metabolic state of the cell. More superoxide is produced in states where either 

ATP is not being synthesized but the membrane potential and quinone concentration is high 

or when the ratio of NADH: NAD+  within the mitochondrial matrix is also high causing 

electron availability to be high but transfer to be restricted, causing leakage of reactive oxygen 

species (54). Superoxide anions for example, are highly reactive (radical), meaning an 

unpaired electron is attached to it that can readily react with other molecules that come into 

contact with it (54).  The mitochondrion has adapted a three-step enzymatic defence 

mechanism to mitigate the toxic effects of superoxide. In brief, the superoxide anion is 

dismutated (reduced and oxidized) by the enzyme superoxide dismutase (1/2) and converted 

to hydrogen peroxide (H2O2) (a less radical form in comparison) and oxygen. Hydrogen 

peroxide can either be converted by the enzymes catalase or glutathione peroxidase (GPX) 

(in lipids) to form molecular water. However, less desirably it can be converted by metals 

such as Fe2+ to form an even more molecularly unstable hydroxyl radical (OH-) (16).  
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Mitochondrial modulation of intracellular apoptosis at rest and following exercise 

Mitochondria not only function to provide cellular energy and cellular signalling, but they 

also help to regulate cell turnover through mitochondrial apoptosis. Apoptosis is the process 

of ‘programmed cell death’, which is used to remove dysfunctional cells that are no longer 

needed within the body. It can occur both by extracellular and intracellular signal 

transduction, which each involve unique mechanisms (133, 134). For the purpose of this 

review, we will describe intracellular apoptotic signal transduction as this involves the 

mitochondria. Mitochondrial apoptosis involves the activation and release of apoptosis-

mediating proteins from the mitochondrial inner membrane to the cytosol. This process can 

be facilitated by increases in oxidative and heat stress, pH imbalance as well as cytokine 

signalling, all of which are increased by exercise (135). Firstly, pro-apoptotic signalling 

proteins such as truncated BH3 interacting-domain death agonist (tBID) or Bcl-2-associated 

X protein (BAX) bind to the outer mitochondrial membrane and transduce a signal to increase 

inner mitochondrial membrane conductance through the previously relatively impermeable 

adenine nucleoside translocator (ANT) within the inner mitochondrial membrane (20). This 

increases calcium ion (Ca2+) flux into the inner mitochondrial membrane (change in 

membrane potential), which subsequently also draws in water and raises osmotic pressure. 

High osmotic pressure in the intercristal space eventually leads to the rupture and release of 

apoptosis-mediating proteins/phosphorous intermediates such as cytochrome c, ATP, and 

cytoplasmic apoptosis protease activating factor-1 (APAF-1) through the voltage-dependent 

ion channels (VDAC). These newly released pro-apoptotic molecules assemble into a 

complex molecule that cleaves caspase 3, causing the final step of cell destruction. Within 

the final step, caspase enzymes dissolve the remaining cellular components and reabsorb the 

nutrients for later use (134).  

 

As exercise promotes stimuli shown to induce mitochondrial apoptosis, such as increased 

oxidative damage, it has been hypothesized that strenuous exercise may promote apoptosis 

as part of skeletal muscle turnover following muscle damage (135). However, to date there is 

little evidence investigating apoptosis following exercise within skeletal muscle. One report 

suggests the anti-apoptotic mediator protein BCL-2 was decreased within skeletal muscle 

following endurance exercise, which may suggest that apoptotic signalling is increased due 

to a reduction in the inhibition of apoptotic binding proteins (136). However, others report 

that skeletal muscle lacks the activating proteins necessary to cleave apoptotic caspases. 

Although, it should be noted that these findings were in rested muscle and therefore exercise 
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may activate downstream proteins that could lead to apoptotic caspase activity and thus 

further research is needed investigating exercise and apoptosis (135). Taken together, 

mitochondrial apoptosis is a critical process for regulating tissue function by targeting 

dysfunctional cells for destruction and reabsorption. Although, exercise appears to stimulate 

known inducers of apoptosis, there is little research to support exercise as a mediator of 

mitochondrial apoptosis.   

 

Mitohormesis – retrograde signalling for mitochondrial adaptation  

The term hormesis is typically used in pharmacology and is defined as a biphasic, adaptive 

response that occurs following relatively low exposure to a substance that is usually 

detrimental/toxic in higher doses (137). Recent evidence has suggested this biphasic response 

similarly occurs in mitochondria, where adaptation is facilitated following mitochondrial 

stress retrograde signalling to the nucleus. It is thought communication occurs via several 

potential mediators (such as ROS, Ca2+ flux, mitokines, and the mitochondrial unfolding 

protein response (UPRmt)), which facilitate nuclear and cytosolic adaptations to enhance 

resistance to metabolic perturbations (19). As mentioned, exercise is a significant producer 

of cytosolic ROS, particularly in skeletal muscle and so subsequent ROS production through 

exercise likely facilitates the signalling response that promotes exercise-associated health 

benefits that decrease our vulnerability to chronic disease and mortality (18, 19). However, 

as this response is likely to be hormetic, there is evidence that the opposite effect may also 

occur, such as in physical inactivity and overtraining, whereby decreased signals lead to a 

reduction in function. Both of these conditions have been suggested to increase susceptibility 

to oxidative damage, resulting in detrimental effects on mitochondrial function through lipid 

peroxidation and DNA damage, thereby potentially increasing the risk of disease (138). 

One of the key mitohormetic adaptations to improve function following metabolic 

perturbations is mitochondrial biogenesis, which is associated with increased mitochondrial 

metabolism and reactive oxygen species production (increased oxidative stress) (53, 139). 

However, this increase in oxidative stress is thought to be mitigated by PGC1-α upregulation 

of nuclear respiratory factors 1 and 2 (NRF1/2) and subsequent mitochondrial transcription 

factor A (TFAM) expression. NRF-1 activates TFAM, which is actively involved in the 

regulation of mitochondrial gene expression and NRF2 increases the production of 

mitochondrial antioxidant enzymes, superoxide dismutase-1/2, catalase, and glutathione 

peroxidase, which increases mitochondrial oxidative stress-resistance (140, 141). This review 
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will focus on the role of exercise/physical activity in mitigating mitohormetic adaptation, 

particularly in regard to metabolic stress sensing of AMPK and subsequent downstream 

regulatory mediator, PGC-1α. It should be noted that there are several other potential 

mediators of mitohormesis. These include but are not limited to hypoxia-inducible factor-1 

(HIF-1), sirtuin protein 1 (SIRT) and skeletal muscle target of rapamycin (mTOR) signalling, 

which will not be covered by this review. Instead, the reader is directed to (18, 19) for more 

details on these.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.3.4 Metabolic sensing during exercise results in exercise-induced adaptations  

Exercise is a potent stimulus that significantly increases the metabolic demand on the 

mitochondria. As exercise continues, energy sources are rapidly depleted which changes the 

nutrient availability within the cell. A reduction in ATP levels leads to a subsequent increase 

in the AMP: ATP ratio (16). This shift increases the activation of the key cellular energy-

sensing enzyme, AMPK, which responds by initiating signals to increase cellular ATP levels 

Figure 1.2 Process of mitohormesis. ROS= reactive oxygen species, MtDNA= mitochondrial DNA 
damage, Ca2+= calcium ion flux, MtUPR= mitochondrial protein unfolding response. Created with 
BioRender.com  
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through increased energy production pathways (beta oxidation, glucose uptake etc.) (52, 90). 

Activation of AMPK and various other kinases also leads to a coordinated upregulation of 

nuclear gene transcription, which increases expression of proteins that facilitate 

enhancements in metabolism (87, 142). Inhibition of complex I function by R419 has been 

linked to an improvement in exercise capacity and insulin sensitivity in mice (143). It is 

thought this may be linked to similar findings shown in Caenorhabditis elegans, where a 

decrease in energy production by partially inhibited oxidative metabolism (CI inhibition) 

leads to AMPK sensing activation, which initiates retrograde signalling to the nucleus 

resulting in subsequent compensatory upregulation of other ETS subunits (144). Further 

investigation involving rats supplemented with metformin (an antidiabetic drug which 

activates AMPK), revealed no change in GLUT4 protein expression, however PGC1- α 

expression and mitochondrial biogenesis was enhanced in gastrocnemius (oxidative and 

glycolytic mixed fibre type) as well as in the soleus (predominately oxidative fibre type) 

(145). This increase in expression was correlated with an increase in phosphorylation of 

AMPK. However, it is more likely that AMPK is only partially implicated in this 

mitohormetic process as knockout/ablation of AMPKα subunit-2 in mice does not completely 

abolish increases in biogenesis (PGC-1α) or glucose metabolism following exercise (67, 

146). Metabolic adaptations stimulated by AMPK activation include but are not limited to, 

increased GLUT4 expression (enhanced energy substrate uptake) through nuclear removal of 

HDAC5 from the GLUT4 promoter region (previously described in section 1.7.3.2) as well 

as mitochondrial biogenesis through PGC-1 α activation (69, 70, 147). It is clear that AMPK 

is an integral signalling kinase involved in exercise adaptation, although, AMPK 

predominantly facilitates exercise-induced adaptation through downstream activation of 

transcription factors, such as peroxisome proliferator-activated receptor gamma coactivator 

1-alpha (PGC1-α) that lead to upregulation of metabolic stress-responsive gene/proteins 

involved in exercise metabolism. 

 

1.3.5 Mitochondrial adaptation through PGC-1α activation  

Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1-α) is a known 

master regulator of mitochondrial biogenesis (increased mitochondrial number/density and 

enhanced morphology), fatty acid oxidation metabolites and shuttles as well as angiogenesis 

via activation of peroxisome proliferator-activated receptors alpha and gamma and estrogen-

related receptor alpha (ERRα) and vascular endothelial growth factor (VEGF; vascular 
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branching), respectively (139). Activation of PGC-1α has been linked to calcium-dependent 

signalling kinases, AMPK, ROS, p38 MAPK and nitric oxide release (147). For the purpose 

of this review, the effects of PGC1-α on skeletal muscle mitochondria will be the main focus. 

Knockout mouse models of the Ppargc1a (gene encoding PGC1-α) show a decrease in 

mitochondrial gene expression, particularly in genes encoding for subunits involved in the 

respiratory complexes of the ETS, as well as an overall decrease in mitochondrial respiration 

(148). Conversely, skeletal muscle cell and transgenic mouse models overexpressing PGC1-

α show an increased expression of mitochondrial ETS subunit genes as well as increased 

mitochondrial biogenesis in comparison to controls/wild types respectively (149). In addition 

to these findings, gene expression of antioxidant enzymes SOD2 (superoxide scavenger) and 

GPX-1 (hydrogen peroxide scavenger) have been found to be upregulated in PGC1-α 

overexpressing mice, which is thought to correspond to an increase in oxidative stress 

resistance, which is commonly observed in humans following exercise training (149, 150).  

 

Mechanistic exercise studies investigating the regulatory mechanism of PGC1-α in exercise 

adaptation are relatively scarce, however, in one study involving acute and training-induced 

changes in PGC1-α regulation, an acute bout of swimming (2 hours) elicited up to ~5 fold 

increases in PGC-1α mRNA as well as PGC-1α protein expression after 18-hours post 

exercise (151). A similar increase was seen in nuclear respiratory factor 1 and 2, 12-18 hours 

following exercise. When this was repeated daily for 3-7 days, PGC-1α, NRF-1/2 and GLUT4 

mRNA and protein expression increased similarly to that of the acute bout. These increases 

translated to greater mitochondrial enzyme and skeletal muscle GLUT4 content (151), 

suggesting that PGC1-α activation is integral in exercise metabolism adaptation. 

Furthermore, establishment of a PGC-1α muscle-specific knockout in mice, has shown mice 

to be less active as well as having poorer exercise tolerance and reduced oxidative capacity 

in basal conditions (reduced cytochrome c and cytochrome-oxidase IV expression) (152).  

 

Furthermore, PGC1-α activation has been linked to the upregulation of mitochondrial fission 

and fusion proteins (mitofusin) that are important in regulating structure and architecture of 

the mitochondrial network, which are important in modulating oxidative phosphorylation 

capacity and TCA cycle activity. Gene expression of mitofusin 1 and 2 (more so) has been 

shown to increase 2 hours following 10km time cycling trial in healthy young men, although 

this was shown to be dependent on the co-activation of PGC1-α as well as estrogen-related 

receptor alpha (ERRα), as ERRα small-interring RNA (siRNA) treated muscle cells did not 
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show an increase in mitofusin 2 following PGC1-α activation in skeletal muscle cells in vitro. 

Mounting evidence now suggests ERRα could be a potential co-activator of PGC1-α that also 

modulates mitochondrial function through structural changes to the mitochondria through 

modulation of mitofusin 2 proteins, following exercise. Taken together, PGC1-α is an 

important transcription factor that can be potently activated by AMPK as a result of energy 

perturbance that occurs during aerobic exercise. Activation of PGC1-α appears to regulate 

mitochondrial biogenesis as well as structural changes that enhance the mitochondrial 

oxidative capacity and thus enhance skeletal muscle metabolic function. However, following 

endurance exercise training, hexokinase II (glucose metabolism enzyme) and cytochrome 

oxidase I (complex IV) protein expression are found to be upregulated and exercise capacity 

was restored to levels comparable with the wild type controls (146), suggesting that PGC1-α 

likely is one of several mediators that contribute to exercise-induced adaptations. As 

aforementioned, cytosolic ROS increase significantly during exercise and through ROS 

inhibition studies have been suggested to play an important role in hormetic adaptation to 

exercise-induced stress (18, 54, 150, 153). 

 

1.3.6 The role of reactive oxygen species in exercise adaptation 

Over the past 70 years, numerous cell culture studies have demonstrated that oxidative 

damage (DNA, lipid oxidation etc.) caused by ROS, may be involved in the pathogenesis of 

various diseases, although it should be noted that these findings typically involve 

supraphysiological doses of ROS. Treatment with compounds with associated antioxidant 

effects have also been demonstrated in vitro to have the potential to ameliorate some of these 

negative effects however, in the context of animal/human studies, these findings are less 

consistent.  

 

Aerobic exercise, particularly at higher intensities, is a major source of skeletal muscle ROS 

production although, as previously discussed, aerobic exercise has repeatedly been correlated 

with extended lifespan and decreased incidence of chronic disease. This suggests that during 

exercise, ROS produced may act as a hormetic signal, which is sensed by the mitochondria 

and then relayed to the nucleus to improve oxidative stress defence, which lowers oxidative 

damage during future exercise and at rest (18). Interestingly, adaptations associated with 

exercise training such as mitochondrial biogenesis, enhance oxidative phosphorylation 

metabolism, and insulin sensitivity, which has been shown to be partially inhibited following 



31 

supplementation with cytosolic antioxidants. These findings suggest antioxidants may inhibit 

exercise adaptation through the abolishment of the acute signalling effects of ROS produced 

during exercise (18, 153). Mounting evidence investigating this proposed relationship 

suggests ROS are likely to have a significant role in acutely stimulating the mitochondria to 

communicate via reversed signals to other cellular compartments such as the nucleus, to 

promote beneficial adaptation to cellular stress (retrograde signalling). It is thought this 

occurs as part of a stimulatory response termed mitohormesis (18). Contraction of skeletal 

muscle results in the stimulation and secretion of a subgroup of small signalling peptides 

called myokines (muscle-derived cytokine) (154). Secretion of a number of these peptides 

has been shown to be increased following increases in PGC-1α protein expression following 

aerobic exercise (155).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3 Diagram of exercise-induced intracellular perturbations and the canonical signalling pathways 

that are activated to promote exercise adaptations via PGC1-α in skeletal muscle. NAD+= reduced 
nicotinamide adenine dinucleotide, AMP= adenosine monophosphate, ATP= adenosine triphosphate, p38= 
protein-38, ROS= reactive oxygen species, SIRT1= sirtuin-1, AMPK= 5' AMP-activated protein kinase, 
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CaMKII= calmodulin-dependent protein kinase II, PGC1-α= peroxisome proliferator-activated receptor gamma 
coactivator 1-alpha. 

 
 

1.4 Myokines – signalling molecules secreted from skeletal muscle 

In the last decade, several hundred myokines have been discovered but not all are secreted 

from the skeletal muscle following exercise. Myokines are thought to be involved in tissue 

crosstalk between skeletal muscle and various organ systems such as the liver, breast, bone, 

pancreas, brown and white adipose tissue, liver and the brain through endo, auto and paracrine 

signalling (154). One of the most promising effects of myokines is in enhancing metabolism 

(154, 155) and some exercise-induced myokines are suggested to have metabolic effects by 

potent activation of nutrient sensors such as  the energy-sensitive signalling kinase, AMPK 

(156). Exogenous myokine administration has also been linked to improvements in diseases 

such as type 2 diabetes and obesity similarly observed following exercise, which has made 

various myokines the focus of therapeutics (154). Several myokines such as interleukin-6 and 

irisin are have been shown to be induced by exercise and have been shown to elicit promising 

metabolic benefits following exogenous treatment. The role of these myokines in metabolic 

adaptation following exercise will be briefly discussed. For further review of non-exercise 

induced myokines, the reader is directed to the excellent review (155) 

 

1.4.1 Interleukin-6 (IL-6) 

Interleukin-6 is commonly referred to as the first discovered myokine. IL-6 is well known for 

both its pro- and anti-inflammatory roles in the cytokine response to exercise (157, 158). 

Elevated levels of IL-6 have been shown to be associated with insulin-resistance and 

consequently reduced glucose uptake. In mice who overexpress IL-6, insulin-mediated 

glucose uptake is impaired, leaving overexpressing mice with a lower body mass in 

comparison to wild type controls (159). Although, IL-6 is also increased following exercise 

but instead corresponds to an increase in circulating levels of anti-inflammatory cytokines, 

interleukin-1ra and interluekin-10. IL-6 secretion following exercise also increases signalling 

activation of the homodimer gp130Rβ/IL-6Rα, which leads to activation of AMPK and PI3K. 

These signalling kinases upregulate fatty acid oxidation, glycogenolysis, and glucose 

release/uptake (160). Overall, in response to exercise, IL-6 appears to increase glucose 

availability by upregulation of oxidative metabolism and enhances glucose uptake by 

increased insulin secretion through upregulated GLP-1 activity. Although other interleukins 

aside from IL-6 have been associated with enhanced metabolism following exercise, not all 
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interleukins act on the same pathway, for example Interleukin-15 (IL-15) upregulates 

metabolism by acting upstream of signal transducer and activator of transcription proteins.  

1.4.3 Irisin 

Irisin is derived from fibronectin type III domain–containing protein 5 (FNDC5) cleavage, 

which is a transmembrane protein found in muscle (161). Increased irisin protein expression 

has been associated with increased white adipose tissue uncoupling protein-1 (UCP-1) 

expression, which is a protein that affects regulation of uncoupling of fatty acid oxidation and 

ATP synthesis (161, 162). UCP1 has been shown to be highly involved in browning of white 

adipose tissue (WAT) and thermogenesis as a result of cold exposure. Increased levels of 

irisin have been linked to WAT browning and increased energy expenditure from 

thermogenesis in rodent models. Furthermore, irisin has also been shown to have an effect on 

PGC-1α regulation and is found to increases in the circulation following endurance exercise 

(161, 163). Exogenous treatment with irisin in muscle cells caused increased expression of 

PGC-1α and subsequently NRF1, TFAM and GLUT4, which demonstrates that irisin is likely 

linked to oxidative metabolism (162). Although some inguinal white adipose tissue browning 

has been reported in human subjects following exercise, it is not clear whether these effects 

are driven by exercise-induced adaptations or simply by the stress-response of the body to 

changes in circulating inflammatory intermediates (IL-6 etc.) and/or catecholamines 

associated with the fight or flight response of certain exercise protocols used (164, 165). 

Overall, there is evidence to suggest irisin is involved in the regulation of WAT browning 

and thermogenesis as well as factors which regulate oxidative metabolism. However, it 

should be noted, more studies demonstrating these effects are in mice or in vitro and although 

very robust, these findings are inconsistent in human studies. Therefore, further evidence is 

required to support irisin’s involvement in regulating thermogenesis and mitochondrial 

metabolism.  Similarly, meteorin-like is another myokine that has an activating effect on 

PGC1-α and has been implicated in modulating exercise-mimetic adaptations. 

 

More recently, muscle-derived factors have been shown to increase with exercise in the 

skeletal muscle and in circulation and have been strongly correlated with indices of improved 

health. It is theorized that function polypeptides are also encoded within the mitochondrial 

genome and that these may also be involved in the hormetic response of the mitochondria to 

metabolic stress such as that induced by exercise. 
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1.5 Mitochondrial-derived peptides (MDPs)  

Mitochondrial-derived peptides (MDPs) are a novel class of mitochondrial-derived intra and 

extracellular signalling molecules that have recently emerged in the field of mitochondrial 

biology over the past 20 years (166). These peptides contain short open reading frames 

(sORF) that are transcribed from either the 12 or the 16S ribosomal RNA region of the 

mitochondrial genome and then translated either in the mitochondria or in the cytoplasm (26, 

167). Currently, 8 MDPs are the focus of emerging research. These include humanin and 

small humanin-like peptides (SHLP) 1-6, which are transcribed from short open reading 

frames (sORFs) within the 16S rRNA region, as well mitochondrial open reading frame of 

the 12S rRNA-c (MOTS-c), which is transcribed from the 12S rRNA region (166). These 

peptides have been found to exhibit cytoprotective and metabolic adaptations in response to 

cellular stressors across cell, animal, and human models, with each of these peptides 

mediating unique mechanisms to elicit these beneficial effects (25, 29, 166). These peptides 

have been found to be expressed in a variety of rodent and human tissues including skeletal 

muscle, heart, brain, liver, spleen, and testis. These MDPs have also been detected in rodent 

and human plasma, which suggests it is transported around the body via the systemic 

circulation. Interestingly, expression of these peptides has also been found to be decreased 

with age in aging rodents and humans (26, 27, 29, 167). These mitochondrial-derived peptides 

appear to exhibit mitohormetic effects in response to cellular stressors. Therefore, 

investigating their endogenous regulation as well as their use as potential therapeutic 

interventions has gained significant attention (166). This review will aim to cover the 

mechanism of each of these 8 peptides (humanin, SHLP 1-6 and MOTS-c) and their 

associated effects and conclude by postulating how these peptides may be endogenously 

regulated by the mitochondria given the current research. 

 
 
 
  
 
 
 
 
 
Figure 1.4 Simplified mitochondrial genome indicating the mitochondrial-derived peptide encoding 

regions. Humanin, mitochondrial open reading frame of the 12S rRNA-c (MOTS-c) and small humanin-like 
peptides 1-6 within the MT-RNR1 and MT-RNR2 ribosomal RNA regions. Created using BioRender.com. 
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1.5.1 Humanin: Discovery/ Structure 

Humanin is a 21-or 24-amino acid polypeptide, depending on site of translation 

(mitochondrial and cytoplasmic respectively), that was a discovered whilst working on the 

neurological condition, Alzheimer’s disease (29). Discovery involved gene analysis using 

‘death-trap’ screening of anti-apoptotic molecules that enhance diseased cell survival. 

Screening involved transfection of neuronal cell cDNA to Jurkat cells (T-cell lymphocyte cell 

line), which were then treated with T-cell receptor antibodies that non-specifically kill the 

majority of cells. Those cells that survived, were collected to have their cDNA library 

fragments analysed (168). This screening process was used in the context of occipital lobe 

neuronal cells, which are commonly found to remain unaffected by Alzheimer’s disease. 

Fragment analysis was used to search for neuronal genes which had anti-apoptotic properties 

that could resist the mutated form of amyloid precursor protein (APP V642I), which is a gene 

that is associated with familial Alzheimer’s disease. Analysis led to the discovery of the 

cDNA encoding humanin (MAPRGFSCLLLLTSEIDLPVKRRA - humanin genetic code), 

which is thought to be transcribed from a sORF within the MT-RNR2 ribosomal RNA region 

of the mitochondrial genome (a gene within a gene) (169) and then translated in the 

mitochondria. Upon its discovery, it was deemed a mitochondrial-derived peptide as its 

sequence shares 99% homology with that of a sequence within the MT-RNR2 region. 

However, humanin has also been shown to be translated within the cytoplasm and found to 

be 92-95% homologous with several sequences within the nuclear genome (sequences with 

additional carboxyl groups added), suggesting that humanin was more likely mitochondrial 

in origin and thus its sequence was then transferred to the nucleus through nuclear 

mitochondrial DNA segment transfer (NUMT) (29, 126) as part of its original eukaryotic 

integration. However, regardless of its origin, translation of either the mitochondrial or 

nuclear sequence produces a peptide with identical anti-apoptotic and stress resistant effects 

and therefore its origin does not impact its overall function (170).  

 

1.5.2 Humanin: Signalling pathway 

Following its discovery, several groups have investigated whether humanin has para or 

endocrine effects following its production, although interestingly it has both. Humanin uptake 

into the cell is thought to be regulated by two different classes of receptors. The first is the 

formyl peptide receptor like-1 and 2 (FPRL 1/2). When humanin binds to FPRL receptors, it 

activates extracellular signal-regulated kinases (ERK) causing extracellular signal 
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transduction and activation of cytoprotective effects and enhancements of mitochondrial 

respiration. The second class of receptor is a tripartite receptor (three-part) consisting of 

ciliary neurotrophic factor receptor (CNTFR), glycoprotein-130 (gp130) and interleukin 27 

receptor subunit alpha (WSX1). Humanin binding facilitates signal transduction through 

tyrosine kinases located within Janus kinase (JAK). Janus kinase then transduces and 

activates transcription by signal transducer and activator of transcription 3 (STAT3), 

mitogen-activated protein kinase (MAPK) and phosphoinositide 3-kinase (PI3K). These then 

activate AKT and ERK which similarly to FPRL signal transduction, upregulate 

cytoprotective and metabolic adaptations. Additionally, humanin has been shown to exhibit 

paracrine effects whereby it inhibits Bcl2-associated X protein (BAX), an apoptotic protein. 

BAX is located in the cytosol and mediates cell apoptosis by switching to an active form and 

translocating to the mitochondria. BAX binds to the mitochondrial membrane and releases 

cytochrome c and apoptotic proteins into the mitochondria, which facilitates the apoptotic 

cascade (20). Humanin treatment in vitro in isolated mitochondria has been shown to bind to 

BAX and inhibit its translocation and release of cytochrome c. Short-interfering RNA 

experiments have shown that decreasing endogenous humanin increases cell sensitivity to 

BAX, which suggests that humanin may have a role in mediating BAX activity (171).  

 

Furthermore, as humanin is a relatively small peptide, amino acid modification analysis has 

been thoroughly investigated and shown to significantly affect the potency of humanin. For 

example, switching of the serine at position 14 to glycine has produced a more potent 

humanin analogue now commonly used in cell treatments called S14G humanin (169). 

Furthermore, substitution of a glycine residue at serine-14 increased humanin neuroprotective 

function by up to 1000 fold.  Interestingly, when either phenylalanine at position 6 or lysine 

at position 21 were substituted for an alanine, humanin’s anti-apoptotic effects were inhibited 

due to its inability to bind and block the cell proliferation regulator, insulin-growth factor 

binding protein 3 (IGFBP3)(172). It has also been found that leucines at position 9-11 (leu) 

are integral for extracellular humanin secretion and when any of these leucine residues 

(particularly leu10) are swapped with an arginine, humanin is unable to self-dimerize, which 

has been suggested to be central to its neuroprotective inhibitory function (173).  

 

Overall, it is clear that the amino acid configuration of humanin is integral to its function as 

a protective peptide. The vast number of experiments involving humanin that have used 

exogenous treatment of the peptide including cell and animal models (mostly mouse), have 
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been associated with several enhancements including protection against amyloid-beta 

toxicity and cytoprotection following ischemic insults as well enhancements in glucose-

stimulated insulin release, body composition, as well as some evidence of enhanced 

mitochondrial bioenergetics (166). These effects will be discussed further below.  

 

1.5.3 Effects of exogenous humanin treatment in various biological models 

 

Antiapoptotic effects of humanin target Alzheimer’s-related proteins 

Following its discovery in an Alzheimer’s disease affected brain, humanin has been 

extensively researched for its neuroprotective role, especially against amyloid-beta toxicity 

(169). Initial experiments involving humanin treatment showed that culturing F11 cells (rat 

dorsal ganglion cell line) that had amyloid beta toxicity with humanin peptide resulted in anti-

apoptotic effects (less cell death) (169, 174). This anti-apoptotic effect was also seen in cell 

mutants exhibiting familial Alzheimer’s related amyloid precursor protein (APP) genes, 

which was promising for Alzheimer’s disease treatment (174). This led to the earliest of in 

vivo MDP studies, which involved intracerebrovascular injections of scopolamine 

(muscarinic acetylcholine receptor antagonist), a mimetic for AD induced memory loss. 

Injection of a S14 humanin homolog (potent humanin) resulted in a 1000 fold decrease in 

amyloid beta neurotoxicity in comparison to untreated controls (173). Following the 

promising results of these models of Alzheimer’s disease, transgenic Alzheimer’s disease 

mouse models that have had humanin peptide treatment (3-months of daily treatment) have 

been shown to have significantly reduced levels of amyloid beta plaque in the brain, which 

has also been correlated with preservation of memory and cognition in comparison to 

untreated controls (175, 176). These findings mark an exciting time in the field of 

Alzheimer’s disease treatment and hold promise for future therapeutic strategies involving 

humanin.  

 

Cytoprotection from oxidative stress  

As shown extensively through exogenous treatment within in vitro and rodent models of 

Alzheimer’s disease, humanin appears to have potent neuroprotective effects. This has led to 

the extension of humanin treatment to oxidative and oxygen/nutrient deprivation stress, 

similar to that seen in ischemic insults such as stroke or myocardial infarction (169, 174). 

Induction of oxidative stress through hydrogen peroxide treatment of sprague-dawley rat 
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retina epithelial cells cultured in media supplemented with 10µM of the humanin rat analogue 

(Rattin). Rattin treatment resulted in enhanced cell survival in comparison to the vehicle 

control treated cells, although when endogenous rattin protein expression was quantified (in 

absence of Rattin), there appeared to less Rattin expressed in hydrogen peroxide treated cells 

compared to controls (177). The exact reason for this under speculation, but it was suggested 

that extended exposure to hydrogen peroxide, such as the 3-weeks of treatment used in this 

study, may cause gradual down regulation of mitochondrial function due to oxidative damage 

to mitochondrial DNA and lipid peroxidation, resulting in loss of mitochondrial membrane 

potential, reduced Rattin transcription and expression (21, 177, 178).  

 

Metabolic enhancement through humanin treatment  

Humanin is well known for its protective effects, however humanin has also been implicated 

in enhancing glucose metabolism both centrally and peripherally (166). 

Intracerebroventricularly administration of the humanin analogue HNF6A (20µg total dose) 

in Zucker diabetic fatty rats has been shown to enhance liver and skeletal muscle insulin 

sensitivity during 2-hour pancreatic insulin clamps and euglycemic-hyperinsulinemic 

clamps. In addition, near-infrared (NIR) fluorescence analysis of skeletal muscle (quadriceps) 

and pancreas samples revealed increased STAT-3 activation, which is a downstream 

signalling intermediate of ERK signalling following humanin binding (179). This 

corresponded to increased insulin-mediated glucose uptake signalling supposedly as a result 

of increased AKT phosphorylation, increased fatty metabolism as well as decreased glucose 

production (gluconeogenesis) by the liver (180). These findings have also been shown with 

peripheral administration of HNF6A by intraperitoneal injection in male Sprague-Dawley 

rats, where administration of humanin or one of its analogues (HNGF6A) was shown to 

increase glucose-stimulated insulin secretion in isolated euglycemic and diabetic β islets 

(insulin secreting cells) from βTC3 mouse insulinoma cells (pancreatic tumour cells). It is 

suggested this increase in uptake following humanin treatment is due to an increase in GLUT2 

transporter translocation to the cell membrane as well as increased ATP synthesis via glucose 

oxidation (179). Additionally, the enhancement of insulin-secretion of diabetic and βTC3 

cells suggests the humanin analogue HNGF6A may also have a cytoprotective effect on beta 

islet cells, thus representing a potential therapeutic for enhancing metabolism in a state of 

metabolic dysfunction (181).  
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Furthermore, humanin has also been implicated in enhancing lipid metabolism, whereby mice 

receiving intraperitoneal injection of humanin peptide had less weight gain, decreased 

visceral fat and liver triglycerides concentration following a high fat diet in comparison to 

non-treated, high fat diet fed controls (182). The reduced weight gain and visceral fat was 

suggested to be largely due to an increase in energy expenditure, although the decreased 

triglyceride levels were suggested to be from an increase in hypothalamic mediated 

production of microsomal triglyceride transfer proteins, which are integral in regulating 

hepatic triglyceride secretion (182). Taken together, humanin is not only a 

neuro/cytoprotective peptide but also has shown promising effects on glucose and lipid 

metabolism in rodents. These effects appear to target both peripheral and central tissues 

involved in glucose/lipid metabolism and act via ERK/STAT3 axis and downstream AKT 

pathways as well as through lipid transfer proteins regulated by the hypothalamus, 

respectively (31, 179, 181, 182). As mitochondrial dysfunction and oxidative stress is 

common in metabolic disease, the effect of humanin on measures of mitochondrial function 

and ROS production has been recently investigated.   

 
1.5.4 MDPs may potentially enhance mitochondrial function  

There has been recent evidence within in vitro studies that humanin may be involved in 

enhancing mitochondrial energy production and lowering oxidative damage. An important 

factor of the pathogenesis of age-related macular degeneration is thought to be oxidative 

stress and mitochondrial dysfunction (183) and when retinal pigment epithelial cells treated 

for 24-hours concurrently with tert-Butyl hydroperoxide (oxidative-stress inducing 

compound), with and without varying doses of humanin (0.5–10 μg/mL), humanin cells had 

increased survival rate, decreased ROS levels, increased basal oxygen consumption rate and 

maximal respiration rate in a dose-dependent manner in comparison to untreated cells. A 

restorative effect of bioenergetics was also seen in cells when they were first treated with tert-

Butyl hydroperoxide and then treated with humanin, whereby the same measures of 

mitochondrial function as mentioned above where comparable to non-tert-Butyl 

hydroperoxide condition cells. This enhancement in cell survival was thought to be due to an 

increase in STAT3 activation leading to reduced apoptosis through caspase (apoptotic 

enzyme) inhibition. Furthermore, enhanced bioenergetics may be due to an increase in 

mitochondrial biogenesis. Although this was not measured directly by microscopy or citrate 

synthase activity but Humanin treatment of cells with and without tert-Butyl hydroperoxide 

led to an increase in mitochondrial DNA copy number (50% increase) and an increased 
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expression of mitochondrial transcription factor A (TFAM), suggesting that mitochondrial 

transcription and translation was increased potentially as part of a feedback loop following 

tert-Butyl hydroperoxide treatment with humanin in comparison to tert-Butyl hydroperoxide 

control cells (184). These results provide support of humanin as a potential therapeutic for 

the treatment of retinal pigment epithelial cell pathologies and provide some support for 

further studies involving humanin treatment in other mitochondrially-stressed disease states.  

 

These promising therapeutic effects following humanin treatment sparked further 

investigation and led to a search for more potential peptides within the MT-RNR1 and MT-

RNR2 regions of the mitochondrial genome. A recent in silico transcriptome analysis of the 

mitochondrial genome led to the discovery of an additional thirteen, smaller peptides (20–38 

amino acids long) peptides within the 16s rRNA gene, although only 6 of these have been 

characterised thus far. As these newly discovered peptides are encoded within the same 

ribosomal RNA region as humanin and have so far been found to elicit similar cytoprotective 

and metabolic effects as Humanin, they have been named small humanin-like peptides 

(SHLP) (27, 185). However, as these have only recently been discovered, there is little 

research investigating the individual properties of each SHLP, therefore this review will aim 

to briefly summarise those here.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5 Signalling pathways and associated endo- and paracrine effects of humanin. Tripartite receptor 
includes interleukin 27 receptor subunit alpha (WSX-1), ciliary neurotrophic factor receptor (CNTFR) and 
glycoprotein-130 (gp130), FPRL1 receptor= formyl peptide receptor like-1, STAT3, signal transducer and 
activator of transcription 3, Bcl2= B-cell lymphoma 2, BAX= Bcl2-associated X protein, IGFBP-3= insulin 
growth factor binding protein-3, ERK= extracellular signal-regulated kinase, yellow P symbol= 
phosphorylation, question mark (?)= unknown.  
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1.5.5 Discovery of Small humanin-like peptides (SHLPs) 

Following the discovery of SHLP 1-6 through in silico transcriptome analysis, gene 

messenger RNA (mRNA) determination was undertaken in order to determine 

mitochondrial/nuclear origin. Isolated mRNA from human prostate cancer cells (22Rv1) was 

both sequenced and analysed using reverse-transcription polymerase chain reaction (RT-

PCR). Complimentary DNA was assessed by qPCR using primers specifically designed for 

predicted nuclear and mitochondrial isoform sequences of SHLP 1-6. SHLP 2 and 3 were 

found to be both detected in both nuclear and mitochondrial isoform sequences in both qPCR 

and sequencing, whereas SHLPs 1, 4, 5 and 6 were only detected with the mitochondrial 

isoform sequences primers from qPCR but were detected in both from sequencing (27). These 

findings suggest that without sequencing, these results may have been incorrectly reported. 

Endogenous SHLP 1-6 expression levels were quantified and compared using western 

blotting analysis of control HeLa and Rho-0 cells (cells devoid of mitochondrial DNA) to 

further elucidate their origin. Immunoblot analysis confirmed SHLP 1, 4 and 6 were detected 

in HeLa control cells but not HeLa Rho-0 cells, suggesting they are of nuclear origin as 

previously identified by sequencing. Next, to determine the tissue profile of these SHLPs, a 

range of mouse tissues were western blotted. Expression of all SHLPs was detected in varying 

amounts in liver, heart, kidney, prostate and heart. It should be noted, SHLP1-3 were the only 

SHLPs to be detected in skeletal muscle, which suggests SHLP expression may be dependent 

on their endogenous function within each specific tissue (27).  

 

1.5.6 Proposed SHLP signalling pathway 

As SHLPs are of the same positional coding region as humanin, it was hypothesized that 

SHLPs may elicit similar cytoprotective effects mediated by STAT3 and ERK activation (27). 

Preliminary in vitro observations of NIT-1 β cells treated with 100 nM SHLP 2 displayed 

activation of ERK and STAT3 although SHLP 3 only phosphorylated ERK. Additionally, the 

time response of ERK phosphorylation was delayed in comparison to humanin treated 

experiments (27, 29). Activation of an ERK/STAT3 pathway is likely, although the receptor/s 

which bind SHLPs is currently unknown. These early finding suggest SHLPs mediate 

cytoprotective effects although it is likely SHLPs mediate their effects through different 

signalling pathways and thus kinetics in comparison to humanin. As SHLPs are relatively 

newly discovered, further investigation into the signalling mechanism is required.  
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1.5.7 Exogenous small humanin-like peptide treatment induces anti-apoptotic effects  

Following the detection of SHLPs in various tissue types, SHLP effects were assessed 

through in vitro assays assessing murine β cells (NIT-1) and 22Rv1 cell signalling, viability 

and mitochondrial function. Cells were incubated in serum-free media with either a vehicle 

control or one of the SHLP peptides. As SHLPs were more recently discovered compared to 

humanin, little has been done to investigate their effects. However, some of the SHLPs have 

shown promising cytoprotective, anti-apoptotic and insulin-sensitizing effects to humanin. 

Twelve hours of SHLP 1-6 treatment independently as well as in combination with 

tetrazolium compound (used to assess cell viability by fluorescent reduction) revealed only 

SHLP 2 and 3 treated cells had increased cell viability and decreased cellular apoptosis 

markers (measured by DNA fragmentation) in comparison to tetrazolium controls and other 

the SHLP treatments (1,4-6). Interestingly, SHLP 6 treatment markedly promoted cellular 

apoptosis in both cell lines, causing decreased cell viability following MTS assay, suggesting 

it may be pro-apoptotic in function. Further investigation suggests SHLP2 provides 

chaperone-like activity involving the binding of SHLP2 to unfolded islet amyloid 

polypeptides, which are involved in the pathogenesis of several amyloid-related diseases 

including islet failure. These findings further suggest SHLP2 holds promising protection 

against amyloid mediated cytosolic stress . Based on these promising results of SHLP 2 and 

also SHLP3, 22Rv1 cells were also treated overnight with SHLP 2 and 3 were analysed for 

changes in mitochondrial function. Treatment with SHLP 2 and 3 increased oxygen 

consumption rates and ATP production following analysis by Seahorse XF in comparison to 

vehicle control cells, which had similarly been seen in another cell line for humanin analogue 

treatment(184). Additionally, NIT-1 β and 22Rv1 SHLP 2 and 3 treated cells incubated 

overnight in serum starved media (to promote metabolic stress and cell cycle synchronization) 

or with staurosporine (apoptosis inducing compound) showed a decrease in ROS production 

as well as increased cell viability, respectively. Furthermore, SHLP2 has been investigated in 

age-related macular degeneration in vitro modes and shown to protect mitochondrial complex 

expression, DNA transcriptional regulation via its antiapoptotic effects against amyoloid β 

toxicity. These findings suggest SHLP2 is likely involved in regulating mitochondrial 

homeostasis by promoting antiapoptotic effects and subsequently preventing cellular stress 

(186).  
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SHLPs may exhibit similar benefits on metabolism as humanin in vivo 

SHLP 2 and 3 have been implicated in central and peripheral insulin sensitivity in vivo. 

Similarly to previous work on humanin, Zucker diabetic rats were infused 

intracerebroventricularly with SHLP 2 and 3, however only SHLP 2 resulted in an increased 

glucose infusion rate (50% increase compared to controls) – a marker of insulin sensitivity, 

during hyperinsulinemic-euglycemic clamp (27, 180). These findings were further extended 

by hyperinsulinemic-euglycemic clamp studies that showed SHLP 2 intra-cerebroventricular 

infusion resulted in an increase in peripheral glucose uptake. These insulin-sensitizing 

benefits seen with SHLP 2 sparked an interest in the expression of metabolic inflammatory 

markers IL-6 and monocyte chemotactic protein-1 (MCP-1), which have been shown to be 

upregulated in insulin-resistant states (187). Although these effects appear to be specific to 

SHLP2 as exogenous SHLP 3 treatments in C57bl/6J mice was shown to increase IL-6 and 

MCP-1 although this had no effect on serum insulin levels (measured by immunoassay panel) 

(27). Furthermore, SHLP 2 and 3 had no effect on pancreatic insulin release deduced from 

hyperinsulinemic-euglycemic clamps although SHLP 2 (but not SHLP3) did decrease levels 

of inflammatory cytokine expression, suggesting SHLP 2 and not SHLP 3, is likely to be 

involved in mediating insulin sensitivity through modulation of cytokine signalling (27). As 

aforementioned, little is known regarding the mechanisms behind how these peptides may 

promote their beneficial effects and as such, further research is required to elucidate these.  

 

1.5.8 Mitochondrial open reading frame of the 12S rRNA-c (MOTS-c): 

Further in silico transcriptome analysis of the mitochondrial genome has found that a section 

of the 12S ribosomal RNA gene region also translates into a 16-amino acid peptide, named 

mitochondrial open reading frame of the 12S rRNA-c, referred to as MOTS-c. MOTS-c is 

translated in the cytoplasm and 11 of the first 16 amino acid residues (MRWQEMGYIFYPR 

KLR – MOTS-c genetic code) have been found across 14 separate animal species, which 

suggests MOTS-c residue sequence is highly conserved (25, 167). A basic local alignment 

search tool (BLASTN) search was used to confirm MOTS-c has complete homology with  its 

mitochondrial sequence, indicating there was no nuclear mitochondrial DNA transfer as may 

be the case with humanin and SHLPs 1,4 and 5. Similarly to humanin, MOTS-c mRNA 

sequence expression has been shown to be absent in HeLa cells devoid of mitochondrial DNA 

(HeLa-Rho zero cells) using cytochrome oxidase I  and II (COX I and II, respectively) and 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as mitochondrial and nuclear DNA 
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controls, respectively. MOTS-c protein expression was also shown to be decreased following 

48-hours of 150µM actinonin treatment (RNA degradation compound) of HeLa and HEK293 

cells, which taken together, provides strong evidence that MOTS-c originates from the 

mitochondrial genome. MOTS-c has been found to be expressed in various tissues, including 

skeletal muscle, brain liver, heart, testes, kidney, and large intestine. Similarly to humanin, 

MOTS-c has also been found in plasma of human and rodents, which suggests that unless 

MOTS-c is synthesized within peripheral blood monocytes, MOTS-c is likely transported 

within the circulation following translation and secretion within tissues around the body. 

 

However, there has been no investigation into MOTS-c transport within the circulation or 

whether there is a receptor/transporter that facilitates its uptake and endocrine function. Thus 

far, only overnight fasting has been shown to decrease MOTS-c protein expression in 

metabolically active skeletal muscle and testes, whereas expression in the heart and brain 

remained unchanged. MOTS-c effects on signalling have been implicated in enhancing 

cellular and systemic metabolism in vitro and in vivo through potent activation/upregulation 

of signalling proteins such as AMPK, AKT and Sirtuin-1, all of which are also activated 

following aerobic exercise (25, 167). 

 

1.5.9 MOTS-c: Proposed signalling pathway 

Although the mechanism of MOTS-c function has not been fully elucidated, metabolomic 

profiling (measurement of metabolites and intermediates from physiological processes) 

suggests that MOTS-c has an inhibitory effect on the folate-methionine cycle, which is 

coupled to de novo purine synthesis (25). Homocysteine is the homologue of the amino acid 

cysteine and is involved as an intermediate in the folate-methionine cycle. During the 

methionine cycle, homocysteine is remethylated into methionine and donates a methyl group 

to produce 5-methyl-tetrahydrofolate (5-Me-THF), which is involved in the endogenous 

synthesis of 5-Aminoimidazole-4-carboxamide ribonucleotide (AICAR) and subsequent 

AICAR-mediated purine nucleotide synthesis (188, 189). Metabolomic profiling of 

exogenous MOTS-c treated HEK293 for 72-hours and MOTS-c stably-overexpressing 

HEK293 cells had lower methionine cycle intermediates; 5-Methyl-tetra-hydrofolate-

homocysteine methyltransferase (MTR), ATIC, (degrades AICAR into inosine 

monophosphate) and an increase in MTR reductase (MTRR) compared to non-treated and 

control cells, respectively. As expected, de novo purine biosynthesis was shown to be 
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subsequently decreased and resulted in a significantly greater concentration of AICAR in 

MOTS-c overexpressing HEK293 cells (up to 20 times of that seen in control cells) (25). 

Large accumulations of AICAR lead to potent activation of AMPK, which as aforementioned 

is heavily implicated in regulation both glucose uptake and insulin sensitivity as well as 

mitochondrial adaptation (52, 55, 87, 145, 190). Similar to MOTS-c, the well-known diabetes 

drug Metformin also activates AMPK to evoke some of its therapeutic benefits, however 

metformin does not act in the same way by inhibiting folate metabolism and it also targets 

the liver to lower glucose production, whereas MOTS-c appears to target the skeletal muscle 

to promote its effects on energy metabolism (191). The associated decrease in purine 

nucleotide production by down-regulation of the methionine cycle is suggested to be a result 

of an initial increase in de novo purine synthesis, producing an initial increase in NAD+, thus 

increasing glycolytic by-products through the pentose phosphate pathway (one carbon pool). 

Accumulation of glycolytic metabolites such as NAD+, provides negative feedback and 

decreases any further purine synthesis (192). It is this blockade of de novo purine synthesis 

that results in the accumulation of endogenous AICAR, which has also been shown to 

increase AMPK activity through MOTS-c (25). Interestingly, L6 muscle cells that stably 

overexpress MOTS-c which are grown in high glucose culture medium have been shown to 

consume more glucose at a lower oxygen consumption rate in comparison to control cells, 

suggesting increased glycolytic efficiency. This effect has been shown to be reversible by 

supplementation of folate metabolites by folic acid in the culture medium, suggesting the 

associated decrease in oxygen consumption is related to the effect that MOTS-c has on 

methionine metabolism (25), suggesting MOTS-c may enhance anaerobic metabolism 

pathways. 

 
1.5.10 In vivo metabolic and performance enhancements of MOTS-c treatment  

MOTS-c has shown to produce similar insulin sensitizing effects in vivo as demonstrated in 

vitro. CD-1 outbred mice had enhanced insulin sensitivity following only 7 days of 

exogenous MOTs-c treatment, as indicated by lower blood glucose levels during glucose 

tolerance test and also had lower body mass likely due to also having lower food intake 

compared to vehicle-treated mice (25, 167). Interestingly, MOTS-c has also been shown to 

reverse high fat diet-induced glucose uptake dysfunction (60% fat, commonly used to induce 

insulin resistance/metabolic dysfunction) in CD-1 mice following MOTS-c treatment for 7 

days. Following 7 days treatment, mice had enhanced insulin sensitivity similar to control 

chow-fed mice and furthermore 8 weeks of exogenous MOTS-c treatment (5mg/kg/day by 
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intraperitoneal injection) was shown to promote protection from weight gain as well as insulin 

resistance in mice fed a high fat diet compared to vehicle controls fed a high fat diet, 

suggesting energy expenditure is increased by MOTS-c. Indeed, MOTS-c treated mice had 

greater heat production than vehicle controls as assessed by metabolic cages over 24 hours, 

which is indicative of increased metabolic rate. Interestingly, insulin-stimulated glucose 

disposal rate was significantly enhanced following MOTS-c treatment although, hepatic 

glucose production was unchanged, suggesting skeletal muscle glucose uptake was increased 

irrespective of hepatic glucose regulation. When investigated further, AKT and AMPK 

phosphorylation as well as GLUT4 expression were significantly higher in skeletal muscle of 

MOTS-c treated mice compared to vehicle controls, which further supports an increase in 

skeletal muscle insulin-mediated glucose uptake following MOTS-c treatment. Furthermore, 

endogenous plasma MOTS-c has been reported to decrease with age (>12 months of age) and 

in insulin resistant mice. However, following MOTS-c treatment, Insulin and 2-deoxyglucose 

uptake into skeletal muscle was increased to levels comparable to younger, 3 month old mice, 

suggesting that MOTS-c can reverse age-associated declines in glucose homeostasis. These 

effects are further reflected by an increased respiratory exchange ratio (CO2/O2 <1.0), 

indicative of increased glucose utilization.  

 

More recently, 3 days of MOTS-c treatment in obese high fat diet mice has been shown to 

have lower fasting glucose and insulin compared to controls and have lower metabolites 

associated with sphingolipid and glutathione metabolism, which has similarly been observed 

with humanin and SHLP2 previously (27, 193, 194). Kim et al (193) suggest that these 

pathways are upregulated, which is also associated with increased inflammation as part of the 

pathogenesis of insulin resistance and dysfunction of glucose metabolism. As MOTS-c 

lowered these and was associated with lower fasting glucose and insulin levels, the authors 

suggest may be part of the mechanism by which MOTS-c protects from metabolic 

dysfunction during high fat diet models in rodents (193).  

 

As MOTS-c has been shown to activate canonical markers associated with exercise-induced 

adaption, Reynolds et al., (195) investigated whether 3 x weekly MOTS-c over 3 months 

could produce ergogenic effects in young mice (2 months old) and whether exercise capacity 

could be rescued from physical decline in older mice (22 months old) (195). The authors 

showed running capacity of young and old mice was ~2 fold higher compared to age-matched 

vehicle treated control mice. RNA sequencing of skeletal muscle from these mice indicated 
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MOTS-c treatment increased nuclear genes associated with metabolism (glucose and amino 

acid metabolism) as well as protein adaptation to metabolic stress. Most notably, heat shock 

factor 1 (HSF1) was suggested as an important transcription factor of MOTS-c action that 

may modulate these upregulations in stress responsive gene expression and thus should be 

considered a major target of MOTS-c in preventing metabolic dysfunction within skeletal 

muscle (196, 197).  

 

Taken together, these findings suggest MOTS-c significantly enhances glucose and lipid 

metabolism, reduced fat mass potentially by increased fat substrate oxidation indicated by 

increased latent heat production. In addition, MOTS-c increases nuclear gene regulation of 

protein and glucose metabolism, which was associated with ergogenic effects on exercise 

performance in rodents. These findings are promising for pharmacological applications 

involved in the restoration of glucose homeostasis and exercise capacity of people suffering 

physical disability and metabolically dysfunctional disease states (25). Through experimental 

investigation of mitochondrial-derived peptides, it is evident that these small molecules play 

a role in mediating cellular stress responses to promote system-wide cytoprotective and 

metabolic enhancing effects following overexpression and/or exogenous peptide treatment in 

vitro and in vivo. Although these effects are prominent, the acute endogenous mechanisms 

underpinning MDP production have not yet been elucidated, including how MDPs are 

expressed acutely following exercise and short-term training as well as how they may be 

taken up into tissue from the circulation  

 

1.5.11 MOTS-c enhances glucose and lipid metabolism  

AICAR has been extensively shown to activate AMPK (52). As previously described, AMPK 

is a cellular energy-sensing enzyme that is a master regulator of energy metabolism. AMPK 

has been shown to facilitate fatty acid oxidation, particularly through the enzyme carnitine 

palmitoyltransferase-I (CPT-1) and has been shown to be involved in increasing skeletal 

muscle glucose uptake following exercise (52, 55, 100, 142). Both AMPKThreonine172 and 

AKTSerine473 phosphorylation sites have been shown to be activated in a dose-responsive 

manner (10 to 100µM) in response to exogenous MOTS-c treatment following 8 and 24-

hours and basally in MOTS-c stably overexpressing L6 muscle cells, suggesting MOTS-c has 

a potent activation effect on glucose and lipid metabolism regulating kinases. Furthermore, 

treating with MOTS-c for 72-hours also resulted in increased CPT-1 protein expression, 
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which is the rate limiting enzyme of fatty acid oxidation and fatty acid uptake into the 

mitochondria (25, 167), which suggests MOTS-c likely plays a role in mediating glucose 

uptake and fatty acid oxidation. There is some evidence that MOTS-c specifically targets 

glucose metabolism as shown by stably overexpressing L6 cells having greater glucose 

utilisation within cultured media and by a significantly higher extracellular acidification rate, 

indicative of glycolytic capacity, compared to control cells (25). These effects appear to be 

directly related to the inhibitory effects of MOTS-c on the folate cycle as these enhancements 

in glucose metabolism were completely reversed to levels comparable with control cell 

100nM folic acid supplementation (189). Short-interfering RNA knockdowns of AMPK 

isoforms α1 and 2 demonstrated a 16 and 30% decreased glucose-stimulated glycolytic rate, 

respectively, which was superseded by complete AMPK inhibition by compound C, which 

resulted in a 40% decrease in glycolytic capacity. These results suggest that folate metabolism 

is likely predominantly driving the upstream effects on glycolytic capacity when AMPK is 

blocked, there is only a partial inhibition of the glycolytic effects of MOTS-c suggesting other 

signalling pathways are involved. Additionally, AMPK also increases the accumulation of 

glycolytic metabolites such as NAD+, which in turn increased the activity of sirtuin-1 

(SIRT1) (144). SIRT1 is an NAD-dependent deacetylase that is activated by histone and non-

histone proteins, which facilitate its role as a transcriptional factor. Proteins that target SIRT1 

involve metabolic perturbations such as oxidative stress and inflammation, which means 

SIRT1 acts as an intracellular metabolic stress sensor that upregulates transcription of stress-

responsive proteins (198-200). SIRT1 also appears to be a regulator of these glycolytic effects 

of MOTS-c as knockdown and EX527 treatment of L6 MOTS-c stably overexpressing cells 

showed a decrease in glycolytic capacity of 40 and 45%, respectively. Additionally, β-

oxidation is also suggested to be enhanced by MOTS-c, as stably overexpressing L6 cells had 

greater expression of carnitine shuttles, reduced free fatty acids, and increases in intermediate 

myristoyl-coenzyme A in comparison to control cells. This effect was similarly seen in 72 

hour MOTS-c treated cells, however not to the same extent. Overall, it appears MOTS-c 

enhances both glucose and fatty-acid oxidation metabolism and this appears to be mediated 

by downstream pathways of folate metabolism, likely through AMPK and SIRT1 activity. 

Following the discovery of these metabolic enhancing effects of MOTS-c treatment in vitro, 

the authors proceeded to investigate the effects in vivo.  
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Figure 1.6 Theorized MOTS-c signalling pathways by which MOTS-c functions to promote metabolic 

enhancements and homeostasis. SIRT1= sirtuin-1, GLUT4= glucose transporter type 4, AICAR= 5-
aminoimidazole-4-carboxamide-1-β-D-ribofuranoside, AMPK= 5' AMP-activated protein kinase, 12S rRNA= 
MT-RNR1 ribosomal region of the mitochondrial genome.  

 

1.5.12 MDP implications for longevity and aging and age-related diseases 

Plasma MDPs have been shown to decrease with age and in metabolically dysfunctional 

conditions such as insulin resistance, within rodents and humans. However, more recently a 

polymorphism in the MOTS-c coding sequence (m.1382A>C) has been shown positively 

correlated with longevity in a Japanese centenarian cohort (30, 201). This polymorphism 

involves a lysine amino acid residue change to glycine at position 14 in the peptide amino 

acid sequence for MOTS-c and has been hypothesized to improve the efficacy and potency 

of MOTS-c to increase lifespan.  

 

Mitochondrial function has long being strongly implicated in the process of aging and 

metabolic homeostasis and the idea that mitochondria regulate cellular adaptation to stress 

through retrograde signalling molecules (mitohormesis) has gained further momentum 

through the discovery of MDPs (166, 202). As aforementioned, nicotinamide adenine 

dinucleotide (NAD+) is a potent signalling intermediate of sirtuin-1, and is actively involved 

in mitochondrial redox reactions involved in oxidative metabolism (144). Additionally, 
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NAD+ and SIRT1 are both decreased with age and have been negatively correlated with 

lifespan and so if MOTS-c upregulates NAD+ and SIRT-1 expression through its role in 

inhibiting methionine-folate metabolism then this may be a potential mechanism by which 

MOTS-c may regulate lifespan (201). As mitochondria and their function has been 

repetitively shown to be implicated within the aging process and MDPs show promise of 

having beneficial effects on enhancing mitochondrial function in vitro, it is theorized these 

peptides could potentially be used therapeutically for the treatment of aging diseases such as 

Alzheimer’s, cardiovascular and metabolic disease. In mouse models, exogenous peptide 

treatment has already been shown to restore cytoprotective and metabolic function of aged 

mice (>12 months old) to levels similar to younger control mice (26, 180, 203). Furthermore, 

recent investigation involving in vitro models of senescence have shown MDPs have 

promising anti-aging effects on mitochondrial function. Exogenous MOTS-c and humanin 

treatment of chemically-induced senescent human primary adult dermal fibroblasts lead to 

increased measures of mitochondrial function (oxygen consumption rate, spare respiratory 

capacity and ATP production) (204). Although, as aforementioned, aging leads to reduced 

levels of MOTS-c and humanin in plasma, however, recently it has been shown that MOTS-

c in aged muscle is greater than in young, matched controls. This may suggest that whatever 

is contributing to plasma concentration becomes dysfunctional with age, leading to reduced 

concentrations. D’Souza et al., (205) speculate this may be due to a fibre type conversion 

associated with age from type II glycolytic to type I oxidative fibres. Furthermore, the authors 

hypothesize that with age, the muscular mechanism of MOTS-c secretion into circulation 

becomes inefficient/dysfunctional, resulting the potential accumulation of intramuscular 

MOTS-c (205). However, further investigation into how and by what means is MOTS-c 

secreted is required to further elucidate this. 

 

Taken together,  maintaining mitochondrial function with age is important for lifespan and 

there is early indications that maintaining adequate levels of these peptides is important for 

maintaining healthy function. Therefore, understanding how MDPs are endogenously 

regulated is important for enhancing metabolic function and lifespan (25-27, 167). As MDPs 

enhance glucose homeostasis, particularly through promotion of metabolism in skeletal 

muscle, exercise, may be a method by which MDPs are endogenously produced.  
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1.5.13 MDPs may be endogenously regulated by exercise 

Mitochondria are the major producers of usable energy within the cell and exercise is a key 

energy utiliser (16). As previously described, mitochondria sense changes in energy through 

signalling kinases and cellular mediators that then communicate through a retrograde process 

named mitohormesis to other parts of the cell to promote stress-resistant adaptations (17, 19). 

Exercise is associated with a myriad of health promoting effects in healthy and diseased states 

(33). Emerging evidence has shown signalling molecules termed myokines are secreted by 

skeletal muscle in response to exercise, which then travel to distal organs to elicit system-

wide adaptation following exercise (154, 155). Recent in vitro and in vivo evidence suggests, 

that MDPs may have a similar signalling role. However, due to their recent discovery, the 

stimuli that invoke the production and/or the secretion of MDPs from the skeletal muscle is 

yet to be investigated. Whether the organs shown to express MDPs, secrete these signalling 

molecules as part of organ-crosstalk is yet to be shown. MOTS-c has been shown to elicit 

exercise-mimetic effects including increased AMPK and AKT phosphorylation, enhanced 

insulin sensitivity, plasma membrane GLUT4 expression, and enhanced glycolytic capacity 

and fatty acid oxidation following over-expression and exogenous treatment (25, 167). Given 

the effects of MDPs to date, it is likely that the production and secretion of mitochondrial-

derived peptides is involved in modulating cellular and system-wide adaptation in response 

to exercise. Changes in mitochondrial translation and transcription has been shown to occur 

as acutely as 3-hours post aerobic exercise. Mitochondrial L2 ribosomal protein gene 

expression and transcription factors associated with mitochondrial biogenesis (Forkhead 

transcription factor O1, FOXO-1; peroxisome proliferator activated receptor α, PPARα; 

nuclear receptor binding factor-2, NRBF-2; and PPARγ coactivator 1α, PGC1α) were 

upregulated by as much as 1.7-5.0 fold, 3-hours post high intensity cycling exercise. These 

findings suggests mitochondrial genomic translation and transcription is significantly 

upregulated by even a single acute bout of aerobic exercise, highlighting the effectiveness of 

the cross-communication between the mitochondria and the rest of the cell in response to 

metabolic stress (206). 

 

To date, only three studies have investigated the effect of exercise on MDP regulation within 

skeletal muscle and the circulation following exercise training. The first, by Gidlund et al., 

(207) involved 55 pre-diabetic men randomly assigned to either resistance training (RT), 

Nordic walking (70% V̇O2max) or a non-exercising control group (207). 12-weeks of 

resistance training, 3 times per week resulted in an increase in skeletal muscle humanin levels 
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of ~35% compared to pre-training, although there was no change detected in serum. Further, 

there was no difference in humanin expression within muscle or serum within the Nordic 

walking or sedentary group, suggesting that exercise modality may be an important factor in 

skeletal muscle humanin regulation. Additionally, mRNA expression of the MT-RNR1 and 

MT-RNR2 ribosomal RNA regions (regions encoding MOTS-c and humanin, respectively) 

were unchanged 48 hours following the last training session. This finding could be explained 

by several reasons including that humanin and MOTS-c mRNA expression is acute and 

transient and therefore the mRNA response was missed by 48 hours post-training, or that 

intramuscular expression of MDPs in muscle is derived from another tissue and taken up with 

exercise or lastly, the expression of these MDPs is not regulate by canonical transcriptional 

mechanisms. Additionally, this study reported humanin in serum, which previously had only 

been reported in plasma as it is hypothesized that humanin does not exist within the serum 

fraction of blood (26, 27, 29). Furthermore, it should be noted that the relative intensity of 

aerobic exercise prescribed to the Nordic walking group (50-75% heart rate reserve) was most 

likely insufficient in stimulating enough of a metabolic response to result in increased MDP 

expression. Therefore, further investigation into the effects of higher intensity aerobic 

exercise is needed. The authors speculate that sample collection timing was also a likely 

reason for no change in 16 and 12S mRNA expression, as exercise training induced 

upregulation of mRNA has been shown to maximally occur within the first 4-hours post 

exercise and return to baseline after 24-hours (208). Interestingly, those in the aerobically 

trained group had higher baseline humanin levels than both of the other groups. This 

difference remained even when adjusted for by age, cardiorespiratory fitness, Homeostatic 

model assessment-Insulin resistance (HOMA-IR), serum insulin or haemoglobin A1c (HbA1c) 

(207). Overall, these findings demonstrate humanin expression in skeletal muscle can be 

increased in those with metabolic dysfunction, which identifies the potential of exercise to be 

a regulator of humanin and potentially other MDPs. Although, how MDPs such as humanin 

and MOTS-c are regulated within muscle and plasma following exercise is still currently 

unknown.  

 

The second study involved a pre-post design involving lipid and insulin infusions in women 

suffering PCOS or matched controls (n=12 and 10, respectively) before and after 8 weeks of 

aerobic exercise training (3 hours/week supervised at 60% maximal oxygen consumption 

rate) (209). MOTS-c was found to increase in plasma following 3 hours of lipid infusion in 

both groups, suggesting its response is sensitive to free fatty acids and triglycerides within 
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the circulation. Although following insulin infusion, which is known to lower FFA and 

triglycerides in circulation, there was no change in MOTS-c, suggesting there may be an 

alternate mechanism in which insulin may also regulate MOTS-c. It is noteworthy that 

following 8-weeks of exercise training, this response as well as basal plasma MOTS-c 

concentration remained unchanged. Given that plasma MOTS-c is lowered in states of 

chronic metabolic dysfunction such as type 2 diabetes, PCOS, endothelial dysfunction and 

obesity, this would suggest that MOTS-c is responsive to acute changes in lipid load, although 

chronic metabolic stress may lead to dysfunction that causes MOTS-c production to be altered 

(209-213). More recently, the signalling factor adiponectin has been shown to be implicated 

in the regulation of skeletal muscle and plasma MOTS-c within adiponectin knockout mice 

and mouse muscle cells (C2C12) (214). Treatment with the adiponectin analogue Acrp30 

increased mitochondrial biogenesis markers PGC1-α and adaptor protein, phosphotyrosine 

interacting with PH domain and leucine zipper 1 (App1) as well as MOTS-c mRNA 

suggesting adiponectin may increase mitochondrial density/number, resulting in an increase 

in MOTS-c transcription and potentially translation. Furthermore, 8 weeks of exercise 

training increased intramuscular protein expression and plasma concentration of MOTS-c 

relative to sedentary controls, which was accompanied by enhanced markers of insulin 

sensitivity suggesting a potential mechanism by which MOTS-c may be increased to improve 

glucose homeostasis via exercise. Although, as these findings are only following training, the 

acute response of MDPs has not yet been investigated in any model (214).  
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1.6 Summary 

In summary, exercise has long been shown to increase lifespan and protect from diseases 

associated with aging. Over the last century, there has been steady increase in the prevalence 

of non-communicable diseases associated with aging such as cardiovascular disease, obesity, 

and type-2 diabetes mellitus, which have been suggested to be consequences of a rise in 

physical inactivity. Mortality and incidence of cardiometabolic disease has been shown to be 

significantly reduced by completion of regular exercise, which induces intracellular stress 

intermediates that are thought to act as communication molecules for promotion of beneficial 

adaptations in health. The mitochondria are critical to exercise as they produce the majority 

of the aerobic energy supply and have been suggested to contribute to relaying retrograde 

signals of cellular stress back to the nucleus to promote exercise adaptation as part of 

mitohormesis. More recently, the mitochondrial genome has been shown to encode potential 

signalling peptides, known as mitochondrial-derived peptides (MDPs). These peptides 

promote beneficial enhancements in cytoprotection, apoptotic signalling and energy 

metabolism primarily through extracellular signal-regulated kinases, inhibition of apoptotic 

signalling proteins, folate metabolism inhibition and subsequent AMPK, AKT and SIRT-1 

upregulation. MDPs have been found to be expressed in a variety of tissues, such as skeletal 

muscle, liver, heart, and adipose tissue as well as in the circulation of rodents and also in 

plasma in humans.  

 

Given the systemic effects of the MDPs described in this review, such as enhanced whole 

body insulin sensitivity and protection from obesity following obesogenic high fat diet, MDPs 

likely function similarly to other known myokines such as IL-6 and Irisin, whereby they are 

specifically produced in metabolically active tissues, such as muscle during exercise and then 

are released into circulation to be taken up into distal tissues to facilitate exercise adaptations 

via tissue cross-talk mechanisms (215). Endogenous levels of MDPs have been found to 

decrease with age and metabolic dysfunction, although some evidence suggests they are 

increased with exercise training in rodents and humans. Therefore, understanding how these 

peptides are endogenously regulated by exercise could help to form targeted strategies to 

reduce the incidence of disease and extend lifespan. As these peptides are transcribed by the 

mitochondria, the endogenous production has been proposed to be potentially regulated by 

metabolic stress induced by exercise. To date, there has been little investigation into the acute 

expression of MDPS following training, the uptake of MDPs from circulation following 

exercise or whether exogenous MDP treatments effects exercise-related adaptations.  
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1.7 Overall aims of the thesis: 

 
1. To investigate the endogenous expression and genetic regulation of mitochondrial-

derived peptides in skeletal muscle and plasma following acute high intensity interval 

exercise and two-weeks of training in young adult men 

2. To investigate whether the expression of MOTS-c changes in skeletal muscle and non- 

skeletal muscle tissues following an acute bout of high intensity exercise in mice. 

3. To determine whether circulatory MOTS-c is taken up into specific tissues following 

acute high intensity interval exercise.   

4. To determine whether exogenous administration of MOTS-c or humanin promotes 

functional enhancements in exercise performance and measures of physical function in 

mice. 

5. To examine whether exogenous administration of MOTS-c promotes changes in 

mitochondrial respiration and/or hydrogen peroxide production in vitro and whether 

treatment is linked to changes in canonical signalling pathways associated with 

mitochondrial adaptation in skeletal muscle cells in vitro and in vivo. 

 

1.8 Overall hypotheses of the thesis:  

 

1. Acute high intensity interval exercise and training will lead to an increase in muscle 

and plasma MDP levels in humans and skeletal muscle will be a producer of MDPs 

following exercise/contraction. 

2. Acute high intensity interval exercise will promote MOTS-c uptake specifically into 

target organs that likely modulate energy-metabolism pathways. 

3. Exogenous mitochondrial-derived peptide treatment will be linked to beneficial 

performance/physical adaptations in mice and these will be reflected by enhancements 

in mitochondrial function and adaptation. 
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CHAPTER TWO 
 

GENERAL METHODOLOGIES AND CONSUMABLES 

 

2.0 General Overview 

This chapter provides an in-depth description of the methodology and reagents used to 

complete general experimental procedures and techniques that are presented within multiple 

chapters of this thesis. However, in some cases, detailed methodologies only used once are 

also described in detail here to allow for simplicity of reading within the respective data 

chapter. More detailed descriptions of specific methodologies such as RNA extraction, cDNA 

synthesis and qPCR used only in chapter 3, are described in their respective methods section 

of each relevant chapter.  

 

2.1 RNA extraction, cDNA synthesis and qPCR: Chapter 3  

 

Tissue preparation  

Frozen skeletal muscle samples were first sectioned into ~15 mg pieces using a pre-cooled 

mortar and size 11 scalpel blade over dry ice. Sectioned muscle samples were then 

homogenized by addition of 600 µl of DNA/RNA lysis buffer provided from an AllPrep® 

DNA/RNA/microRNA Universal Kit (Qiagen, Germany). Six titanium RNA/DNA free 

titanium beads were placed in each sample tube prior to being sealed and placed in an OMNI 

Bead Ruptor Homogenizer 24 (Omni International, GA). Bead rupture was carried out for 4 

minutes with the following settings: shakes per second= 5.30, total time per cycle =1 mins, 

cycles = 4, with a 30-second break between shaking periods to reduce heat generation which 

may degrade RNA quality (216). Beads were then carefully removed using DNA/RNA free 

forceps and then the homogenate (containing DNA and RNA) was transferred to an AllPrep 

DNA mini spin column within a 2ml collection tube (provided with kit) and then centrifuged 

at 20,000 x g for 5 minutes to separate RNA and DNA from the remaining homogenate 

components. Following this, the DNA spin column (containing DNA only) was removed and 

the flow through (containing predominantly only RNA) was transferred to a new 2ml 

RNA/DNA free 1.7ml Eppendorf tube and kept on ice, ready for RNA extraction.  
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Tissue RNA extraction 

Firstly, any contaminants within the sample were digested by addition of 80µl of Proteinase 

K solution followed by pipette mixing with the RNA solution. Next, 350µl of 100% 

molecular grade ethanol was added and then the solution was incubated at 30°C for 10 

minutes to precipitate the RNA out of solution. Then a further 750µl of 100% molecular grade 

ethanol was added and mixed with the solution to dilute the sample so that the sample does 

not clog the column during the centrifuge steps to follow. Next, 750µl of RNA containing 

solution (including precipitate) was transferred to a RNeasy mini spin column within a 2mL 

collection tube (provided in kit) and then centrifuged at 20,000 x g for 1 minute to trap RNA 

only within the column. The flow through containing contaminants was discarded and this 

step was repeated with the remaining solution left in the Eppendorf tube. Then 500µl of RPE 

buffer was added to the RNeasy spin column and then centrifuged at 20,000 x g for 1 minute 

to clean the column of any residual salt contaminants removed during the previous steps, 

flow-through was then discarded. Next, 80µl of RDD supplemented with DNase I solution 

(70µl RDD +10µl DNase I stock solution) was applied to the column in order to digest any 

residual DNA that may be trapped in the column to ensure purity of the RNA solution. The 

column was then centrifuged at 20,000 x g for 1 minute and the flow-through was discarded. 

Then as an important final step of residual DNA digestion/removal, 80µl more of the RDD + 

DNase I mix was added to the column and then allowed to incubate for 20 minutes at 30°C. 

Following this, 500µl of FRN buffer was added to the RNeasy spin column and then 

centrifuged at 20,000 x g for 1 minute to safely remove any salts/DNA and to stabilise the 

RNA to the column, flow-through was saved. As a secondary purification step, the flow-

through from the previous step was then applied to the RNeasy mini spin column within a 

2ml collection tube and then centrifuged again at 20,000 x g for 1 minute, flow-through was 

discarded. Then 500µl of RPE buffer was added to the column and centrifuged at 20,000 x g 

for 1 minute and any flow through (containing salts contaminants) was discarded. Then 500µl 

of 100% molecular grade ethanol was added and the column centrifuged at 20,000 x g for 4 

minute to precipitate any remaining non-RNA contaminants trapped on the column, flow-

through was then discarded. Finally, the RNeasy spin column containing high purity RNA 

was then placed in a new 2ml collection tube and then left open under a fume hood for 5-

minutes to evaporate any remaining ethanol on the column. Lastly, 50-55µl of RNase-free 

water was added directly to the membrane containing high purity RNA and then the column 

was centrifuged in an RNA/DNA free 1.7ml Eppendorf tube at 20,000 x g for 5 minutes. This 

was to displace the RNA out of the column and downwards into the Eppendorf tube.  
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Finally, the RNeasy column was discarded, and the RNA solution was assessed for 

concentration and purity of RNA using a ND-1000 spectrophotometer that measures light 

absorbance of RNA/DNA and protein. We measured RNA concentration and quality using 

the pre-set RNA experimental protocol set to detect RNA absorption at wavelengths of 230-

280nm (NanoDrop, ThermoFisher Scientific, MA, USA). RNA 230/280 ratios of 1.9-2.1 

were deemed acceptable for use. Following extraction, RNA was diluted to 200ng/µl on ice 

and then reverse transcribed to synthesize complimentary DNA (cDNA) on the same day to 

avoid freeze-thaw degradation. 

 

Complimentary DNA synthesis from total RNA 

Reverse transcription is the process of synthesizing double stranded DNA from a single 

stranded RNA template (217). This process allows for complimentary DNA to be generated 

which can be used to study the expression of relatively low abundance mRNA of genes. The 

process utilises extracted mRNA, gene primers, a reverse transcriptase enzyme and 

deoxyribose nucleic triphosphates (dNTPs). Generally during the reverse transcription 

reaction, mRNA is first denatured so that the strands nucleotide sequence is easily accessible 

during the reaction. Then, primers anneal to their respective complimentary target on the 

single stranded RNA. Random dNTPs are then assembled along the RNA following on from 

the forward and reverse primers by a reverse transcriptase enzyme which catalyses the 

synthesis of complimentary DNA (cDNA). Following this process, the reaction solution is 

heated to >70°C, which deactivates the reverse transcriptase and completes the synthesis 

reaction. This process can be used to selectively increase the relative abundance of sequence 

specific mRNAs or can be used to amplify the abundance of all mRNA to improve general 

overall detection of gene mRNA present (217, 218).  Within this thesis, cDNA was 

synthesized using a high capacity RNA-to-cDNA kit (ThermoFisher Scientific, MA, USA). 

Complimentary DNA synthesis first involved the formulation of a reverse transcription 

mastermix which was comprised of the reagents shown in table 2.1 below.  
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Table 2.1 Reverse transcription mastermix composition 

 
 

 

 

 

 

 

 

 

 

 

 

Once formulated, 10µl of cDNA mastermix was added to 10µl of 200ng/µl RNA for each 

sample reaction within a 0.2ml RNA/DNA free tube. Each sample reverse transcription 

reaction was then gently mixed before being loaded into a thermocycler (BioRad, CA, USA). 

The thermocycler was set up for a 20µl reaction using the reverse transcription protocol 

shown in table 2.2. Following thermocycling, cDNA was then diluted to 5ng/µl using RNase-

free water and then was stored at -20°C until further analysis by qPCR.  

 
Table 2.2 Thermocycling conditions for complimentary DNA synthesis 

 
 
 
 
 
 
 
SYBR Green quantitative polymerase chain reaction assay  

Quantitative polymerase chain reaction (qPCR) involves measurement of the amount of 

newly synthesized DNA (PCR product) of a target gene (219, 220). The assay involves three 

main steps which are repeated 30-50 times in cycles during a standard qPCR assay. These 

steps are 1) denaturation, 2) annealing of target sequence primers and 3)DNA polymerase 

extension resulting in incorporation of complimentary nucleotides to form newly synthesized 

DNA (220). In SYBR green assays, fluorescent SYBR green I dye is present within the 

reaction mastermix which binds to the minor groove of double stranded DNA when it is 

newly formed during the qPCR reaction. As we insert the forward and reverse compliments 

of our gene of interest, when the target is extended by DNA polymerase, we can then quantify 

how much of our gene has been synthesized, which we can interpret as a relative starting 

Reverse transcription mastermix Per sample (µl) 

25X DNTPs 0.80 

10X RT buffer 2.00 

Reverse transcriptase 1.00 

10X RT primers 2.00 

RNase inhibitor 1.00 

DEPC MilliQ H2O 3.20 

Total volume 10.00 

Step Type Time (minutes) Temperature (°C) 

Hold 10 25 

Hold 120 37 

Hold 5 85 

Hold ∞ 4 
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abundance of mRNA template. As SYBR green dye fluoresces with light, this signal can be 

measured at the end of each qPCR cycle and then used to quantify the abundance of the target 

gene mRNA that was present within the sample reaction (221).   

SYBR green qPCR assays were used for detection relative abundance of exercise-induced 

and mitochondrial ribosomal RNA encoding regions for mitochondrial-derived peptides. The 

qPCR reaction involves mixing of a gene-specific mastermix with our sample and takes place 

within a MicroAmp® 384-well reaction plate that is inserted into a QuantStudio 6 PCR 

system under the recommended denaturing and quantification step conditions as per SYBR 

Green Select or TaqMan Mastermix II with UNG instructions (SYBR green protocol is 

described below in table 2.4). Firstly, gene-specific mastermixes were formulated prior to 

loading the reaction plate, described below in table 2.3. 

 

Table 2.3 qPCR mastermix  

qPCR gene mastermix Per sample (µl) 

Diethyl pyrocarbonate (DEPC)-treated MilliQ water 3.30 

Forward primer for gene of interest (100µM stock) 0.10 

Reverse primer for gene of interest (100µM stock) 0.10 

SYBR Select mastermix 2.00 

Total volume 8.50 

 

Following its formulation, 8.5µl of mastermix was pipetted into each gene corresponding well 

for qPCR reaction and then 1.5µl of 1.5ng/µl cDNA sample was added to each well. Samples 

were loaded in triplicate. Lastly, the 384-well reaction plate was sealed using a MicroAmp® 

Optical Adhesive Film (ThermoFisher Scientific, MA, USA) and then centrifuged at 1000 x 

g for 2-minutes to bring any solution to the bottom of the well. The plate was then loaded 

into the QuantStudio 6 PCR system and ran using a 40-cycle protocol according to the SYBR 

Select mastermix (ThermoFisher Scientific, MA, USA) manufacturer’s instructions for gene 

expression analysis as shown in table 2.4 below.  

 

Table 2.4 qPCR protocol conditions 

Step Type Time (minutes) Temperature (°C) 

Uracil-DNA glycosylase activation (hold) 2 50 

Hold (DNA Polymerase activation) 2 95 

Denature x 40 cycles 0.25 95 

Anneal/extend x 40 cycles 1 60 
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Following qPCR, cycle threshold (CT) values for each replicate were first averaged across 

triplicates and then were quantified relative to the expression of the geometric mean of two 

housekeeper genes for each analysis using the delta-delta CT method (ΔΔCT) (222).  The 

delta-delta CT method is used to be able to compare the relative expression of mRNA of a 

target gene between two different conditions or time points. Quantification of the relative 

change in mRNA expression considers the change in CT between the target gene of interest 

of two different conditions/time points and the relative expression of one or more genes 

known to be unchanged within your experimental conditions (housekeeper gene). This 

difference is then subtracted by the average of these values from the control group to give 

you an absolute logarithmic relative change in target mRNA expression from your 

control/baseline condition, as shown below. 

 

ΔΔCT = Sample ΔCT – Average control condition/individual baseline ΔCT 
 

To then represent this  as the actual relative change (non-logarithmic), the delta-delta CT 

value must be multiplied by two times the exponential change that was calculated following 

amplification during qPCR, as shown below.  

 

Relative change in expression between conditions = 2-(ΔΔCT) 

 

Data presented in this thesis (Chapter 3) is represented as delta-delta CT fold change from 

each individual participant’s baseline (rested condition, pre-exercise).  

 

The Following SYBR green primers and their sequences were used in this thesis (Chapter 3) 

as shown below in table 2.5.  
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Table 2.5 qPCR assay primers or Small RNA assay IDs 

 

2.2 Immunoblotting: Chapters 3,4 and 5 

 

Protein extraction  

Firstly, modified RIPA buffer (50mM Tris-HCl at pH 7.5, 1 mM EDTA, 10% glycerol, 1% 

Triton X-100, 50mM NaF, 5mM Na4P2O7, 100μM DTT, with 1mM PMSF and 4 μl·ml-1 

Protease Inhibitor Cocktail added just before homogenization (P8340 Sigma Aldrich, 

Germany)) was added to the tissue/cells. RIPA buffer significantly disrupts the pH of cells 

causes their membranes to perforate and release their contents. The phosphatase and protease 

inhibitors neutralise any post-lysis protein and phosphorylation activity to allow it to then be 

investigated as it was before lysis (223)  For cells, 120µl was added to each well whereas for 

tissue, 10µl per milligram of tissue was added for homogenization to allow for sufficient 

protein concentration and lysis to be achieved. Cell lysates were scraped from the tissue 

culture plate using a cell scraper and small tissues such as extensor digitorum longus and 

soleus were then chopped with a pair of ethanol cleaned scissors to homogenize. For tissue, 

six titanium balls were added to each sample-containing tube and then the sample was 

homogenized using an Omni Bead Ruptor 24 Elite (Omni International, USA) set to 

maximum shake setting for 2x1 minute periods interspersed by a 30 second pause step. 

Samples were then placed on ice for 20-minutes prior to being centrifuged at 21,000 x g for 

15 minutes at 4°C. Sample supernatant was then transferred from the tube into another chilled 

1.7mL Eppendorf tube. From the supernatant, 5µl of was used to formulate a 1:20 dilution 

SYBR Green Assay Forward primer sequence Reverse primer sequence 

MT-RNR1 (1) AGCGCAAGTACCCACGTAAA AGGGCCCTGTTCAACTAAGC 

MT-RNR1 (2) AGTAAGCGCAAGTACCCACG TAGCCCATTTCTTGCCACCT 

HMOX1 CAACATCCAGCTCTTTGAGG GGCAGAATCTTGCACTTTG 

NFE2L2 

GGTTGCCCACATTCCCAAAT

C CGTAGCCGAAGAAACCTCA 

NQO1 

TTGGAGTCCCTGCCATTCTG

A CTGCCTTCTTACTCCGGAAGG 

B2m 

CTGCTACGTAACACAGTTCC

ACCC 

CATGATGCTTGATCACATGTCT

CG 

36B4 

GTGATGTGCAGCTGATCAAG

ACT GATGACCAGCCCAAAGGAGA 

BAX AGCTGCAGAGGATGATTGCC GCGTCCCAAAGTAGGAGAGG 

TaqMan Gene Assay Assay ID  

MOTS-c and Humanin 4398987 custom order  

RNU44 

RNU48 

001094 

001006 
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(with MilliQ water) for determination of total protein concentration by Pierce bicinchoninic 

acid assay (BCA).   

 

Total protein concentration determined by bicinchoninic acid (BCA) assay 

Protein peptide bonds inherently facilitate the reduction of copper ions (Cu2+ → Cu1+) and 

bicinchoninic acid proportionally changes to a purple colour depending on the amount of 

reduced copper present (Cu1+). Therefore, by supplementing a protein rich solution with Cu2+ 

ion solution mixed with bicinchoninic acid, the relative protein concentration can be 

determined by measuring the amount of light absorption occurring at 562nm and comparing 

this against a linear standard curve of known protein concentration dilutions (224). We 

determined protein concentration in sample lysates using a commercially available Pierce 

BCA kit (Pierce, USA) as per the manufacturer’s instructions. In brief, protein supernatants 

were diluted 1:20 in MilliQ water and then loaded in duplicates of 10µL within a 96-well 

clear wall plate (ThermoFisher Scientific, MA, USA). Eight  bovine serum albumin (BSA) 

standard dilutions (125, 250, 500, 750, 1000, 1500 and 2000μg/mL) were loaded alongside 

the samples in duplicate (also 10µL each) to generate a protein standard curve. BCA reagents 

(Cu2+ ion solution and bicinchoninic acid) were mixed at a 1:50 proportion, respectively and 

then added at 100µl/well. Immediately following this, the 96-well plate was then sealed by 

96-well adhesive cover slip and incubated at 37°C for <30 minutes. Lastly, light absorbance 

at 562nm was measured using a Multiskan EX plate reader (Thermo Electron Corporation, 

USA) and then total protein concentration was then averaged across duplicate wells and 

calculated against the standard BSA curve. Following BCA, samples were then diluted 

further (if necessary) with modified RIPA buffer to a set protein concentration (typically 2-

3µg/µL) and then reduced at a dilution of 1:3 using 4X concentrated Laemmli sample buffer 

(1.5M Tris-HCl, pH 6.8, 30% glycerol, 10% SDS, 0.6M DTT, 0.0012% bromophenol blue). 

Finally, samples were then boiled at 95°C or 50°C (if measuring oxidative phosphorylation 

complex expression (chapter 4) and then stored at -20°C until western blot analysis. Reducing 

protein supernatant with SDS containing sample buffer causes the proteins to bind to SDS 

giving them a negative charge, which is important for adequate separation of proteins through 

the western blot gel. Boiling/heating elongates the proteins making them able to move more 

freely and consistently through the polyacrylamide gels allowing for a more uniform 

separation during western blotting (225, 226).   
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Western blotting (Chapters 3-5) 

Western blotting involves the semi-quantitative detection of proteins of interest through 

separation by size using an acrylamide gel matrix. The negatively charged proteins migrate 

through the gel towards the positive anode in the western blot tank and are separated by their 

size as small proteins move more easily through the gel matrix, whereas larger proteins are 

delayed due to their size (227). Once ideally separated, proteins can be transferred from the 

gel onto a porous membrane using gel to membrane transfer.  

This process also involves applying a current to the gel, except from directly above causing 

the proteins to migrate out of the gel and onto the porous membrane. This membrane can then 

be probed using antibodies which fluoresce under ultraviolet exposure. Primary antibodies 

raised against the protein of interest bind to the protein present and then are bound to again 

by a secondary antibody conjugated to UV-reactive luminescent horse radish peroxidase 

(HRP) (225-227). Once treated with chemiluminescent reagents, the protein of interest 

appears as a band on the membrane to which its density can then be quantified relative to a 

known protein that is unchanged within the condition being assessed (housekeeper protein). 

This technique allows us to semi-quantitatively determine changes that may have occurred 

involving a proteins’ expression/structure and infer whether particular molecular events such 

as phosphorylation, may have occurred as a result of an experimental treatment (228, 229). 

Overall, this technique can be separated into four distinct steps that include 1) gel pouring 

and protein separation, 2) protein transfer, 3) membrane blocking and 4) antibody incubation, 

and chemiluminescent imaging/analysis (225, 226). These are described below.    

 

Gel pouring and separation 

Polyacrylamide gels were made up of a stacking gel portion (0.5M Tris-HCl, pH 6.8, 10% 

sodium dodecyl sulphate (SDS)), MilliQ H2O, 40% bis-acrylamide (Bio-Rad, USA), 10% 

ammonium persulfate (APS), tetramethyl ethylenediamine (TEMED). Samples were loaded 

into either 10 or 15-well configurations (depending on sample set size) and were separated 

within resolving gels (1.5M Tris-HCl, pH 8.0, 10% SDS, MilliQ H2O, 40% bis-acrylamide 

(Bio-Rad, USA), 10% APS, TEMED) of various percentages (8-15%) depending on the 

degree of molecular weight separation desired. It should be noted that in Chapter 3, human 

MOTS-c protein expression was determined using 4-16% Tris-Glycine pre-cast gels (Bio-

Rad, USA) rather than hand-poured gels as this was recommended by our collaborator Dr 

Changhan Lee (University of Southern California, CA, USA), who pioneered western blot 
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detection of MOTS-c. Once set, gels were locked into place within Bio-Rad cassettes and 

placed into gel tank where they were filled and submerged in running buffer (25mM Tris-

HCl, 1M glycine, 10% SDS). Gels were running at 90V until the samples had ran through the 

stacking gel and then were ran at 120V until desired separation was achieved. In sample sets 

were more than one gel was used to measure protein/s, at least one lane per gel had a pooled 

control sample to allow for relative expression across gels to be normalised. We identified 

proteins by their molecular weight using a molecular weight ladder of 10-250KDa (Bio-Rad, 

CA, USA). 

 

Protein transfer, membrane blocking and primary/secondary antibody incubation  

Resolving gels were transferred onto either 0.45 µm nitrocellulose or 0.2 µm polyvinylidene 

difluoride (PVDF) membranes (BioRad, CA, USA) depending on their size (proteins 

<20KDa were transferred on PVDF) and were sandwiched between 7 transfer buffer-wetted 

stacks (150mM glycine, 37mM Tris-HCl, pH 8.3, 20% methanol) of 7.5 x 8cm filter paper 

(Bio-Rad, USA). Once assembled, transfer stacks were rolled to remove air bubbles and then 

transferred between 7-10 minutes at 25V, 2.5A using the turbo transfer unit (BioRad, CA, 

USA). Following transfer, non-phosphorylated target proteins were blocked with skim milk 

(5% diluted in TBS-T) whereas phosphorylation protein target membranes were blocked with 

fish gelatine (2% diluted in Tris Buffered Saline + 0.1% Tween, TBS-T)  for >1 hour at room 

temperature with gentle rocking as milk contains alkaline phosphatases that can lower 

phosphorylation signals, artificially (230). Blocking causes unbound areas of the membrane 

to be covered by the blocking compound as to prevent non-specific binding of primary or 

secondary antibodies. Once blocked, membranes were washed with TBS-T, 3 x 10 minutes 

to wash away any gelatine/milk (which can spoil within precious primary antibodies) before 

being incubated in target protein’s primary antibody overnight at 4°C with gentle rocking. 

The next day, primary antibody was removed, and then the membranes were washed 3 x 10 

minutes with TBST-T to remove any non-bound primary that may otherwise non-specifically 

bind the secondary antibody. Membranes were then incubated with either 1:10,000 anti-

mouse or anti-rabbit HRP-conjugated secondary antibody (BioRad, CA,  USA) diluted in 

TBS-T, at room temperature with gentle agitation for 1 hour. Following secondary antibody 

incubation, membranes were finally washed for 10 minutes, three times with TBS-T, to 

remove any non-specifically bound secondary antibody from the membrane prior to it being 

imaged. 
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Imaging and quantification  

Membrane protein signal was captured using a Chemidoc system (Bio-Rad, USA) and protein 

signal (band density) was quantified using inverted pixel intensity setting on ImageJ software 

(231). Relative protein abundance was calculated as expression of protein of interest divided 

by expression of a loading control protein such as beta actin, glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) or alpha tubulin. In the case of phosphorylation of protein, 

phosphorylation was quantified relative to the abundance of the same proteins’ total 

expression. First, phosphorylated protein expression was quantified first, and then respective 

total antibodies were stripped of their antibodies using a mild stripping buffer (15g glycine, 

1g SDS, 10ml Tween 20, 800ml MilliQ water, pH =2.2) wash for 2 x 5 minutes with gentle 

agitation at room temperature (~20°C), discarding buffer after each step. Following 

incubation with stripping buffer, the membranes were then washed with PBS to neutralise the 

buffer (an alkaline solution) for 2 x 10 minutes and then TBS-T for 2 x 10 minutes to further 

wash the blot. The blot was then re-imaged using chemiluminescence as described above to 

check no signal was detected and then blocked again with the same blocking compound (i.e., 

fish gelatine or skim-milk) as described and then probed with their respective total antibody 

(232). Primary antibodies used in each of the chapters of this thesis are shown below in table 

2.6.  

 

Table 2.6 Immunoblotting antibodies 

Protein Supplier Catalogue # Dilution 

MOTS-c YenZym Custom 1:500 

Humanin Sigma Aldrich H2414 1:500 

GAPDH Abcam ab9485 1:10000 

α-tubulin Sigma-Aldrich T9026 1:5000 

Phosphorylated ERK1/2 Thr202/Tyr204 Cell signalling technologies #9101 1:1000 

Total ERK1/2 Cell signalling technologies #9107 1:5000 

Phosphorylated AMPK -Thr172 Cell signalling technologies 2531 1:500 

Total AMPK Cell signalling 2532S 1:5000 

Beta-actin Sigma-Aldrich A-2228 1:10000 
Goat anti-Rabbit IgG Thermofisher Scientific G-21234 1:10000 

Goat anti-Mouse IgG Thermofisher G-21040 1:10000 

 

 

2.3 Optimisation and considerations for mitochondrial-derived peptides 

Due to the relatively small native size of mitochondrial-derived peptides (MDP), such as 

MOTS-c (2.1kd) and Humanin (2.7kd) it can be difficult to detect these consistently using 

traditional western blotting techniques. During the initial stages of this thesis, particularly in 
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chapter 3 and 4, detection of these peptides by western blotting was required. Here I provide 

the optimisations undertaken in order to achieve this. The optimisations were mainly focused 

on detecting MOTS-c, however once MOTS-c detection was consistent, humanin was also 

able to be detected using the same methods.  

 

Initial western blot trial for detection of MOTS-c in human and mouse tissues/fluid  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 MOTS-c optimisation trial 1. Representative western blot of native MOTS-c peptide, fetal bovine 
serum, mouse gastrocnemius (Gastroc), C2C12 myotube cell lysate and human muscle as a control sample. 
Native and higher molecular weight MOTS-c are indicated with black arrows.  

 
 

As skeletal muscle had been previously shown to contain relatively high levels of MOTS-c 

at basal and was the focus of the initial chapters of this thesis, we began optimisation by 

loading 30µg of protein from skeletal muscle sources but also included some biological fluid 

that was hypothesized to contain high levels also (25). As MOTS-c had been detected 

previously by our collaborator Dr Changhan Lee (University of Southern California, CA, 

USA), we began by using his method of detecting MOTS-c by using a 4-16% TGX pre-cast 

gel (BioRad, CA, USA) ran at 120V for 1.5 hours (as described above in general western 

blotting procedure) to separate the 15 and 10 KDa ladder for adequate visualisation of the 

MOTS-c band (predicted at 12-13KDa).  

 

The gel was transferred using a 0.2 µm PVDF turbo transfer pack (BioRad, CA, USA) at 9 

Volts for 15 minutes, whilst limiting the current to 1 Amp as Dr Lee’s methods detailed (25). 

The membrane was then incubated with MOTS-c primary antibody 1:500 dilution in TBS-T 

(rabbit polyclonal; YenZym,  CA, USA), which had previously been used by Dr Lee to detect 

Native MOTS-c 

(~2.1kDa) 

MOTS-c  

(12-13kDa) 
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MOTS-c in mouse and human tissues. (25). Following this, a band was detected at ~12-

13KDa for human skeletal muscle, as well as a discernible band for native MOTS-c peptide 

below the 10KDa marker (native mw ~2.1KDa). Although, we detected no bands for foetal 

bovine serum, basal mouse gastrocnemius lysate or C2C12 myotube lysate. We then 

speculated that the relative amount of MOTS-c in mouse tissue may be significantly lower 

relative to that of human skeletal muscle and therefore the amount of protein required to be 

separated may need to increase.  

 

Thus, the next step of optimisation involved increasing protein loaded in the gel for mouse 

tissues. We and others (25, 205, 233), typically detect endogenous MOTS-c at 12-13KDa and 

humanin at 14-15KDa , which has led to the hypothesis that mitochondrial-derived peptides 

aggregate and bind to each other or potentially other protein/s or that they are post-

transcriptionally modified, causing their molecular weight to shift ~10KDa. Consistent with 

this we detect native MOTS-c at <10KDa molecular weight marker but tissue MOTS-c at 

~12-13KDa. Although this optimisation trial was successful for human skeletal muscle lysate 

detection, detection in mouse tissue remained unsuccessful at this point. We speculated 

whether the detection of protein was influenced by the protein transfer to the membrane, 

therefore, we ran identical samples through both a PVDF and Nitrocellulose membrane using 

identical western blot protocols as above, to investigate whether the membrane pore size/type 

would affect our detection of MOTS-c.   

 

Human and mouse skeletal muscle using PVDF vs. Nitrocellulose membrane 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. MOTS-c optimisation trial 2. Representative western blots of human, mouse and cell samples 

following transfer using 0.2µm PVDF or 0.45µm Nitrocellulose (Both from BioRad, CA, USA). Black arrows 

indicate MOTS-c line of detection.  

 

MOTS-c  

(12-13kDa) 
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We observed a distinct band between the 10 and 15KDa molecular weight markers but only 

for human skeletal muscle and mouse soleus using a 0.20µm PVDF membrane. We did not 

detect any bands between these weights for human skeletal muscle, C2C12 myoblasts, mouse 

gastrocnemius or mouse soleus using 0.45µm Nitrocellulose membrane. Our findings suggest 

that PVDF is the best membrane to use, although we were still not detecting mouse 

gastrocnemius muscle, which was critical for future experiments. We next speculated whether 

we were not detecting gastrocnemius due to it having a relatively low basal expression of 

MOTS-c, compared to the other samples we were imaging it against. Therefore, to assess 

whether mouse skeletal muscles expressed differences in MOTS-c expression at rest, we 

loaded 30µg of mouse gastrocnemius, soleus, tibialis anterior and extensor digitorum longus 

(EDL) using identical conditions to above (with PVDF membrane).  

 

MOTS-c expression in mouse skeletal muscle tissues  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 MOTS- expression of mouse skeletal muscle. Representative image of extensor digitorum longus 

(EDL), Gastrocnemius (Gas), Soleus (Sol) and Tibialis anterior (TA) mouse muscles of various fibre type 
compositions. 

 

Our observations suggested that soleus MOTS-c expression was high compared to any of the 

other muscles. This may be due to the higher proportion of type I (oxidative) fibres within 

the soleus which harbour greater amounts of mitochondria and thus potentially have greater 

relative capacity for maintaining MOTS-c levels. Whereas extensor digitorum longus (EDL), 

tibialis anterior and gastrocnemius contain either a  majority/ relatively more type II 

glycolytic fibres, and as such as have less mitochondria, respectively. From this, we decided 

to load a greater amount of protein in mouse tissues and blot these on a single gel to visualise 

detection of multiple tissues, which would be important in chapter 4 (mouse MOTS-c 

expression following exercise). Sixty µg of protein was loaded for each of the mouse tissues 

(keeping human skeletal muscle at 30µg for a detection control) and then samples were 
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western blotted identically to the previous optimisation trial method used in (Figure 2.2 and 

2.3). 

Increased protein for detection of MOTS-c protein expression in mouse samples  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 MOTS-c optimisation trial 3. Representative blot for MOTS-c expression in mouse brain, liver, 
gastrocnemius , soleus, tibialis anterior, sub-cutaneous fat, epidydimal fat and human skeletal muscle (blot 
control).  

 

A range of band intensities were observed at ~12-13Kd in all tissues, when loaded with equal 

amounts of protein. Our observations following western blotting of several mouse tissues 

suggest that our optimised western blotting method was likely capable of detecting what we 

thought was MOTS-c (and likely other MDPs). Therefore, as a final validation step, we 

performed peptide-blocking experiments for both MOTS-c and humanin antibodies to 

validate that our observed bands between 12-13 and 15-16KDa, respectively were indeed 

specific to MOTS-c and humanin.  

 
Peptide blocking experiments 

Peptide blocking involved identical loading of samples into the same gel which was then cut 

into equal halves before being incubated with either the normal (unblocked) antibody at 

(1:500 in TBST) or a separate antibody spiked with native MOTS-c  or humanin peptide 

(~1mg/5mL of antibody) (GenScript, HK), depending on which antibody was being tested. 

Addition of synthetic native peptide in theory should cause the available antibody specific to 

that peptide/protein to become completely or at least partially bound and thus inhibited from 

binding to the target peptide/protein present on the membrane. A representative peptide block 

for both MOTS-c and Humanin that we undertook using human skeletal muscle (MOTS-c 

only) and mouse soleus lysate (humanin only) are shown below. 
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Figure 2.5 MOTS-c and humanin peptide blocking experiments. Representative western blots of both 

MOTS-c (top) and Humanin (bottom) peptide blocking experiments involving mouse soleus and human skeletal 

muscle (previously observed express high MOTS-c expression). GAPDH= glyceraldehyde 3-phosphate 

dehydrogenase. 

 

Following optimisations shown in Figures 2.1-2.5, we showed that MOTS-c was consistently 

detectable in human skeletal muscle (Figure 2.1-2.3) and later, mouse tissues (Figure 2.3 and 

2.4), using our modified turbo transblot transfer protocol (9V, 15 mins, limited at 1 Amp) on 

0.2µm PVDF membrane. We detected MOTS-c at 12-13KDa consistently, which we then 

validated using a peptide blocking experiment (Figure 2.5 (Top), where we observe a distinct 

band at 12-12KDa that lightens/disappears when the antibody is blocked by synthetic MOTS-

c peptide. Similarly for humanin, we also showed a distinct band at 15-16KDa and a 

subsequent lighter band following blocking of antibody using synthetic humanin. Taken 

together, our results suggest that we are relatively certain that we were detecting MOTS-c 
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and humanin using western blot and so we measured MOTS-c and humanin in human and 

mouse tissues within chapter 3 and 4 of this thesis.  

 

2.4 General mouse phenotyping procedures  

 

Mouse housing: Chapter 3,4 and 5 

C57bl/6J male mice aged 12-26 weeks were used for experiments in Chapters 3-5. Mice were 

bred in an environmentally controlled facility (Vernon Jansen Unit, University of Auckland, 

New Zealand) at 20°C under a 12-hour light: dark cycle. Mice had ad libitum access to water 

and a 18% protein standard chow diet (Teklad TB 2018; Harlan, WI, USA). All mouse 

experiments were approved by the University of Auckland, Animal Ethics Committee (Ethics 

#2193) and were upheld to the strict guidelines surrounding the care and use of animals for 

experimental purposes.  

 

Body mass measurement: Chapter 4 and 5 

In order to ensure mice were not adversely affected by treatments in studies involved in 

chapter 4 and 5, mice were weighed twice per week using a container to hold them (pipette 

box with insert removed) on a OHAUS CL Series scale. 

 

Intraperitoneal and tail vein injection: Chapter 4 and 5 

Intraperitoneal injection was used to inject synthetic mitochondrial-derived peptides, 

humanin and MOTS-c (GenScript, HK) for investigating exogenous treatment effects. Prior 

to injection, a 27 gauge needle was attached to the end of a 1ml syringe (Terumo, Japan). 

Liquid was drawn into the syringe and any bubbles were expressed out of the syringe prior to 

injection. To inject, the needle was pushed through into the intraperitoneal space (bevel up) 

on either left or right side of the mouse’s body midline near the groin. The contents of the 

syringe were then administered slowly into the mouse and then removed. 

 

Mouse exercise capacity testing: Chapter 4 and 5  

Exercise capacity testing involved mice running on a computer programmed belt-driven 

treadmill until volitional exhaustion. Following exhaustion, distance achieved, maximal 

speed obtained and time to fatigue were recorded to objectively determine performance. 

Treadmill testing was carried out using a Panlab treadmill system (Harvard Apparatus, MS, 
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USA) featuring five individual lanes that could house a single mouse each as well as a remote 

laptop set up to monitor and program the mouse exercise running programmes. Each treadmill 

lane was 30cm in length and featured a 7-pronged shock grid at the rear that discharged a 

0.3mA shock each time a mouse made contact. The exercise test was terminated when mice 

reach voluntary exhaustion, which was defined as  the point at which a mouse spent >3 

seconds on this grid with repeated prodding to move forward. Exercise capacity testing began 

at a speed of 10cm/s, which then increased by 1.25cm/s per minute for the remainder of the 

test until exhaustion. The gradient of the treadmill was kept constant at 0° incline.  

 

 

 

 

 

 

 

 

 

 

Figure 2.6 Ramped protocol and mouse treadmill apparatus. Ramped protocol figure demonstrating how 

speed increases over time during exercise test (left) and Panlab treadmill apparatus (Harvard Apparatus, MS, 

USA) used for mouse treadmill exercise (right).  

 

2.5 Cell culture: Chapters 3,4 and 5 

 In order to investigate the isolated response of skeletal muscle cells to exogenous 

mitochondrial-derived peptide treatment, we utilised immortalized mouse myoblasts (C2C12 

immortalized line; Chapter 4 and 5 only) (C2C12 ATCC CRL-1772, ThermoFisher 

Scientific, MA, USA) as well as 143B and 143 Rho zero osteocarcinoma cells (Gifted by Dr 

Mike Berridge, Malaghan Institute of Medical Research, New Zealand, Chapter 3 only). 

C2C12 cells were grown as progenitor blasts and then when confluent, were differentiated 

into functional myotubes (described below) for conducting electrical pulse stimulation and 

exogenous treatment experiments in Chapters 3, 4 and 5, respectively, whereas 143B cells 

were used for small RNA assay validations only in Chapter 3. More in depth detail of the 

experimental conditions used are described in the relevant proceeding chapters (Chapter 3,4 

and 5).  
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143B control and Rho zero cell characteristics and growth conditions 

143B cells are osteocarcinoma cells (cancerous) which replicate every 24 hours. Dr Berridge 

used this line to generate 143B cells devoid of mitochondrial DNA using ethidium bromide. 

Ethidium bromide binds to mitochondrial DNA strands and interferes with polymerase that 

mediates DNA replication (234). Over time, low-dose incubation with ethidium bromide 

depletes mitochondrial DNA to very low/undetectable levels in vitro, allowing for it to be 

used as a control for deductive validation of proteins/mRNA of mitochondrial origin (235). 

We received these cells from Dr Berridge as two separate aliquots (control and rho zero) and 

during experiments they were cultured separately. 143B cells were cultured with high glucose 

(4.5mg/ml Dulbecco’s modified eagle medium (ThermoFisher Scientific, MA, USA) 

supplemented with 10% fetal bovine serum (Sigma Aldrich, MI, USA), 20mM HEPES 

(Sigma Aldrich, MI, USA), 1mM Sodium Pyruvate (Sigma Aldrich, MI, USA), and 50µg/ml 

Uridine (Sigma Aldrich, MI, USA). Cells were incubated at 37°C with 5% CO2. 

 

C2C12 Growth conditions 

C2C12 myoblasts were grown in high glucose (4.5g/L) Dulbecco’s modified eagle medium 

(DMEM) with the addition of 20% v/v foetal bovine serum (FBS) as well as 1% v/v Anti-

Anti penicillin/streptomycin antibiotics (all reagents from ThermoFisher Scientific, MA, 

USA). Cells were incubated at 37°C  and were maintained at 5% CO2 in an incubator.  

 

Passaging and splitting of C2C12 myoblasts  

In order to test multiple experimental conditions per passage of cells, cells were split amongst 

6-well plates (Corning, USA) after being passaged from a stock 10cm culture dish (Corning, 

USA) containing ~1 million cells at 80% confluency.  Passaging of cells was achieved by 

first removing the growth media and then washing cells with phosphate buffered saline (PBS). 

PBS wash was then aspirated and closely followed by addition of 1-2ml of trypsin-EDTA 

25% + phenol red (GIBCO, USA). With the addition of heat from the incubator, trypsin 

facilitates a rapid hydrolysis of the adherent junctions attaching the cells to the culture vessel, 

putting them into suspension. Following trypsinization, media containing serum is then added 

to the vessel in order to deactivate the trypsin enzyme. Once in suspension, the cells can be 

evenly transferred into multiple culture vessels allowing for later further experimental 

manipulation. C2C12 cell populations double every ~24-hours and so passaging was 

routinely carried out every 48-hours or once cells had reached ~75-80% confluency. 
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C2C12 myoblast differentiation into functional myotubes   

All experiments involving C2C12 cells were carried out using differentiated myotubes. Once 

cells had reached 95-100% confluency, the growth media was aspirated, cells were washed 

with phosphate buffered saline (PBS) and then switched to high glucose (4.5g/L) Dulbecco’s 

Modified Eagle Medium (DMEM) (Thermofisher Scientific, USA) with the addition of 2% 

v/v horse serum (HS) (Thermofisher Scientific, USA) as well as 1% v/v Anti-Anti 

(penicillin/streptomycin antibiotics) (Thermofisher Scientific, USA). This decrease in serum 

growth factors (20 to 2%) does cause some cellular stress and thus a small amount of cell 

death is typically observed. Therefore the media was replaced 24-hours following initial 

media change as to prevent toxicity in the culture medium. After this, differentiation media 

was replaced every 48-hours until <5-7 days of differentiation had occurred. Differentiation 

was indicated as sufficient when myoblasts had fused into long myotubes in striated patterns 

as shown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 C2C12 myoblast differentiation before and after 5-days culture in differentiation media. 

Presence of long, striated myotubes are present under 5X magnification (5X mag) and multinucleation is seen 

under 20X magnification (20X mag). 

 

2.6  Mitochondrial function assays utilising the Oroboros O2K Oxygraph  

Measures of mitochondrial function involving respiration and superoxide tethered hydrogen 

peroxide production were measured utilising mitochondrial substrate and inhibitor titration 

protocols with high resolution respirometry equipment such as the Oroboros O2K Oxygraph 

(Oroboros Instruments, Austria). The Oxygraph contains two chambers which house 
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physiological buffer and feature oxygen sensors and fluorescent probes which can be used to 

calculate changes in oxygen consumption (respiration) as well as fluorescent light absorbance 

changes (such as with Amplex Ultra Red for hydrogen peroxide production) (236) using 

Oroboros DatLab 7 software (Oroboros Instruments, Austria). Mitochondrial respiration and 

hydrogen peroxide production were measured during a range of respiratory states (described 

below) in permeabilised C2C12 myotubes (Chapter 5) and human skeletal muscle fibres 

(Chapter 3 – by Dr Christopher Hedges, University of Auckland) utilising the Oroboros O2K 

oxygraph (Oroboros Instruments, Austria). Specific preparation of human skeletal muscle 

fibres and C2C12 myotubes is describes in the methodology of chapter 3 and 5, respectively. 

 

Preparation of chamber 

Prior to beginning the assay, chambers were thoroughly washed with 70% and 100% ethanol 

and then finally with MilliQ water in order to sterilise the chamber environment. Next, 2.3ml 

of MiR05 respiration buffer (0.5 mM EGTA, 10 mM KH2PO4, 3 mM MgCl2-6 H2O, 60 mM 

K-lactobionate, 20 mM HEPES, 110 mM Sucrose, 1 mg/mL fatty acid free BSA, pH 7.1) was 

then added to each chamber. Chamber stoppers were sealed so that chambers could quickly 

reach a temperature of 37°C and so that oxygen concentration could equilibrate prior to 

adding any biological samples. Fluorophores measuring 625nm of green light were inserted 

into the chamber fluorophore insert to capture light emittance released through the catalysed 

reaction of hydrogen peroxide with Amplex Ultra Red. 

 

Hydrogen peroxide assay calibration 

Mitochondrial respiration leads to an increase in the release of superoxide ions from the 

electron transport chain. During a hydrogen peroxide assay using the O2k Oxygraph, 

superoxide dismutase is added to convert superoxide ions into hydrogen peroxide. In addition, 

horseradish peroxidase as well as Amplex Ultra Red are added, which facilitates the rapid 

conversion of hydrogen peroxide into water and fluorescence signal in real time. The resulting 

fluorescence can then be captured by the fluorophores and recorded as an inferential measure 

of hydrogen peroxide production. Following oxygen calibration, hydrogen peroxide assay 

reagents were titrated. Firstly, 5µl of Amplex Ultra Red (10mM), horse radish peroxidase (2 

Units/µl) and superoxide dismutase (2 Units/µl) were titrated in a stepwise manner (2-mins 

per titration).  Thirty percent hydrogen peroxide (diluted 20-fold) was then titrated at 2µl, 

three times sequentially with 2-minutes between each titration to establish a linear curve for 
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calibration. Hydrogen peroxide was then finally calibrated at 0nM (pre-titration), 122.375nM 

(1st titration), 244.75nM (2nd titration) and 367.125nM (third titration).  

 

Mitochondrial respiration and hydrogen peroxide production assay protocols 

Following oxygen and hydrogen peroxide calibration, cells of each chamber were measured 

for routine respiration, that is, endogenous respiration without stimulation from any 

exogenous substrates or inhibitors. Then permeabilized with titrations steps of 5µl of 4µM 

digitonin within the oxygraph chambers to permeabilise the cell walls and subsequently 

release all endogenous substrate stores prior to beginning the protocols (237). Release of 

endogenous substrates allows for controlled manipulation of substrate availability to 

stimulate respiration states within the mitochondria (238). Then, to stimulate a state of 

complex I respiratory enzyme leak respiration, 5µl of malate (M) and 2.5µl of pyruvate (P) 

were added to each chamber. Addition of malate and pyruvate provides electron donors to 

complex I although with no ADP to faciliate phosphorylation from electron transfer, we 

observe a small amount of hydrogen ion movement from the inner to outer membrane of the 

mitochondria due to intrinisc uncoupling of the electron transport chain (leak respiration) 

(239). Following this, 10µl of 500mM adenosine diphosphate (ADP) is added to each 

chamber to faciliate oxidative phosphorylation through solely complex I substrate electron 

transfer (CI oxidative phosphorylation). Next, we add 20µl of 1M succinate to also provide 

substrate for complex II electron transfer to facilitate oxidative phosphorylation through 

complex I and II. Next to assess contribution of complex I and II to leak respiration, we added 

the inhibitor, carboxyatractyloside (cATR), which inhibits the ADP/ATP translocase causing 

ADP phosphorylation through ATP synthase to be halted (240). Lastly, the mitochondrial 

inner membrane uncoupling transporter protein 1mM 2-[2-(3-Chlorophenyl) 

hydrazinylyidene] propanedinitrile (CCCP) was added into the chambers in 1µl titration steps 

until respiration rate plateued. CCCP provides a transporter by which protons can dissipate 

the membrane potential, allowing for supramaximal respiraiton above coupled complex I and 

II oxidative phosphorylation (241). Lastly, antimycin A was added to inhibit respiratory 

complex III and thus, oxidative phosphorlyation, to reveal any background respiration that is 

non-mitochondrial to be removed during quantification of respiratory states (242).       
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Quantification of respiration rate and hydrogen peroxide production 

Following collection of respiration and hydrogen peroxide raw data traces using the DatLab7 

program, respiration rate (change in oxygen over time) and hydrogen peroxide production 

were measured. Respiration rate and hydrogen peroxide production was assessed by sampling 

the mean value at a plateau in measurement during each respective state as shown by the blue 

line borders during each respiration states measurement on Figure 2.8. Once raw 

measurements of respiration and hydrogen peroxide were collected, respiration rate for each 

state was subtracted by the respiration rate following antimycin A (background/non-

mitochondrial respiration) and hydrogen peroxide production at each state was subtracted by 

the fluorescent signal produced after ROS calibration had been done. Finally, to account for 

differences in total cells measured in each chamber, all measurements were made relative to 

total protein concentration for each sample, determined by BCA described in subsection 2.2. 

 

Table 2.7 Substrate and inhibitor stock and titration volumes for mitochondrial assays 

Substrate/inhibitor Stock concentration (mM) Titration used (μl) 

Amplex Ultra Red (AUR) 10 5 

Horseradish peroxidase (HRP) 2 Units/µL 5 

Superoxide dismutase (SOD) 2 Units/µL 5 

Hydrogen peroxide (H2O2) 20-fold diluted from 30% stock 2 

Malate (M) 400 2 

Pyruvate (P) *made fresh* 2000 5 

Succinate (S) 1000 20 

Adenosine diphosphate (ADP) 500 10 

Carboxyatractyloside (cATR) 5mM 2 

2-[2-(3-Chlorophenyl) hydrazinylyidene] 

propanedinitrile (CCCP) 
1 1 

Antimycin A (AmA) 5 1 
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Figure 2.8 Representative traces of real-time respiration and hydrogen peroxide production (H2O2). (Respiration rate =Top – blue and red, hydrogen peroxide= below 
–green and red). Traces show the effect of sequential titrations of substrates and inhibitors (shown in table 2.6) simultaneously for both respiration and H2O2 production. 
Hydrogen peroxide calibration = H2O2 calibration, CI = Complex I, CII = Complex II, OXPHOS = oxidative phosphorylation, Maximina uncoupled = maximal uncoupled 
respiration, Non-mito Respiration = Sources of respiration that are non-mitochondrial.
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CHAPTER THREE 
 

AN INVESTIGATION INTO THE EFFECT OF ACUTE HIGH 

INTENSITY INTERVAL EXERCISE AND TRAINING ON 

ENDOGENOUS EXPRESSION OF MITOCHONDRIAL-DERIVED 

PEPTIDES 

 

3.1 Introduction 
 
Exercise induces extensive intracellular metabolic stress which activates cellular signalling 

pathways that promote functional enhancements within multiple organs of the body (9, 17, 

44, 243). During aerobic exercise, the large majority of energy demand is met by the 

mitochondria. In addition, mitochondria also serve several other roles including mediating 

mitochondrial autophagy, intracellular proteostasis as well as mediating inflammatory stress 

responses. As mitochondria are sensitive to intracellular perturbations and have such a critical 

role during exercise, they are suitably incorporated within the pathways for facilitating 

adaptation to exercise-induced stress. As such, various mito-nuclear communication 

pathways have been suggested to exist, including but not limited to, metabolic intermediates 

(reactive oxygen species, Ca2+), physical interactions, as well as through other signalling 

molecules (17-19). More recently, it has been suggested that short-open reading frames 

(sORF) within the MT-RNR1 and MTRNR2 ribosomal RNA genes of the mitochondrial 

genome encode functional polypeptides. These mitochondrial-derived peptides (MDPs) may 

be involved in not only intracellular mito-nuclear communication but also extracellular 

signalling (13, 14).  

 

Humanin was the first mitochondrial-derived peptide to be discovered and is encoded within 

the MT-RNR2 region of the mitochondrial genome (29). Since its discovery, humanin and its 

pharmacological analogues have been shown to induce several cyto and metabolic protective 

effects (169, 171, 172, 179, 180, 182). More recently, other sORFs within the MT-RNR2 

region were also found to encode several other small-humanin like peptides (SHLP 1-6), 

which appear to induce similar cytoprotective effects to humanin. (27). Additionally, another 

MDP named mitochondrial open reading frame of the 12S rRNA-c (MOTS-c) was recently 
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discovered within the MT-RNR1 region and has been shown to promote enhancements in 

markers of glucose and lipid metabolism (25, 167)  

 

 Mounting evidence suggests that MDPs provide mainly protective and metabolic enhancing 

effects under conditions of stress/disease (244). Exogenous treatment with humanin, SHLPs, 

and MOTS-c has been shown to evoke beneficial changes in cellular metabolism such as 

enhanced insulin sensitivity, decreased fat mass, improved cognitive function, as well as 

enhanced glucose stimulated insulin release, similar to what is classically observed following 

exercise (29, 179, 180, 182). In addition to activating similar molecular pathways, there is 

evidence within some in vitro models that several of these peptides may also enhance 

mitochondrial respiration and biogenesis similar to that of exercise-induced adaptation. In 

addition, Kim et al., (245) has recently shown MOTS-c to be responsive to nutrient and 

oxidative stimuli-induced stress in-vitro. These stressors were found to induce AMPK-

mediated translocation of MOTS-c to the nucleus from the mitochondria, which led to its 

activation of antioxidant response elements (ARE), which enhances antioxidant stress-

defence against oxidative damage, similarly to what occurs following exercise training (18).  

 

To date, only two studies have investigated endogenous changes in MDPs following exercise 

training in humans. Gidlund et al., (207) observed after 12-weeks of resistance training but 

not aerobic training (Nordic walking), that MOTS-c increased intramuscularly but not within 

serum in pre-diabetic men (207). Furthermore, 8 weeks of supervised moderate intensity (3 

hours/week at 60% maximal oxygen consumption) aerobic exercise did not alter plasma 

MOTS-c levels in women with polycystic ovarian syndrome (209). Whether this variability 

in response of MDPs is due to the differences in exercise type or intensity is unknown. High 

intensity interval exercise (HIIE) involving repeated bouts of short duration maximal effort 

interspersed with rest/lower intensity bouts has been suggested to evoke superior benefits in 

cardiorespiratory fitness and mitochondrial function/biogenesis in comparison to classical 

moderate intensity. This is thought to be through greater levels of exercise-induced stress and 

energy demand (47, 246, 247). Little is known regarding MDPs and their acute regulation 

following acute high intensity interval exercise and training within muscle and the circulation. 

As exercise and exogenous MDP treatment induce many similar whole-body effects, it is 

important to determine whether intramuscular and plasma levels of these peptides are 

modulated by both acute exercise and short-term training. 
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3.1.1 Aims 

1. To investigate the effect of an acute bout of high intensity interval exercise on 

intramuscular MOTS-c and humanin as well as plasma MOTS-c, Humanin and SHLP2 

and 6 of young healthy adult men.  

2. To investigate the expression of MT-RNR1 and MT-RNR2 in young adult men and 

whether this is related to what is expressed in muscle. 

3. To investigate whether known targets of MOTS-c and humanin are affected by acute 

high intensity interval exercise in young adult men and whether this is related to 

intramuscular MOTS-c and humanin expression changes from rest. 

4. To investigate whether short-term high intensity interval training leads to modulations 

in endogenous expression of MOTS-c and humanin within skeletal muscle and MOTS-

c, humanin, SHLP2 and 6 in plasma of young adult men  

 

3.1.2 Hypotheses 

1. We hypothesize that intramuscular MOTS-c and humanin will be responsive to acute 

high intensity interval exercise and all MDPs will increase in plasma of young adult 

men following exercise.  

2. We hypothesize that mRNA transcripts of MT-RNR1 and MT-RNR2 will change 

following acute high intensity interval exercise, and this will be related to the 

expression of MOTS-c and humanin in skeletal muscle of young adult men.  

3. We hypothesize that targets associated with MOTS-c and humanin may change during 

exercise, and these will be related to intramuscular MOTS-c and humanin expression 

in skeletal muscle of young adult men.  

4. Lastly, we hypothesize that short-term high intensity interval training will increase 

MOTS-c and humanin levels within skeletal muscle and MOTS-c, humanin and SHLP 

2 and 6 in plasma of young adult men.  
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3.2 Methods 

 

3.2.1 Exercise trial design 

The trial was designed to investigate the response of mitochondrial-derived peptides within 

muscle and plasma to an acute bouts of exercise as well as two weeks of high intensity interval 

training. To assess this, we used a pre-post repeated measures design in order to minimize 

biological variation at each time point measured before, during and following acute exercise 

and training. The study involved a total of 12 visits to the University of Auckland, Liggins 

Institute. Muscle and blood sampling visits (3 and 10) were completed in the morning 

(approximately 7AM) under fasted conditions and with participants having abstained from 

exercise, alcohol, and caffeine for at least 24 hours prior to the visit. This was to ensure no 

effects of stimulants such as caffeine and/or differences in food intake would affect the 

response to exercise during these sample collection visits.  

 

During visit 1, participants underwent a graded exercise test to exhaustion (ramped protocol 

starting at 60W and increasing 15W per minute) using an electromagnetically braked cycle 

ergometer (Velotron, RacerMate, WA). During the entirety of the exercise test, the 

participants underwent open-circuit spirometry (Parvo Medics True One 2400, Sandy, UT) 

in order to determine peak rate of oxygen consumption (V̇O2peak) and matched peak 

workload (W). Two days later at visit 2, participants then completed a 16-kilometre time trial 

on the same cycle ergometer. Participants were instructed to complete the time trial in the 

fastest time they could and were blind to all parameters except their distance achieved 

throughout the trial. The performance time trial was designed to assess endurance 

performance improvements that may occur following the high intensity interval training.  

 

During visit 3, participants were sample for venous blood and vastus lateralis muscle biopsy 

at rested, mid-exercise (blood only), post-exercise and 4 hours post-exercise in order to 

capture the acute exercise response of mitochondrial-derived peptides within muscle and 

plasma. Following arrival, participants were cannulated with a 22-gauge cannula in an 

antecubital vein and had a resting venous blood sample drawn (Rested) into K2 EDTA 

vacutainer tubes (BD, NJ, USA). Venous blood was sampled again immediately following 

the 5th interval of the acute exercise bout (Mid-Exercise), immediately post-exercise (Post-

Exercise), and 4 hours post-exercise (4h Post) as outlined in Figure 3.2.1 below. Whole blood 
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tubes were inverted to mix with EDTA to prevent coagulation and stored on ice until they 

were centrifuged at 2000 x g for 10 minutes at 4 °C. Plasma was then aliquoted and then 

stored in -80 °C until further analysis. Percutaneous muscle biopsies from the vastus lateralis 

(outer thigh) were sampled at rest, immediately-post, and 4 hours post-exercise during the 

acute exercise visits (3 and 10). Vastus lateralis biopsies (~70-100mg) were collected by 

applying local anesthesia (Lidocaine) on the area and then by using the modified Bergstrom 

percutaneous needle technique with suction (248). Once removed, biopsies were aliquoted 

and either placed in ice-cold histidine-tryptophan-ketoglutarate (HTK: 180mM histidine, 

30mM mannitol, 18mM histidine-HCl, 15mM NaCl, 9mM KCl, 4mM MgCl, 2mM 

tryptophan, 1mM KH-2-oxoglutarate, 0.015mM CaCl2) transplant buffer (Custodiol, 

Germany) for mitochondrial respiration analysis by Dr. Christopher P. Hedges or snap-frozen 

in liquid nitrogen and then stored at 80°C until further analysis.  

 

Following rested blood and muscle biopsy collection, participants were instructed to complete 

a bout of high intensity interval exercise on the cycle ergometer. This involved a 5-minute 

warm up at 60W followed by 10 x 60 second bouts at V̇O2peak matched power output each 

interspersed with 75 seconds of lower intensity exercise (30W) between intervals. This 

protocol had been previously shown to induce similar exercise-induced benefits as traditional 

lower intensity and longer duration exercise training bouts that have been shown to enhance 

mitochondrial function and cardiorespiratory fitness (45, 47, 249, 250).  At least two-days 

following the acute exercise session (Pre-Training), participants then completed 6-sessions 

(3 per week) of high intensity interval exercise (identical to that involved in the acute bout) 

over two-weeks. This involved 2 sessions of 8, 10 and 12 high intensity intervals in total. 

Following training, participants returned to complete a post-training V̇O2peak test and then 

2-days later, another acute exercise bout with the newly achieved V̇O2peak matched power 

output (to adjust for fitness changes from HIIT). Lastly, two-days later participants completed 

a post-training 16km performance time-trial. These post-training measures were used for 

assessing the effect of training on performance, mitochondrial function and mitochondrial-

derived peptide expression in muscle and plasma.   
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Participant characteristics  

Ten healthy young men were recruited (online advertisement) and then screened for inclusion 

into the exercise study. Participants were included if they were aged between 18-35 years old 

with a BMI between 18-30 m.kg2, free of cardiometabolic disease and any injuries that would 

influence their ability to complete high-intensity aerobic exercise. Additionally, participants 

were only recruited if they had not completed any regular aerobic training (less than 1h/week) 

in the past 6-months and engaged in less than an average of 4h/week of physical activity. 

Participants were also not on any medication or supplements that might influence their 

response to exercise and training, such as antioxidants. These inclusion criteria were put in 

place to remove any between-participant variance that may be caused by differences in age, 

cardiometabolic healthy, as well ability to carry out and respond to exercise-induced stress 

evoked by maximal effort exercise as part of the exercise interventions.  Prior to taking part 

in the study, participants gave written informed consent, which was approved by the Northern 

Health and Disability Ethics Committee (New Zealand) (16/STH/116). 

 

Immunoblot detection of MOTS-c and humanin in muscle biopsies following exercise 

Muscle biopsies from rested, post-exercise and 4 hours post-exercise both pre- and post-

training had 20mg chipped on dry ice for immunoblotting. Methods for immunoblotting 

procedures for measurement of MOTS-c and humanin (including optimization) used for this 

chapter are outlined in subsections of Chapter 2 Methods: Immunoblotting. Western blot band 

intensities of proteins of interest were quantified relative to loading control proteins using 

Figure 3.2.1 Outline of the exercise study protocol. V̇O2peak test = peak rate of oxygen consumption 
exercise test, 16km = 16-kilometre performance time trial, 2-Weeks HIIT = 2-weeks of high intensity 
interval training. 
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ImageJ software (National Institutes of Health) and adjusted to a gel control sample lane 

within each gel. Protein expression is presented as absolute expression in arbitrary units (A.U) 

or as a fold change from each individuals’ baseline (fold to indiv. baseline) and was log 

transformed when appropriate.  

 

3.2.2 Plasma mitochondrial-derived peptide analysis 

MOTS-c, humanin, SHLP 2 and SHLP6 were measured by Dr Junxiang Wan (University of 

Southern California, CA, USA) in plasma by in-house sandwich enzyme-linked 

immunosorbent assay (ELISA) developed at the University of California, Los Angeles 

(UCLA), which has been published here (25, 27, 205, 233, 251). In brief, plasma MDPs were 

extracted in a 90% acetonitrile and 10% 1 N HCl solution. A standard curve was generated 

using synthetic MOTS-c, Humanin, SHLP2 and SHLP6 (GenScript, Hong Kong) in order to 

quantify detection levels within a range of 0.1-50 ng/ml. Plasma extractions were reported to 

have an intra- and inter-assay coefficient variation of <10%. For each peptide, a specific 

capture antibody with a rabbit anti-humanin analog antiserum (Harlan Laboratories, IN) was 

used. Immunoglobulin (IgG) subclasses were purified using protein A column 

chromatography (Pierce, IL, USA) and total IgGs were further purified using a peptide 

conjugated ligand affinity column and then labeled with biotin. Biotinylated ligand affinity 

purified IgG was then used as a detection antibody for measurement of peptide concentration 

in extracted samples. Sample absorbances were then measured on a plate-reader 

spectrophotometer (Molecular Devices, CA, USA) at 490 nm. As reported previously, there 

was no similarity between MOTS-c, humanin, SHLP2 and SHLP6 (27). In addition, it has 

been reported that there is neither SHLP 2 nor 6 peptide detection within the humanin ELISA 

(as both are encoded within MT-RNR2), therefore we concur there is little cross-activity 

between these ELISAs (29).  

 

3.2.3 Cell culture of 143B control and Rho zero cells 

143B and 143B Rho 0 human osteocarcinoma cells were obtained as a gift from Dr Mike 

Murphy (University of Otago, New Zealand) and cultured in high glucose (4.5mg/ml 

Dulbecco’s modified eagle medium (ThermoFisher Scientific, MA, USA) supplemented with 

10% fetal bovine serum (Sigma Aldrich, MI, USA), 20mM HEPES (Sigma Aldrich, MI, 

USA), 1mM Sodium Pyruvate (Sigma Aldrich, MI, USA), and 50µg/ml Uridine (Sigma 
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Aldrich, MI, USA). Cells were incubated at 37°C with 5% CO2 as described in Chapter 2, 

Methods 2.5.  

 

3.2.4 qPCR analysis of vastus lateralis muscle biopsies following acute exercise and 

training 

 

SYBR green assays for quantifying mRNA expression of genes of interest within skeletal 

muscle 

To assess the transcriptional response of the mitochondrial ribosomal gene regions encoding 

MOTS-c and humanin as well as other nuclear genes of interest (PGC1-α, NEF2L2 and HO-

1), vastus lateralis muscle (~15mg) was homogenised and RNA extracted using an AllPrep 

DNA/RNA/miRNA Universal Kit (QIAGEN, Germany). Following extraction, RNA was 

reverse-transcribed using a High-Capacity RNA-to cDNA kit (ThermoFisher Scientific, MA, 

USA) and complimentary DNA was used for SYBR green assays to detect mRNA expression 

of ribosomal genes encoding the short-open reading frames for MOTS-c (MT-RNR1) and 

humanin (MT-RNR2) as well as other genes of interest related to MOTS-c and humanin. To 

avoid confusion of small RNA assay protocols described in the following sections, the 

procedures for RNA extraction, cDNA synthesis and qPCR reactions for SYBR green assays 

are fully described in Chapter 2, Methods 2.1. SYBR green forward and reverse primers that 

were used as well as their sequences within this chapter are also presented in Chapter 2, 

Methods Table 2.5. We initially aimed to measure these areas of the ribosomal DNA regions 

within the mitochondrial genome. Following our initial analysis, we then aimed to 

specifically measure the short-open reading frames of MOTS-c and humanin as we 

hypothesized that the transcription of MOTS-c and humanin may be differentially regulated 

relative to the rest of the ribosomal gene transcript. To assess this, we designed and optimised 

custom TaqMan® small RNA assays (Applied Biosystems, CA, USA). Custom TaqMan® 

small RNA assays were designed using the Custom TaqMan® Small RNA Assay Design 

Tool against the mitochondrial short-open reading frame sequences for both MOTS-c and 

humanin as shown below.  

 

MOTS-c sequence (51 base pairs)  

ATGAGGTGGCAAGAAATGGGCTACATTTTCTACCCCAGAAAACTACGATAG 
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Humanin sequence (75 base pairs) 

ATGGCTCCACGAGGGTTCAGCTGTCTCTTACTTTTAACCAGTGAAATTGACCTG

CCCGTGAAGAGGCGGGCATGA 

 

Custom TaqMan® small RNA assays for MOTS-c and humanin sequence-specific mRNA 

expression 

The small RNA assay involves two key steps, 1) reverse transcription (RT) using a sequence-

specific stem-loop primer and 2) polymerase chain reaction of the sequence specific mRNA 

using sequence-specific probe and primers. An additional optional pre-amplification step was 

used here to improve detection of signal from small mRNA of MOTS-c and humanin within 

vastus lateralis muscle samples. During reverse transcription, a stem-loop primer specifically 

binds to the 3’ end of the specific RNA sequence of your target and only allows this mRNA 

to be reverse transcribed. The traditional transcription approach synthesizes complimentary 

DNA (cDNA) of the all mRNA present within the total RNA solution (described in Chapter 

2, Methods 2.1). Thus, by using the stem-loop primer guide in small RNA assays instead, the 

relative abundance of target small RNA sequence/s is increased significantly relative to all 

other mRNAs present, allowing it to be more easily detected. When wanting to detect multiple 

small RNA mRNA transcripts within the same sample, a multiplex approach can be used. 

Multiplex reverse transcription allows for multiple small RNA targets to be synthesized 

within the same starting RT reaction. Prior to reverse transcription of small RNAs, total RNA 

from each sample was fractioned into small and large fractions. This was to assess whether 

mRNA of MOTS-c and/or humanin was selectively cleaved from each respective ribosomal 

transcript prior to translation of the peptide. This process is described below. 

 

Filtration of RNA for detecting custom small RNA assays of MOTS-c and humanin 

Filtration of total RNA was carried out using a Zymo RNA Clean & Concentrator kit (Cat # 

R1016, Zymo Research, USA). Firstly, 500ng of total RNA (in 50µl diethyl pyrocarbonate) 

was mixed with 100µl of Zymo RNA binding buffer and then transferred to a collection tube 

housing a Zymo-Spin column. The sample was then centrifuged for 30 seconds at 16,000 x 

g. Utilisation of the column allowed RNA fragments <200 nucleotides to flow-through and 

RNA fragments >200 nucleotides to be trapped within the column matrix. The smaller 

fragment solution was then mixed with 150µl of 100% ethanol and then transferred to a new 

column and collection tube, where it is spun again at 16,000 x g for 30 seconds before the 
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flow-through was discarded as part of a second filtration step. Both the large and small 

fractions then were individually mixed with 400µl of Zymo preparation buffer and 

centrifuged at 16,000 x g for 30 seconds before the flow-through was discarded. This binds 

to DNA and elutes it out of the column to purify the solution. Both fractions were then 

subjected to a series of wash steps using 700µl of Zymo RNA wash buffer and then 400µl of 

wash buffer each followed by 16,000 x g spins for 30 seconds, to further wash out the DNA 

and purify the samples (also washes out salts and contaminants). Once washed, the samples 

were eluted within 50µl of DNase/RNase-free water. Their concentration of RNA and purity 

were measured using a Nano Photometer, as described in Chapter 2: Methods quantitative 

Polymerase Chain Reaction (qPCR). As a validation step of this process to ensure we had 

separated small and large RNA, we assessed RNA size in two samples made up of a pool of 

either small fractions or large fractions from all participants.  

 

To assess RNA size, we used an On-chip electrophoresis approach by RNA Nano 6000 Nano 

assay (Agilent Technologies, CA, USA). The RNA Nano 6000 assay involves pipetting 1µl 

of each RNA fraction pooled sample into one of the 12 wells of the gel chip alongside 5 µl 

of 0-20,000 nucleotide ladder (#5067-1529, Agilent Technologies, CA, USA) in another well 

of a 16-pin bayonet electrode cartridge (#5065-4413, Agilent Technologies, CA, USA). Once 

samples were loaded, the chip was vortexed at 2400 RPM for 60 seconds and then was 

analysed using the options Gel electrophoresis>RNA on a BioAnalyzer running 2100 Expert 

Software (Agilent Technologies, CA, USA).  Our representative image below (Figure 3.2) 

shows a distinct band appears at >200 nucleotides in the pooled large skeletal muscle sample 

and a band appears at <200 nucleotides in the pooled small skeletal muscle sample, indicating 

the fractionation worked. Following fractionation of total RNA into small and large fractions, 

mRNA sequence specific transcripts for MOTS-c, humanin and RNU44 and RNU48 were 

reverse transcribed into complimentary DNA (cDNA) as described below.  
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Figure 3.2.2 RNA fractioning validation. RNA Nano 6000 On-chip electrophoresis image depicting size of 
RNA detection within two representative pooled samples of fractioned (small (<200Nts) vs. large fraction 
(>200Nts)) human skeletal muscle RNA. Distinct banding in each lane represents the size of the highest 
proportion of RNA detected within each respective sample. Small fraction RNA samples show a distinct band 
at less than 200 nucleotides, whereas larger fraction RNA samples show bands above 200 nucleotides (~4000 
nucleotides).  
 

Complimentary DNA synthesis for TaqMan® small RNA assays 

Prior to formulation of the reverse transcription reaction, a multiplexing primer pool was 

established so that the specific sequences of interest could be selectively reverse transcribed 

all within the same starting sample. The multiplexing primer pool contained the forward and 

reverse primers for each specific gene sequence of the mitochondrial-derived peptide genes 

(MOTS-c and Humanin) as well as two housekeeper microRNA genes, RNU44, and RNU48, 

which are commonly used for small RNA assays due to their high abundance and relative 

homology between tissues (252).  The composition of the multiplex pool for these genes is 

shown below in table 2.1. 

 
Table 3.2.1 Small RNA assay multiplex primer pool mastermix composition: 
 
 
 
 
 
 
 
 
 
 

Multiplex primer pool Master mix (µl) Per sample (µl) 

MOTS-c 5X primer 6.0 0.29 

Humanin 5X Primer 6.0 0.29 

RNU44 5X primer 1.25 0.06 

RNU48 5X primer 1.25 0.06 

DEPC MilliQ H2O 110.5 5.30 

Total volume 125 20.83 
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Following this, a reverse transcription master-mix was formulated. This included the 

following components from a TaqMan® microRNA reverse transcription kit (#4366596, 

ThermoFisher Scientific, MA, USA), previously shown used to detect small and microRNAs 

(205). 
 

Table 3.2.2 Small RNA assay reverse transcription (RT) mastermix composition 
 

Reverse transcription (RT) mastermix Per sample (µl) 

Primer pool mastermix 6.0 

DNTPs 0.50 

10X RT buffer 1.50 

Reverse transcriptase 3.00 

RNase inhibitor 0.20 

DEPC MilliQ H2O 1.30 

Total volume 12.50 
 
Each reaction contained 50ng of either small fraction RNA (<200 nucleotides) or large 

fraction RNA (>200 nucleotides) mixed with 12.5µl of RT mastermix in a 0.2ml DNA/RNA 

free PCR tube (Eppendorf, Germany). Reactions were then placed in a thermocycler (Bio-

Rad, CA, USA) and processed using the TaqMan® microRNA reverse transcription kit 

protocol. Immediately following reverse transcription, samples were stored at -20°C until 

further pre-amplification and quantitative PCR steps were performed. 
 

Table 3.2.3 Small RNA assay reverse transcription (RT) thermocycler protocol 

 
 
 
 
 
 
 

 
Pre-amplification of sequence specific cDNA 

As the amount of MOTS-c and humanin mRNA is relatively low in abundance compared to 

the other mitochondrial genes, we used a pre-amplification step in order to specifically 

increase the number of mRNA transcripts of these sequences. Increasing the number of 

transcripts through a short pre-amplification PCR protocol means we will have significantly 

greater cDNA copies that can be used to detect differences between samples with higher 

sensitivity as well as a greater number of gene targets can be analysed within each sample 

Step Type Time (minutes) Temperature (°C) 

Hold 30 16 

Hold 30 42 

Hold 5 85 

Hold ∞ 4 
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compared to when a pre-amplification is not performed. This pre-amplification step involved 

mixing a predetermined amount of cDNA with a preamplification mastermix, which contains 

a 20X concentrate of each multiplexed gene primer sets (forward and reverse) followed by 

running each sample through a thermocycling protocol that typically involves 15-20 cycles 

depending on degree of pre-amplification required (252). The following components were 

combined to form the pre-amplification mastermix pool. 
 

Table 3.2.4 Small RNA assay pre-amplification pool (RT) mastermix composition 

 
Preamplification pool Master mix (µl) Per sample (µl) 

MOTS-c 20X primer 8.40 0.07 

Humanin 20X Primer 8.40 0.07 

RNU44 20X primer 4.20 0.04 

RNU48 20X primer 4.20 0.04 

DEPC MilliQ H2O 394.80 3.49 

Total volume 420.00 3.75 
 

Prior to pre-amplification thermocycling, 3.25µl of pre-amplification pool, 12.5µl of TaqMan 

II master mix with UNG (ThermoFisher Scientific, MA, USA) and 6.25µl of DEPC MilliQ 

water were combined in a separate 0.2ml Eppendorf tube for each sample. Next, 2.5µl (25ng) 

of each sample was added to separate tubes containing 21µl of mastermix and then pipette 

mixed. Thermocycling was carried out using a 16-cycle preamplification protocol outlined in 

of Le Carré, Lamon and Léger, 2014 as shown below. 

 

Table 3.2.5 Small RNA assay pre-amplification thermocycler protocol 
 

Step Type Time (minutes) Temperature (°C) 

Hold 10 95 

Hold 2 55 

Hold 2 72 

16 Cycles 0.25 95 

Hold 4 60 

Hold 10 99.9 

 

Following pre-amplification, each small and large fractioned pre-amplified cDNA were 

diluted 1:2 prior to being loaded into the MicroAmp® 384-well reaction plate.  
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Quantitative polymerase chain reaction (qPCR) of small and large fractions of RNA 

Firstly, a qPCR master mix was individually formulated for each target gene to be measured 

within the MicroAmp® 384-well reaction plate. In order to facilitate the qPCR reaction, 5µl 

of TaqMan II master mix with UNG and 0.5µl of sequence-specific 20X primer were 

combined together per sample in a 1.7ml Eppendorf tube for each gene target. For these 

assays we used custom small RNA assay MOTS-c and humanin probes (ThermoFisher 

Scientific, MA, USA), as well as RNU44 and RNU48 housekeeper probes (#4427975, 

ThermoFisher Scientific, MA, USA). Once combined, 5.5µl of each gene-specific mastermix 

was loaded into each well for sample to be measured followed by 4.5µl of diluted large or 

small fraction cDNA sample from the above step resulting in a combined 10µl reaction. 

 

Lastly, the plate was sealed using a MicroAmp® Optical Adhesive Film (ThermoFisher 

Scientific, MA, USA) and centrifuged at 1000 x g for 2-minutes to bring any solution to the 

bottom of the well. The plate was then loaded into the QuantStudio 6 PCR system and ran 

using a 50-cycle protocol according to the TaqMan mastermix II with UNG manufacturer’s 

instructions for TaqMan small RNA assays (shown below). 

 

Table 3.2.6 qPCR protocol for small RNA assays 
 

Step Type Time (minutes) Temperature (°C) 

Hold (UNG incubation) 2 50 

Hold (Polymerase activation) 10 95 

Denature x 50 cycles 0.25 95 

Anneal/extend x 50 cycles 1 60 
 
Results were analysed using the delta-delta CT method, which calculates the relative fold 

change of gene expression to relative expression of a housekeeper gene/s. We used two 

housekeeper genes (RNU44 and RNU48) and then used the Geometric mean of the two for 

our relative housekeeper gene expression (4). Following delta-delta CT calculation, we then 

represented the gene data as individual fold change relative to each respective individuals’ 

baseline expression for each gene in order to minimize between participant individual 

variation, which is high amongst human participants.  
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Validation of MOTS-c and Humanin small RNA assays using Rho 0 cells 

Prior to measuring MOTS-c and Humanin specific abundance within the human skeletal 

muscle sample fractions, each small RNA assay was validated for specificity by comparison 

of mitochondrial MOTS-c and humanin mRNA abundance of control vs. rho 0 143B (human 

osteocarcinoma cells devoid of mitochondrial DNA).  Rho 0 cells are treated with ethidium 

bromide over a 6-week time course, which causes their mitochondrial DNA to stop its 

replication, ultimately leading to its improper turnover causing the cells to be devoid of 

mitochondrial DNA (253). 143B Rho 0 cells were characterized as described previously (234, 

253) by Dr Mike Berridge (University of Otago, New Zealand) prior to gifting to us. By 

comparing the expression of mitochondrial mRNA of MOTS-c and humanin within control 

vs. rho 0 cells, we could use this as a validation that our probes were specific to these 

mitochondrial transcripts as they should not express any endogenous MOTS-c or humanin in 

the rho 0 cells. We measured mRNA of mitochondrial MOTS-c and humanin transcripts 

within 5ng of control vs. rho 0 143B cell total RNA identically as previously described within 

the small RNA assay protocols above and then plotted the raw cycle threshold values of 3 

biological replicates of each cell type to assess the specificity of detection of our small RNA 

assays (shown below). We observed a cycle threshold value of ~35 in the control cells for 

both MOTS-c and humanin small RNA assays, whereas we did not detect any signal in rho 0 

cells (Figure 2.4). Failure to detect signal in the rho 0 cells indicates absence of MOTS-c and 

humanin mRNA transcripts, indicating that our probes were specific for mitochondrial 

mRNA transcripts for MOTS-c and humanin within these samples.  
 
 
 

 
 
 
 
 
 
 

 
 
 
 
Figure 3.2.3 Small RNA assay validation in 143 cells. Raw cycle threshold values of mitochondrial mRNA 
for MOTS-c and Humanin using custom TaqMan® small RNA assays in control vs. Rho zero 143B cells. CT= 
cycle threshold.  
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Following this validation, human vastus lateralis muscle small and large fractions of total 

RNA from each acute time point pre-training (rested, immediately post-exercise and 4 hours 

post-exercise) were analysed by small RNA assay qPCR as described above.  

 
3.2.5 ex-vivo mouse muscle contraction experiments 

The isolated muscle contraction rig can be used to study the intrinsic changes that occur 

within muscle during rested conditions or following contraction using electrical stimulation 

through parallel electrodes. To assess whether contraction led to changes in MOTS-c and 

humanin following contraction within isolated conditions, extensor digitorum longus (EDL) 

and soleus (SOL) muscles were excised from anaesthetised 20-week old mice and then 

subjected to electrical stimulation (described below). Muscle preparation, contraction, and 

storage of muscle was conducted by Dr Troy Merry (University of Auckland, New Zealand) 

and is described below.  

 

Isolated muscle dissection, preparation, and incubation 

Prior to dissection, mice were given sodium pentobarbital (60mg/kg) by intraperitoneal 

injection (IP) as an anaesthetic. Once non-responsive to paw pinch arousal test, mice were 

sprayed down with ethanol and positioned for excision of muscles. Each mouse had two sets 

of muscles excised, one for basal conditions and one for contraction conditions. Both EDL 

and solei muscle were first tied with silk suture at the proximal and distal tendons and then 

removed carefully as to not to damage the muscle fibre integrity. Once removed, the proximal 

tendon of the respective muscle to the knee joint was carefully tied to an isometric force 

transducer (RADSTIM RADNOTI, Ireland) prong and the distal tendon was tied to a fixed 

hook attachment (Figure 3.4). The incubation buffer-containing baths were then adjusted up 

into position so that both muscles were submerged completely. Paired muscles (basal and 

contracted conditions) were incubated at the same time and for the same duration within 

chambers containing 95% oxygen and 5% carbon dioxide and maintained at 25°C. The 

incubation buffer within each bath was Kreb’s Henseleit Buffer containing 118.5mM NaCl, 

24.7mM NaHCO3, 4.74mM KCl, 1.18mM MgSO4, 1.18mM KH2PO4, 2.5mM CaCl2, pH 

7.4) supplemented with 0.01% bovine serum albumin and 8mM mannitol and 2mM sodium 

pyruvate (all reagents from Sigma Aldrich, MI, USA). Following excision of muscle, mice 

were culled by cervical dislocation whilst still under anaesthesia. 
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Figure 3.2.4 Isolated muscle contraction apparatus. Red arrows indicate muscle fixture location and 
orientation, incubation bath as well as overall stimulator orientation within the rig setup.  
 

Isolated muscle contraction procedure 

Prior to contraction, muscle tautness was assessed by observing a single twitch waveform on 

the chart software, PowerLab 4/26 (AD Instruments, USA). Tension at the tendon 

ties/muscles was then adjusted until an optimal twitch contraction waveform was observed.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
+ 
 
 
Figure 3.2.5 Example PowerLab trace of ex vivo mouse muscle experiments. PowerLab software displaying 
contraction force (green waveforms) following three electrical stimulations (red bars) in the bottom channel 
along with a blue flat line symbolizing no force transduction in the rested muscle condition channel (middle). 
 
 
Contraction protocols differed for extensor digitorum longus in comparison to soleus muscle 

due to their difference in fibre type composition (predominantly glycolytic versus 
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predominantly oxidative respectively). Soleus contraction duration was longer (500ms) 

compared to EDL (300ms) as soleus requires a longer duration of contraction in order to reach 

comparable levels of fatigue of EDL over the same total duration of contraction protocol. 

Fatigue was visualised by gradual decrease in amplitude of force transduction measurements 

following each contraction over the protocol. The protocol for each muscle is listed in table 

2.6 below. 

 
Table 3.2.7 Contraction protocols for isolated EDL and soleus muscles: 

 
 
 
 
 
 
 
 
 
 
3.2.6 Mitochondrial function assay muscle biopsy preparation   

High resolution mitochondrial respiration and hydrogen peroxide production assays were 

carried out on rested muscle collected pre- and post-training using the Oroboros O2K 

Oxygraph (Oroboros Instruments, Austria) by Dr Christopher P. Hedges as described (254). 

 

3.2.7 Statistical analysis 

All statistical analyses were performed using Prism 8 (GraphPad Software). Data are 

presented as individual data points where appropriate and as means ± standard error of the 

mean (SEM). Statistical analyses for the human acute and training experiments included one-

way (time point effect) and two-way (time x training status two factor effects) ANOVA as 

well as mixed-effect model with either Sidak’s or Dunnett’s post hoc analysis depending on 

whether all repeated measures data points from each participant were available. Additionally, 

XY correlation analysis was used for correlating human muscle, plasma, and mRNA analyses. 

For isolated muscle experiments comparing MOTS-c and humanin expression between rested 

and contracted conditions, two-tailed Student’s t-tests were used. 
 
 
 
 
 

 

Conditions Extensor digitorum longus Soleus 

Voltage (V) 20 20 

Frequency (Hz) 150 150 

Contraction duration (msec) 350 500 

Total duration (mins) 10 10 
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3.3 Results 

 
3.3.0 Participant characteristics 

Ten healthy (free of disease) young adult men of mean 24.5 ± 3.8 years, with mean BMI of 

24.1 ± 2.1 and a mean baseline aerobic capacity (V̇O2peak) of 38.4 ± 7.3 millilitres of O2 per 

kilogram per minute (ml.kg.min) were recruited into the study. All participants completed the 

study with no adverse effects. S.E.M= standard error of the mean. 

 
Table 3.3.1 Participant characteristics 

 
 
 
 
 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Participant characteristics Mean ± S.E.M 

Age (years) 24.5 ± 3.8 

Body mass index (m/kg2) 24.1 ± 2.1 

Baseline V̇O2peak (ml.kg.min) 38.4 ± 7.3 
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3.3.1 Acute responses of MOTS-c and humanin to exercise and ex vivo contraction in 

young adult men and mice, respectively 

 

Intramuscular MOTS-c and humanin response to acute exercise  

We first investigated whether an acute bout of high intensity interval exercise would effect 

skeletal muscle expression of MOTS-c or humanin by immunoblot analysis of muscle at rest, 

immediately post-exercise and 4 hours post an acute high intensity interval exercise bout. We 

observed a significant effect of acute exercise on absolute MOTS-c expression, with an 

increase observed immediately post-exercise before returning back to rested condition levels 

by 4 hours post-exercise (Immediately post-exercise p=0.0460 vs. rested) (Figure 3.3.1 A and 

C). For humanin, we only observed a trend towards an increase in expression (Figure 3.3.1 

E). As it was noted that both MDPs had high levels of basal variability in expression, we then 

analysed each peptides expression post-exercise relative to each individual participants’ 

rested expression to reduce interindividual variability. From this we then observed a 

significant effect of acute exercise for both MOTS-c and humanin expression at immediately 

post-exercise (Immediately post-exercise p=0.0270 vs. rested and p=.0350, respectively) 

before both returned to levels similar to rested conditions at 4 hours post-exercise (Figure 

3.3.1 D and F, respectively). Taken together, these results suggest that MOTS-c and humanin 

are exercise sensitive within skeletal muscle and that the response is transiently increased 

immediately post-exercise before returning to similar to rested levels by 4 hours post-

exercise.  
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Figure 3.3.1 Immunoblot analysis of MOTS-c and humanin expression within vastus lateralis 
skeletal muscle at rest, immediately post- and 4 hours post-acute high intensity interval exercise. 
A) Representative blot of MOTS-c and B) humanin at rest, immediately post-exercise (Post-Exercise) 
and 4 hours post-exercise (4h Post) relative to loading control proteins. Quantification of MOTS-c 
expressed as C) absolute expression (n=9) relative to loading control and D) fold change of MOTS-c 
relative to GAPDH expression and relative to individual baseline level (Rested) MOTS-c expression 
(n=9). Quantification of humanin expressed as E) absolute expression relative to loading control and 
F) fold change of humanin relative to β-actin expression and relative to individual baseline level 
(Rested) humanin expression. Data presented as individual repeated measure data points; data is mean 
± standard error of the mean (SEM). Statistical significance of MOTS-c data was determined by mixed-
effects model and humanin data by one-way ANOVA of repeated measures. Post-hoc comparisons 
were made using Dunnett’s post-hoc comparisons, *p<0.05 relative to Rested condition. Outliers were 
removed by Grubbs outlier test. Arbitrary units = A.U, GAPDH= glyceraldehyde 3-phosphate 
dehydrogenase. 
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Circulatory plasma mitochondrial-derived peptide response to acute exercise in young 

adult men  

To assess whether acute high intensity interval exercise also effects the concentration of 

circulating plasma mitochondrial-derived peptides, we used an in-house sandwich ELISA to 

measure MOTS-c, humanin, and small humanin-like peptide 2 and 6 within the plasma 

collected at rest, immediately post-exercise and 4 hours post high intensity interval exercise. 

Plasma MOTS-c expression was significantly affected by exercise, specifically at mid and 

immediately post-exercise (p=0.0002 and immediately post-exercise p=0.022, respectively 

vs. rested)  before returning to levels similar to rested conditions by 4 hours post-exercise 

(Figure 3.3.2 A). Humanin and SHLP6 were both showed a trend towards an effect of acute 

exercise (p=0.06, and p=0.05, respectively) but only humanin was significantly increased at 

immediately post-exercise (Immediately post-exercise p=0.0230 vs. rested) before returning 

to similar levels to rested conditions by 4 hours post-exercise (Figure 3.2, B and D, 

respectively). SHLP2 was unaffected by acute exercise, with no differences between any 

times points post-exercise and rested conditions (Figure 3.2 C). Taken together, these findings 

indicate that concentrations of MOTS-c, humanin and SHLP6 (but not SHLP2) of circulatory 

plasma are affected by acute high intensity interval exercise, with MOTS-c being transiently 

increased both mid- and immediately post-exercise and humanin only being transiently 

increased immediately post-exercise, before returning to similar levels to rested conditions 

by 4 hours post-exercise. 
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Figure 3.3.2 ELISA analysis of plasma mitochondrial-derived peptides at rest, mid-exercise, 
immediately post- and 4 hours post-acute high intensity interval exercise. Plasma concentrations of 
A) MOTS-c (n=10), B) humanin (n=10) C) small humanin-like peptide 2 (SHLP2) (n=10) and D) small 
humanin-like peptide 6 (SHLP6) (n=8) at rest (rested), mid-exercise, immediately post-exercise (Post-
Exercise) and 4 hours post-exercise (4h Post). Data presented as individual repeated measure data points; 
data is mean ± standard error of the mean (SEM). Statistical significance of MOTS-c data was determined 
by mixed-effects model with using Dunnett’s post-hoc comparisons, **p<0.001, ***p<0.0001 relative 
to rested condition. Outliers were removed by Grubbs outlier test. Arbitrary units = A.U, pg= picogram, 
ml=millilitre and SHLP = small humanin-like peptide. 
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Relationship of intramuscular and plasma MOTS-c after acute exercise of young adult 

men 

We next investigated whether the expression of intramuscular MOTS-c and humanin 

correlated with plasma concentrations at rested, immediately post-exercise, and 4 hours post-

exercise following acute high intensity interval exercise. It should be noted that humanin data 

was log transformed to be able to satisfy conditions of normality, whereas MOTS-c passed 

normality tests and so was presented as absolute values. Furthermore, given SHLP2 and 6 

were relatively newly discovered at the time of this analysis, antibodies for their detection via 

western blotting methods were unavailable at the time, therefore we did not measure these in 

muscle. Following XY correlation analysis, we observed a significant correlation between 

intramuscular and plasma humanin concentration at rested conditions (Figure 3.3.3 C), 

whereas for MOTS-c, we did not observe a significant correlation with plasma MOTS-c at 

rest (Figure 3.3.3 A). When analysed for each post-exercise time point, we observed no 

significant correlation between intramuscular and plasma expression/concentration for either 

MOTS-c (Figure 3.3.3 B) or humanin (Figure 3.3.3 D). Taken together, these findings show 

that at rest, only intramuscular and plasma humanin (not MOTS-c) are related, whereas 

following high intensity interval exercise, neither plasma MOTS-c or humanin are related to 

intramuscular expression.   
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Figure 3.3.3 Correlation analysis of intramuscular and plasma for MOTS-c and humanin at rest and 
following an acute bout of high intensity interval exercise. Correlation analysis of (A) plasma MOTS-c vs. 
intramuscular MOTS-c at rest and B) Correlation analysis of plasma MOTS-c vs. intramuscular MOTS-c at all-
time points (rest, post-exercise, 4h post) as well as C) Correlation analysis of plasma humanin vs. intramuscular 
humanin (log transformed) at rest and D) Correlation analysis of plasma humanin vs. intramuscular humanin 
(log transformed) at all-time points (post-exercise and 4 hours post-exercise). Data presented as individual 
repeated measure data points (n=10). Statistical significance of relationship between plasma and intramuscular 
peptide amount was determined XY correlation model with a pre-set alpha level of 0.05, Arbitrary units = A.U, 
pg= picogram, ml=millilitre and SHLP = small humanin-like peptide 
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MOTS-c and humanin expression during rest and following ex vivo contraction in mouse 

EDL and soleus muscles 

We next assessed whether MOTS-c and/or humanin could be produced within isolated muscle 

following immunoblot analysis of mouse EDL and soleus muscles following ex vivo 

contraction or rest. We observed significantly higher expression of MOTS-c and humanin 

within EDL following contraction compared to rested control conditions (Figure 3.3.4 A, C 

and B, D respectively). However, within soleus we observed no significant effect of 

contraction on MOTS-c or humanin when compared to rested conditions (Figure 3.3.4 E, G 

and F, H respectively). Taken together, these results demonstrate that MOTS-c and humanin 

expression increases in isolated contracted skeletal muscle, although this was only observed 

in EDL and not soleus.  
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Figure 3.3.4 Immunoblot analysis of MOTS-c and humanin in rested vs. contraction-stimulated 
isolated extensor digitorum longus (EDL) and soleus from mice. Representative blots of MOTS-c in 
EDL A) and soleus G) as well as humanin in EDL B) and soleus F) relative to loading control protein 
expression, following either rested or electrically contracted (contracted) conditions. Quantification of 
MOTS-c in EDL C) and soleus G) as well as humanin in EDL D) and soleus H) relative to loading control 
protein expression. Data is presented as individual mouse data point means ± standard error of the mean. 
Statistical significance was determined by un-paired students t-test, p*<00.5 
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3.3.2 Intramuscular transcriptional responses of MOTS-c and humanin to acute 

exercise in young adult men 
 

Transcriptional changes of MOTS-c and humanin following high intensity exercise  

First, we assessed whether acute exercise would affect expression of MT-RNR1 (12S) and/or 

MT-RNR2 (16S) ribosomal RNA regions respectively using RT-qPCR analysis. The mRNA 

expression for both MT-RNR1 and MT-RNR2 mRNA was significantly affected by acute 

exercise with a specific increase observed only at 4 hours post-exercise, relative to each 

individual participants own baseline (rested condition) (p=0.0267 vs. rested and p=0.0239 vs. 

rested, respectively) (Figure 3.3.5 A-B). These findings are mismatched to what was observed 

of the intramuscular protein expression of MOTS-c and humanin (Figure 3.3.1).  

 

We initially aimed to measure these areas of the ribosomal DNA regions within the 

mitochondrial genome. Following our initial analysis, we then aimed to specifically measure 

the short-open reading frames of MOTS-c and humanin post-hoc, as we hypothesized that 

the transcription of MOTS-c and humanin may be differentially regulated relative to the rest 

of the ribosomal gene transcript following exercise. We then investigated the expression of 

MOTS-c and humanin sequence-specific mRNA using an RNA filtration approach followed 

by custom TaqMan small RNA assays for MOTS-c and humanin. Within the large fractions 

of total RNA, we observed an effect of acute exercise on MOTS-c but not humanin mRNA 

expression (Figure 3.3.5 C and E, respectively). Large fraction MOTS-c mRNA expression 

was increased only at was 4 hours post-exercise relative to rested conditions, similar to what 

was observed for MT-RNR1 mRNA expression (Figure 3.3.5 A). Whereas within the small 

fractions of total RNA, we observed a significant effect of acute exercise on humanin but not 

MOTS-c mRNA expression (Figure 3.3.5 D and F, respectively). Small fraction humanin 

mRNA with significant decreases in humanin mRNA immediately post- and 4 hours post-

expression was significantly decreased from rested conditions at immediately post- and 4 

hours post-exercise (p=0.0260 and 0.0060 vs. rested, respectively). Taken together, sequence-

specific mRNA of MOTS-c was significantly increased at 4 hours post-exercise but only in 

the large fraction of total RNA, whereas humanin mRNA expression was unchanged within 

the large fractions of total RNA but was significantly decreased immediately post- and 4 

hours post-exercise.  
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Figure 3.3.5 Analysis of the expression of ribosomal RNA gene regions encoding MOTS-c and humanin as 
well as transcript-specific mRNA expression of MOTS-c and humanin following acute high intensity 
exercise. (n=10 unless specified). A) MT-RNR1 expression (12S/MOTS-c region) (n=9 in Post-Exercise) B) MT-
RNR2 (16S/humanin region) (n=9 in Post-Exercise), MOTS-c transcript-specific mRNA expression within C) 
large (>200 nucleotides) (n=9) and D) small fractions (<200 nucleotides) of total RNA (n=9 at 4h Post). Humanin 
transcript-specific mRNA expression within E) large (n=9 at 4 hour post-exercise) and F) small fractions of total 
RNA (n=8). Gene data is relative to geometric mean of two housekeeper genes and presented as delta-delta cycle 
threshold (ΔΔCT) relative to individual fold change from rested condition. Data presented as individual repeated 
measure data points; data is mean ± standard error of the mean (SEM). Statistical significance was determined by 
mixed-effects model using Dunnett’s post-hoc comparisons, *p<0.05 and **p<0.001 relative to rested condition. 
Post-Exercise= immediately post-exercise, 4h Post= 4 hours post-exercise, Arbitrary units = A.U, mRNA= 
messenger ribonucleic acid 
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Intramuscular MOTS-c and humanin protein expression and small RNA assay 

correlations following acute high intensity exercise in young adult men  

Within the previous analysis, we observed significant variations in individual responses of 

small and large fraction MOTS-c and humanin mRNA expression following acute high 

intensity exercise. The relationship of these variations appeared to match closely with what 

was seen in the individual exercise response of each respective protein’s expression.  

Therefore, we next investigated whether the sequence-specific mRNA response of MOTS-c 

or humanin in each fraction (large and small) correlated with the respective intramuscular 

protein’s expression at each post-exercise time point (immediately post- and 4 hours post-

exercise) using XY correlation analysis. 

 

Within the large fraction of total RNA, we observed no significant correlation for MOTS-c 

(Figure 3.3.6 A,C) or humanin (Figures 3.3.6 E,G) sequence-specific mRNA expression and 

respective protein expression at immediately post- or 4 hours post-exercise. Within the small 

fraction of total RNA, we observed a significant positive correlation between MOTS-c 

sequence-specific mRNA and protein expression but only at immediately post-exercise 

(Figure 3.3.6 B), whereas for humanin, we observed no statistical correlation at either post-

exercise time point (Figure 3.3.6 F,H).Taken together, these findings indicate that MOTS-c 

mRNA and protein expression was only related at immediately post-exercise within the small 

but not large total RNA fraction. Whereas for humanin, we observed no correlation between 

humanin mRNA and protein expression at either post-exercise time point.  
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Figure 3.3.6 Correlation analysis of MOTS-c and humanin protein and transcript-specific responses 
following acute high intensity exercise in skeletal muscle of young adult males. (n=10 unless specified). 
Large (>200 nucleotides) and small MOTS-c transcript-specific mRNA expression correlated against fold 
change relative to individual baseline of MOTS-c protein expression immediately post-exercise (A and B, 
respectively) and 4 hours post-exercise (C and D respectively). Large and small humanin transcript-specific 
mRNA expression correlated against fold change relative to individual baseline of humanin protein expression 
immediately post-exercise (E and F, respectively) and 4 hours post-exercise (G and H respectively). Gene data 
is relative to the geometric mean of two housekeeper genes and presented as delta-delta cycle threshold (ΔΔCT) 
relative to individual fold change from rested condition. Data presented as individual repeated measure data 
points; data is mean ± standard error of the mean (SEM). Statistical significance was determined by mixed-
effects model using Dunnett’s post-hoc comparisons, *p<0.05 and **p<0.001 relative to rested condition. Post-
Exercise= immediately post-exercise, 4h Post= 4 hours post-exercise, Arbitrary units = A.U, mRNA= messenger 
ribonucleic acid 
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3.3.3 Potential intramuscular signalling targets of MOTS-c and humanin following 

acute exercise in young adult men 

 
Potential intramuscular signalling targets of MOTS-c following acute exercise  

Firstly, to assess whether proteins canonically activated by exercise and shown to be activated 

by MOTS-c treatment were indeed activated by the acute high intensity exercise bout, we 

measured the phosphorylation of AMPKThr172 as well as the mRNA expression of peroxisome 

proliferator-activated receptor gamma coactivator 1-alpha (PGC1-α), Nuclear factor 

erythroid 2-related factor 2 (NEF2L2) and hemeoxygenase-1 (HO-1). Phosphorylation of 

AMPK172 relative to total AMPK expression was effected by acute high intensity interval 

exercise with a significant increase only occurring immediately post-exercise (p=0.0072 vs. 

rested) relative to rested conditions (Figure 3.3.7, A). Furthermore, mRNA expression of 

PGC1-α, NFE2L2 and HO-1 were also significantly affected by acute exercise and were each 

only increased at 4 hours post-exercise relative to rested conditions (p=0.0001, p=0.0035 and 

p=0.0009 vs. rested, respectively) (Figure 3.3.7 C-E, respectively). These findings indicate 

the acute bout of high intensity interval exercise activated/increased expression of these 

shared targets of MOTS-c and exercise.   

 

We next determined whether there was a relationship between the acute response of each of 

these shared targets with the acute intramuscular response of MOTS-c. To do so, we 

performed XY correlation analysis of each target with intramuscular MOTS-c at rest, 

immediately post-exercise, and 4 hours post-exercise. We observed no statistically significant 

correlation between the response of any of the potential targets of MOTS-c and the 

intramuscular expression of MOTS-c following an acute bout of high intensity interval 

exercise (Figure 3.3.7 E-H). This indicates there is unlikely a relationship between the 

response of these target and the response of MOTS-c within this cohort of participants. 
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Figure 3.3.7 Expression and correlation analysis of potential targets of MOTS-c in response to acute high 
intensity exercise in skeletal muscle of young adult males. A) Representative blot and B) quantification of 
pAMPK (n=9). qPCR of C) PGC1-α (n=9), D) NFE2L2 (n=8) and E) HO-1 (n=10) following acute exercise. 
Intramuscular MOTS-c following acute exercise was correlated with F) pAMPK/AMPK, G) PGC1-α, H) 
NFE2L2 and I) HO-1 expression. Gene expression was made relative to the geometric mean of two housekeeper 
genes and presented as delta-delta cycle threshold (CT) relative to each individual’s fold change from rested. 
All data was presented as individual repeated measure data points; data is mean ± standard error of the mean 
(SEM). Statistical significance was determined by mixed-effects model using Dunnett’s post-hoc comparisons 
(A-D) or linear regression analysis (E-H), **p<0.001, ***p<0.0001 relative to rested condition. Outliers were 
removed by Grubbs outlier test. Post-Exercise= immediately post-exercise, 4h Post= 4 hours post-exercise, 
Arbitrary units = A.U. 
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Potential intramuscular signalling targets of humanin following acute exercise  

Similarly, humanin has also been shown to potently activate molecular targets in vitro and in 

mice following exogenous administration. These targets include phosphorylated 

extracellular-regulating kinases 1 and 2 (ERK 1/2) as well as the pro-apoptotic protein, BAX. 

We assessed whether these targets of humanin were also significantly affected by acute high 

intensity interval exercise by immunoblot and qPCR analysis. We observed a significant 

effect of acute exercise on the phosphorylation of ERK 1/2 relative to total ERK (Figure 3.3.8 

A), with a trended increase observed at immediately post-exercise relative to rested 

conditions (p=0.0580 vs. rested). We also observed a significant effect of acute exercise on 

BAX mRNA expression (Figure 3.7 B), with a significant decrease in observed only at 

immediately post-exercise (Post-Exercise) (p=0.0256 vs. rested), relative to rested condition. 

We then assessed whether there was a relationship between pERK 1/2 and/or BAX with the 

acute humanin response following acute exercise using XY correlation analysis. However, 

we observed no statistically significant correlation between either pERK1/2 or BAX mRNA 

expression (Figure 3.3.8 D-E), indicating the acute response to exercise of either target was 

unrelated to the response of humanin in this cohort.  
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Figure 3.3.8 Expression and correlation analysis of potential targets of humanin in response to acute high 
intensity exercise in skeletal muscle of young adult males. Skeletal muscle from participants was 
immunoblotted to assess protein expression of A) representative blot and B) quantification of phosphorylated 
ERK1/2 (n=8). Muscle was also analysed by qPCR for mRNA expression of C) BAX following acute high 
intensity exercise (n=10). To assess the relationship between the response in potential humanin targets and 
humanin expression following acute exercise, intramuscular humanin protein expression was correlated with D) 
pERK/ERK and E) BAX expression. Gene expression was made relative to the geometric mean of two 
housekeeper genes and presented as delta-delta cycle threshold (CT) relative to each individual’s fold change 
from rested condition. All data was presented as individual repeated measure data points; data is mean ± standard 
error of the mean (SEM). Statistical significance was determined by mixed-effects model using Dunnett’s post-
hoc comparisons (A-D) or XY correlation analysis (E-H), **p<0.001, relative to rested condition. Post-
Exercise= immediately post-exercise, 4h Post= 4 hours post-exercise, Arbitrary units = A.U. 
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3.3.4 Effects of training on intramuscular and plasma signalling responses in young adult 

men 

 
Training-induced changes in performance and intramuscular mitochondrial function 

following two-weeks of high intensity interval exercise  

To assess whether two weeks of high intensity interval training elicited changes in 

performance, aerobic capacity (V̇O2peak) and skeletal muscle respiration rate and hydrogen 

peroxide production, these were measured pre- and post-training. Following training, we 

observed a mean increase in V̇O2peak of ~9% (p=0.0001 vs. Pre-Training) as well as a mean 

decrease in time to complete 16km time trial of ~5.8% (p=0.0035 vs. Pre-Training) (Figure 

3.3.9 A and B). Further analysis by Dr Christopher P. Hedges (University of Auckland, New 

Zealand) on skeletal muscle biopsies taken at rest both Pre- and Post-Training showed a 

significant increase in mitochondrial respiration in all respiratory states measured (CI leak, 

CI OXPHOS, CI & CII OXPHOS, CI & CII leak, Max Uncoupled and Cyto C Oxidase, 

Figure 3.3.9 C) as well as a significant decrease in hydrogen peroxide production during 

maximal complex I and complex II oxidative phosphorylation respiration state (p= (Figure 

3.3.9 D) (254). Taken together, these results indicate that training adaptation had occurred 

following the two-week protocol of high intensity interval training in young adult men.  
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Figure 3.3.9 Training-induced changes in performance, respiration and hydrogen peroxide production 
following 2-weeks of high intensity interval exercise in young adult men. A) Percentage change (%) in 
maximal aerobic capacity (V̇O2peak) from Pre-Training, n=7, B) Change in time to complete 16km time trial 
from Pre-Training, n=10, C) respiration rate and D) hydrogen peroxide production (H2O2) of each respiration state 
from Vastus lateralis muscle biopsy collected at rest Pre- vs. Post-Training, n=10. Data presented as individual 
repeated measure data points for A and B and as mean for C and D; data analysed as mean ± standard error of the 
mean (SEM). Statistical significance was determined by single student t-test (A and B) or by multiple t-tests with 
Fisher’s LSD post-hoc test, *p<0.05 and **p<0.001, ***p<0.0001 relative to Pre-Training. CI and CII = 
mitochondrial oxidative phosphorylation complex I and II, respectively, Cyto C = cytochrome C, Pmol/s/mg =pica 
moles of oxygen per second per milligram of skeletal muscle and fmol/H2O2/pmol O2 =femtomoles of hydrogen 
peroxide per picomole of oxygen.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Pre-Training Post-Training 
0

5

10

15

C
ha

ng
e 

in
 V

˙O
2P

ea
k 

 (%
) ***

Pre-Training Post-Training 
-20

-15

-10

-5

0

C
ha

ng
e 

in
 ti

m
e 

to
co

m
pl

et
io

n 
(%

)

**

CI L
ea

k

CI O
XPHOS

CI &
 II 

OXPHOS

CI &
 II 

Le
ak

Max
 U

nc
ou

ple
d 

Cyto
 C

 O
xid

as
e

0

50

100

150

Respiration state

S
ke

le
ta

l m
us

cl
e 

re
sp

ir
at

io
n

pm
ol

 O
2/

s/
m

g)

Pre-Training
Post-Training

* **
**

**

**

*

CI L
ea

k

CI O
XPHOS

CI &
 II 

OXPHOS

CI &
 II 

Le
ak

Max
 U

nc
ou

ple
d 

Cyto
 C

 O
xid

as
e

0

20

40

60

80

S
ke

le
ta

l m
us

cl
e 

H
2O

2
pr

od
uc

tio
n 

(f
m

ol
 H

2O
2/

pm
ol

 O
2)

Pre-Training
Post-Training*

Respiration state

A B 

C D 



117 

 
 

Acute Intramuscular MOTS-c and humanin responses following training  

We next assessed whether the acute intramuscular response to exercise of MOTS-c and 

humanin was modulated following 2 weeks of high intensity interval training by immunoblot 

analysis in the same young adult men (n=10). Neither acute response of MOTS-c nor humanin 

was affected by training or the interaction of training and acute exercise (Figure 3.3.10 A-C 

and D and F, respectively). However, both MOTS-c and humanin were significantly affected 

by acute exercise following training, although, this was only statistically significantly when 

each peptides expression was represented as a fold change from each individual participant’s 

rested condition (Figure 3.3.10 C,F, respectively. This indicates that the response of MOTS-

c and humanin to acute exercise was unchanged following 2 weeks of high intensity interval 

training in young adult men. 
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Figure 3.3.10 Immunoblot analysis of the acute response to exercise of MOTS-c and humanin in 
vastus lateralis skeletal muscle following two-weeks of high intensity interval exercise. A) 
Representative blot of MOTS-c and D) humanin at rest, immediately post-exercise (Post-Exercise) and 4 
hours post-exercise (4h Post) relative to loading control proteins, Pre- and Post-Training. Quantification 
of MOTS-c expressed as C) absolute expression (n=9) relative to loading control and D) fold change of 
MOTS-c relative to loading control expression and relative to individual baseline (Rested) MOTS-c 
expression (n=9). Quantification of humanin expressed as E) absolute expression relative to loading 
control and F) fold change of humanin relative to loading control expression and relative to individual 
baseline (Rested) humanin expression. Data presented as individual repeated measure data points; data is 
mean ± standard error of the mean (SEM). Statistical significance of MOTS-c data was determined by 
mixed-effects model by time and training factors and then were compared post-hoc using Sidak’s post-
hoc comparisons, *p<0.05 relative to rested condition. Arbitrary units = A.U. 
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Acute circulatory plasma MDP responses following high intensity interval training 

As we observed a transient increase in the acute response of plasma mitochondrial-derived 

peptide concentrations pre-training, we also assessed whether this acute response as well as 

rested levels alone were modulated following 2 weeks of high intensity interval training 

(n=10) in the same young adult men by in-house sandwich ELISA.  

 

We observed a significant decrease in MOTS-c (p=0.0072 vs. Pre-Training) as well as a trend 

towards decreased plasma concentrations for both humanin (p=0.0942 vs. Pre-Training) and 

SHLP2 (p=0.1023 vs. Pre-Training) but no change in SHLP6 following training (Figure 

3.3.11 A). Next, we assessed the response to the acute bout of high intensity exercise, Pre- 

and Post-Training, of each of the above mitochondrial-derived peptides. MOTS-c was 

significantly affected by training and demonstrated a similar exercise response to pre-

training, although significant decreases were identified at Rested (p=0.0449 vs. Pre-

Training), Mid-Exercise (p= 0.0009 vs. Pre-Training), Post-Exercise (p=0.0469 vs. Pre-

Training) and 4 hours post-exercise (4h Post) (p=0.0193 vs. Pre-Training), following training, 

relative to Pre-Training. For humanin, we also observed a significant effect of acute exercise 

and a strong trend towards significance of training (p=0.0600). Humanin was identified as 

significantly decreased only at immediately post-exercise (p=0.0134 vs. Pre-Training), with 

a trend towards decreased levels at rested (p=0.0678 vs. Pre-Training) and 4 hours post 

exercise (p=0.0799 vs. Pre-Training) following training (Figure 3.3.11 C).SHLP2 was 

significantly affected by training although was not affected by acute exercise, (Figure 3.3.11 

D). Additionally, for SHLP2 we identified a significant decrease only at immediately post-

exercise (p=0.0033 vs. Pre-Training) and a trend towards a decrease at 4 hours post exercise 

(p=0.0767 vs. Pre-Training). Furthermore, we observed a significant effect of acute exercise 

and training for SHLP6 and identified this to only be lower specifically at 4 hours post-

exercise (p=0.0018 vs. Pre-Training) as well as a strong trend towards a decrease at mid-

exercise (p=0.0629 vs. Pre-Training) (Figure 3.3.11 E). Taken together, each plasma MDP 

concentration was affected by the 2 weeks of high intensity interval training, although only 

MOTS-c was decreased at each time point following acute exercise post-training, relative to 

pre-training.  
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Figure 3.3.11 Effect of two-weeks of high intensity interval exercise training on plasma mitochondrial-
derived peptide concentrations in young adult men. A) Concentration of plasma mitochondrial-derived 
peptides (MOTS-c, humanin, SHLP2 and 6) Pre- and Post-Training at rest only. Concentrations of B) MOTS-c 
(n=10), C) humanin (n=10), D) SHLP2 (n=10) and E) SHLP6 (n=9) at rested, mid-exercise, post-exercise and 
4h post-exercise (4h Post) time points, Pre- and Post-Training in young adult men. Data presented as individual 
repeated measure data points; data is mean ± standard error of the mean (SEM). Statistical significance of rested 
only comparisons was determined by multiple t-tests and concentrations of each peptide following acute 
exercise, Pre- and Post-Training were determined by mixed-effects model with time and training factors and 
then were compared post-hoc using Sidak’s post-hoc comparisons, *p<0.05, **p<0.001, ***p<0.0001 relative 
to rested condition.  
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3.4 Discussion  

 

Within this chapter we aimed to investigate the effect of acute high intensity interval exercise 

and two weeks of high intensity interval training on the expression of MDPs (MOTS-c, 

humanin, SHLP2 and 6) in skeletal muscle and plasma in young adult men. To further 

elucidate the regulation of MOTS-c and humanin within muscle, we also investigated peptide 

expression within contracted isolated mouse muscles (EDL and soleus) as well as the 

intramuscular transcriptional changes that occurred following acute high intensity interval 

exercise. Lastly, we assessed the potential relationship between known molecular signalling 

targets of MOTS-c and humanin with acute responses of intramuscular expression of these 

peptides following acute high intensity interval exercise.  

 

Differential response of MDPs in muscle and plasma to acute exercise 

Our findings indicated that MOTS-c and humanin are exercise sensitive in both muscle and 

in circulatory plasma and appear to be transiently increased immediately following exercise 

before returning back to rested levels during recovery (Figure 3.3.1 B and D, respectively). 

Prior to this study, MDP expression changes had only been reported following moderate 

length training programmes (8-12 weeks), therefore these findings presented here are the first 

evidence of an acute exercise response of MOTS-c and humanin (207, 209). As mentioned 

previously, we did not have suitable antibodies for western blot detection of SHLP2 and 6 in 

muscle, however in plasma (Figure 3.3.2 C and D, respectively) SHLP 6 was trended towards 

being exercise-responsive, although SHLP2 was unchanged by acute exercise. This suggests 

that MDPs are likely differentially modulated by exercise-induced stressors, with only 

MOTS-c and humanin demonstrating a significant specialised response to acute high intensity 

exercise. Given that we observed a similar transient increase in muscle and plasma MOTS-c 

and humanin, we speculated these MPDs may be myokines of mitochondrial origin 

(mitokines) that can be produced by muscle and then potentially secreted into circulation 

following initiation of exercise. To investigate the potential of skeletal muscle to produce 

MOTS-c and humanin following exercise, we undertook an ex vivo model of contraction in 

mice.  
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Intramuscular MDP expression increases following contraction in isolated muscle    

We reported increases in both MOTS-c (~5.7 fold) and humanin (~2.6 fold) expression within 

ex vivo contracted isolated EDL but not soleus, suggesting that muscle of predominantly 

glycolytic fibre type composition contain an intrinsic mechanism that results in the production 

of MOTS-c and humanin (Figure 3.3.4 A-D). Similarly, to other myokines such as myonectin, 

muscle fibre type composition may be a factor in how MDPs are regulated, which could 

explain this observed difference between EDL and soleus following contraction (215, 255). 

Similarly to myonectin, MOTS-c is more highly expressed in oxidative soleus muscle at rest 

compared to glycolytic fibre type muscles such as tibialis anterior and EDL, which may 

indicate that it is more tightly regulated to oxidative metabolism, mitochondrial biogenesis 

and/or perturbations of energy state in comparison to muscle of predominantly glycolytic 

fibre type (Methods, 2.5.3) (205, 256).. However, as MOTS-c has been shown to be 

translocated by nutrient deprivation and oxidative stress, manipulations of these types of 

exercise-induced stressors could be used in future to further elucidate the mechanisms 

underpinning these differences in contraction-induced MDP expression. Taken together, we 

observed similar changes in MDP expression of exercised/contracted EDL but not soleus 

muscle as what was seen in the human study ex vivo. this suggests that muscle contains an 

intrinsic mechanism that increases MOTS-c and humanin expression following exercise.  

 

Acute transcriptional response of MOTS-c and humanin following exercise  

Given that MOTS-c and humanin expression changed significantly within a relatively rapid 

time frame following ex vivo contraction and acute exercise in vivo (10-23 minutes, 

respectively) we next investigated how MOTS-c and humanin may be transcriptionally 

regulated within the acutely exercised skeletal muscle of the human participants. Our findings 

showed a mismatch of intramuscular MOTS-c and humanin expression with their respective 

ribosomal RNA encoding region mRNA expression (MT-RNR1 and MT-RNR2) (Figure 

3.3.4 A and B, respectively) Previously, our group has reported a similar mismatch in rested 

intramuscular MOTS-c expression to the MT-RNR1 transcript in a similar sized young adult 

cohort (n=12) suggesting that these findings are consistent (205). From this, we similarly 

hypothesized that the specific mRNA transcripts of MOTS-c and humanin may instead be 

specifically spliced and transcribed independently from the larger ribosomal RNA transcripts 

following acute exercise. Our observations indicated that the sequence-specific mRNA of 

MOTS-c and humanin remained mismatched to peptide expression when correlated to protein 
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expression independently, both at rest and following exercise (Figure 3.3.5 C-F). However, 

during our initial qPCR analysis, we noted two distinct subgroups of what appeared to be 

responders and non-responders to acute exercise. From this, we then accounted for individual 

response to exercise and observed a significant relationship between transcript and peptide 

expression at the immediately-post exercise time point (Figure 3.3.6 B and E, respectively). 

Previous findings have shown that sequence-specific MOTS-c mRNA expression correlates 

with the mitochondrial ribosomal gene MT-RNR1 of which MOTS-c is encoded within as 

well as a mitochondrial transcription control gene (cytochrome-b mRNA) only when 

measured in small fraction RNA samples at rest (205). Taken together, this suggests that at 

least for MOTS-c, the transcriptional regulation may involve specific splicing of its sORF 

from the ribosomal gene region before being selectively translated to a functional peptide 

within the cytoplasm.  

 

Given that the expression change of intramuscular MOTS-c and humanin was so rapid 

following acute exercise, we also considered that MOTS-c and humanin could be acutely 

regulated by a proteolytic mechanism such as a synthesis/degradation cycle. In the case of 

humanin, it has already been identified that its basal endogenous regulation is linked to 

humanin binding with the protein tripartite motif containing 11 protein (TRIM11), (169, 257). 

For MOTS-c, such a mechanism has not been investigated, although more recently MOTS-c 

has been shown to translocate to the nucleus where it binds to DNA and increases activation 

of the enhancer sequence, antioxidant response element (ARE) (245). This action is similar 

to the redox regulating transcription factor, NF-E2 p45-related factor 2 (NRF2), which is 

regulated by proteolytic degradation (258). Furthermore, it has been shown that endurance 

exercise decreases ubiquitin-regulated proteasomal degradation specifically through 

decreased ubiquitin subunit expression and activity (E2 and 20S) (259, 260). Therefore, it is 

tempting to speculate that at rest, degradation and synthesis is tightly matched, whereas 

during exercise, degradation is reduced leading to a rapid increased accumulation of MDPs 

such as MOTS-c within the muscle. This could potentially explain the mismatch in 

transcription and protein expression that we observed for MOTS-c and humanin (213, 258, 

261). As we did not directly measure this, it could be a future direction of this research 

whereby ubiquitination-proteasomal degradation processes could be investigated in the 

context of acute exercise and mitochondrial-derived peptide regulation. Investigating this 

process would be further the understanding of how MOTS-c and Humanin levels are 

regulated at rest and in the presence of various stressors, which could also be important in 
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developing ways of enhancing MDP potency and stability for therapeutic purposes. It should 

be noted that there are multiple levels of processing underpinning mitochondrial 

transcriptional regulation and proteasomal activity that are currently unknown and therefore 

we were unable to controlled for (23, 29, 262). From our results it is possible that MDP 

transcriptional regulation may have been further influenced by other smaller mitochondrial 

transcript modulations that also occurred but were unrelated following exercise. In addition, 

other potential volatile changes may also occur such as polyadenylation, that could affect 

mRNA stability during/following exercise leading to these modulations that we have 

observed (205, 263, 264). Overall, these findings provide meaningful evidence of 

independent transcription of MOTS-c and humanin within muscle in response to acute high 

intensity interval exercise in young men, however further work is required to delineate the 

mechanisms by which intramuscular MDP levels are transcriptionally modulated following 

acute exercise. 

 

Potential intramuscular targets of MOTS-c and humanin following acute exercise  

As we have shown MOTS-c and humanin transiently respond to acute exercise and given 

following exogenous treatment, both have been shown to activate similar adaptive signalling 

proteins to exercise, we hypothesized that the acute response of each peptide’s expression 

may relate to the expression of these targets following acute high intensity interval exercise 

(25, 171, 214, 245). Although the targets we measured (MOTS-c -AMPK, PGC1-α, NRF2, 

NQO1, HO-1) (Humanin -ERK1/2 and BAX) were modulated by the acute high intensity 

interval exercise bout, they were unrelated to the acute response of MOTS-c or humanin 

protein expression following exercise (Figures 3.3.7 A-D and Figure 3.3.8 A-B). This 

indicates that the response of MOTS-c and humanin to acute exercise does not predominantly 

modulate the expression of these targets following acute exercise, rather these targets are 

likely regulated by other mechanisms that were not investigated here. Given that MOTS-c 

has been shown to translocate to the nucleus following AMPK activation, this and other such 

targets of MDPs may instead be involved in modulating MDP activity rather than overall 

intracellular expression following acute exercise (245). It is noted that a limitation of these 

analyses is that the sample size used was relatively small (n=10) for performing these 

correlation analyses. Therefore, further analyses of acute exercise data in humans with a much 

greater sample size would be more informative as to whether these MDPs play a greater role 

in regulating the adaptive response of these targets following exercise.  
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High intensity interval training modulates plasma but not muscle MDP levels  

From our findings, we did not observe any effect of high intensity interval training on the 

acute exercise response of intramuscular MOTS-c (Figure 3.3.10 A-C) or humanin (Figure 

3.3.10 D-F) expression. Although very different in modality, 12-weeks of resistance training 

in older (45-60 years old) men increased intramuscular humanin levels although primarily 

aerobic Nordic walking, had no change in expression (207). Although this difference may be 

attributed to the lack of adherence to prescribed exercise intensity of the Nordic walking 

group rather than aerobic exercise not having any effect. In terms of our study, it is important 

to note that although our protocol was short-term (2-weeks) compared to typical programs of 

6-12 weeks, we observed similar improvements in exercise capacity (V̇O2peak), 16km time 

trial performance, as well as enhancements in mitochondrial function (Figure 3.3.9 A-D) as 

expected from 2-weeks of high intensity interval training in young healthy men (45, 47, 249, 

265). Therefore, taken together with our findings this may also suggest that training duration 

could be an important factor in modulating intramuscular MDP expression (207). In regard 

to plasma MDP concentrations, Gidlund et al. (2016) and Ramanjaneya et al. (2019) 

investigated circulatory humanin and MOTS-c following resistance training and Nordic 

walking as well as aerobic cycling training respectively, although both reported no significant 

change with training (207, 209). Conversely, our data suggests 2 weeks of high intensity 

training decreased plasma MOTS-c concentrations at rested levels both pre- and post-training 

(Figure 3.3.11 A) as well as resulted in significant decreases of MOTS-c, SHLP2 and SHLP6 

in response to acute exercise, pre- and post-training (Figure 3.3.11 B,D and E). Similarly, to 

muscle, we show that the acute transient response of plasma MDPs is overall unchanged 

following training, although conversely to muscle, the plasma concentration of MDPs is 

significantly decreased by at various time points following during and following exercise, 

depending on the peptide (Figure 3.3.11 B-E). These findings suggest there is a potential 

regulatory mechanism that contributes to plasma MDP concentration (potentially involving 

other non-muscle tissues) that could be responsive to this modality of exercise training. As 

we saw decreases in plasma MDPs at varied time points, this may potentially indicate that 

MDPs are differentially responsive to exercise induced stress. We speculate that the observed 

decreases of these MDPs in plasma following HIIT could be part of a negative feedback loop 

mechanism such as that which has been theorized for several other myokines following 

aerobic training (154, 155, 266-268). As we hypothesize that MDPs are integrated in 

facilitating the adaptive response to exercise and seeing as MOTS-c and humanin have been 

shown to be downregulated in plasma with age, further investigation into how MDPs may be 
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increased with regular exercise could be important in maintaining/increasing levels with age 

that could lead to improvements in health and longevity. Although, for MOTS-c, humanin, 

SHLP2 and 6, this level of investigation in regard to exercise has yet to be undertaken, and 

therefore would be an important future direction for understanding how MDP regulation 

specifically responds to chronic exercise. 

 

In conclusion, MOTS-c and humanin were increased following acute high intensity exercise 

in skeletal muscle and plasma, although decreased in their response to exercise overall in only 

plasma, following HIIT. This suggests MOTS-c and humanin are exercise-sensitive 

mitochondrial-derived peptides in humans. Our findings also suggest that only MDP 

sequence-specific mRNA is reflective of the peptide expression response of MOTS-c and 

humanin following acute exercise, although given our small sample size, further research into 

how MDP sORF transcripts are regulated is required. Furthermore, we show evidence of an 

intrinsic mechanism by which MOTS-c and humanin are produced following ex vivo 

contraction, suggesting muscle is likely a producer of these MDPs following exercise, in vivo. 

However, further investigation into the contribution of non-muscle production as well as how 

MDPs such as MOTS-c may be taken up from circulation following exercise is necessary to 

further delineate their endogenous regulatory role. 
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CHAPTER FOUR 
 

INVESTIGATING ENDOGENOUS MOTS-C EXPRESSION AND 

UPTAKE FROM CIRCULATION AT REST AND FOLLOWING 

EXERCISE IN MICE 

 

4.1 Introduction 
 
Exercise is an effective therapeutic for managing cardiovascular, metabolic, musculoskeletal 

and neurological diseases (2, 41). During exercise, a multitude of intracellular perturbations 

(calcium flux, protein unfolding response and oxidative stress) occur that result in 

intermediary hormetic signals being communicated to the nucleus to increase transcription of 

stress-resistant proteins that provide protection against future insults (17, 32, 243, 269). 

Although thoroughly researched, the exact mechanisms by which exercise mediates its 

benefits on health remain largely unknown. More recently, thousands of soluble signaling 

factors (myokines) have been identified to increase within skeletal muscle and in circulation 

following exercise (154, 155, 270, 271). These factors are suggested to be released from 

muscle in order to convey adaptive signals as part of adaptive tissue crosstalk during exercise.  

 

Exogenously increasing the concentration of several of these myokines through intravenous 

infusion has been shown to induce beneficial systemic effects on metabolism via similar 

pathways to what is canonically observed with exercise (160-162, 272-274). This suggests 

that myokines are likely integral in promotion/control of exercise-induced adaptations. 

Interluekin-6 and Irisin are two of the most well researched myokines and each elicit both 

beneficial paracrine and endocrine effects in vivo. (271). Interleukin-6 has famously been 

shown to increase up to 100-fold in circulation following exercise and infusion of IL-6 is 

associated with enhanced glucose uptake/disposal and fatty acid oxidation within muscle and 

adipose tissue, respectively (5-7). Irisin appears to evoke hypertrophic paracrine effects 

within the muscle but also endocrine effects on adipose tissue whereby uncoupling protein-1 

expression is significantly increased resulting in white adipose browning (161). As a result, 

Irisin has been linked to enhanced protection against osteoporosis, obesity and diabetes via 

subsequently increased muscle size, AMPK activation and energy expenditure, respectively 

(275, 276). Non-muscle tissues such as heart, bone, liver, and adipose tissue have also been 
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found to produce soluble secretory factors following exercise (154, 271, 277-279). The 

mechanisms by which these acts on system-wide metabolism are relatively unknown 

compared to myokines, which are directly modulated by muscular contraction. However, the 

presence of both muscle and non-muscle factors within circulation suggests that muscle is 

not the only important tissue involved in regulating tissue crosstalk signaling for adaptation 

to exercise.  

 

Within chapter 3, I demonstrated that MOTS-c is similarly transiently increased in exercised 

skeletal muscle and plasma following acute exercise. Although this change appears to 

primarily occur in muscle following exercise, MOTS-c is also expressed throughout various 

organs in the body during rest such as the liver, adipose tissue, gastrointestinal tract, kidneys, 

testes, heart and brain, which indicates that its expression is likely intrinsically regulated 

within each tissue (25, 167). Exogenous MOTS-c by intraperitoneal injection has been shown 

to induce whole body effects on metabolism and stress-resistance in a range of disease models 

including high fat diet-induced obesity, coronary endothelial dysfunction, aortic valve 

stenosis, lipopolysaccharide-induced lung injury, ovariectomy-induced bone loss, chronic 

kidney disease and bacterial sepsis (213, 280-282). Thus, the systemic benefits of MOTS-c 

production in vivo have been attributed to both paracrine and endocrine effects involving 

potent activation of AMPK mediated pathways in both muscle and non-muscle tissues. As 

MOTS-c promotes activation of similar molecular signaling pathways (AMPK, AKT etc.) 

and results in similar improvements in the aforementioned disease conditions 

(cardiometabolic, pulmonary etc.) classically observed with exercise training, it is likely that 

endogenous MOTS-c regulation is integrally involved in the adaptive exercise response (27, 

167). MOTS-c may represent a new class of myokines derived from the mitochondria, termed 

‘mitokines’, that could play an important role in modulating metabolic responses through 

cross-tissue mitochondrial signaling during/following exercise (25, 167, 214). However, 

whether intrinsic endogenous regulation of MOTS-c within non-muscle tissues is affected by 

exercise or the method by which circulatory MOTS-c may carry out its endocrine role in 

communicating adaptive signals both at rest and following exercise is yet to be elucidated. 

 

As aforementioned, I have previously demonstrated that MOTS-c displays characteristics of 

a myokine following exercise, however as the previous study was an in vivo human model, it 

does not rule out the potential of other tissues to also contribute to circulatory and tissue 

MOTS-c levels as part of the exercise response. Therefore, it is important to determine any 
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changes in MOTS-c expression within muscle and non-muscle tissues following exercise to 

gain a better understanding of the whole body MOTS-c response before attempting to 

elucidate what specific tissues are likely being modulated by MOTS-c following exercise. It 

is also important to investigate the kinetics of MOTS-c uptake into tissues following exercise 

from the circulation as this will help in determining the endogenous activity by which MOTS-

c may modulate beneficial whole body adaptations during/following exercise from the 

circulation.  
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4.1.1 Aims 

1) Utilise mouse models of exercise to determine the effect of acute exercise of MOTS-c 

expression in muscle and non-muscle tissues that cannot be easily obtained from 

humans.  

 

2) Further investigate the regulation of MOTS-c expression in response to contraction of 

skeletal muscle by developing an electrical pulse stimulation model of exercise in 

C2C12 myotubes.   

 

3) Optimise and utilise a protocol to detect radiolabelled MOTS-c in mice to investigate 

the pharmacokinetics of circulatory MOTS-c uptake into tissue both at rest and 

following acute exercise. 

 

4.1.2 Hypotheses 

1) MOTS-c expression will be increased in skeletal muscle, C2C12 myotubes and plasma 

immediately following exercise/contraction and increased later during recovery from 

exercise in non-skeletal muscle tissues. 

 

2) Radiolabeled MOTS-c uptake from circulation will increase in non-skeletal muscle 

tissues following exercise in comparison to rested time-matched controls.  
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4.2 Methods 
 

4.2.1 Mouse treadmill exercise procedures 

All mice used in the following experiments were male with a C57bl/6J background. Mice 

used in the exercise to exhaustion and acute high intensity interval studies were 12-weeks old 

and mice used in the radiolabelling experiments were 26 weeks old (ideally used at 12 weeks 

but could not use then due to COVID-19 disruptions). Details regarding mouse housing 

conditions are described in Methods 2.7.2. All treadmill exercise was carried out using a 

PanLab treadmill system (Harvard Apparatus, USA) and exercise capacity testing protocol is 

as described in Methods 2.7.2. Experiments were carried out with approval from the 

University of Auckland Animal Ethics Committee (#2193). 

 

Moderate intensity exercise to exhaustion protocol  

Moderate intensity exercise to exhaustion stimulates metabolic stress predominantly through 

aerobic pathways of which the mitochondria plays a predominant role in supporting (35, 283). 

Prior to exercise, mice were familiarised to the treadmill at least 5-days prior to the acute 

exercise bout. This involved the mice exercising on the treadmill at a speed of 10cm/s for 10-

minutes at a time over two consecutive days. Prior to the completing the acute exercise bout, 

mice were randomized into either rested, immediately post-exercise, 2 hours post-exercise 

(2h Post) or 4 hours post-exercise (4h-Post) groups. The exercise protocol consisted of 3 steps 

with the initial step involving the mice exercising at a speed of 18 cm/s, which then ramped 

up over ten minutes to 28 cm/s. The second step increased from 28 cm/s to 42 cm/s over the 

following 110 minutes and the third step then increased to 50 cm/s over the last 30 minutes. 

Mice were exercised until exhaustion, defined as a mouse being in contact with the treadmill 

shock grid (0.3 mA shock stimulus) for greater than 5 seconds even with repeated prodding. 

Following exercise, mice were culled according to time point as shown in figure 4.1.  
 
 
 
 
 
 
 
 
 

Figure 4.2.1 Study design for acute bout of moderate intensity exercise to exhaustion study. 
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High intensity interval exercise protocol  

High intensity interval exercise is a form of aerobic exercise whereby exercise intensity varies 

from a high intensity to a low-moderate intensity at regular alternating intervals for a fixed 

time period. As this form of exercise places high demand on energy production over a short 

time period, it induces higher levels of intracellular metabolic stress via both anaerobic and 

aerobic pathways and induces subsequent stress-responsive signalling (47, 284, 285). As we 

shown in the previous chapter that acute high intensity exercise altered MOTS-c expression, 

we subjected young adult mice (12-14 weeks old) to a high intensity interval exercise bout in 

order to try and replicate this response in order to investigate MOTS-c expression changes in 

several other tissues. 

 

High intensity interval exercise consisted of 2-minute intervals running at 50% maximal 

running speed interspersed with 2-minute intervals of 90% maximal running speed for a total 

duration of 1-hour. Maximal running speed was assessed by two separate exercise capacity 

tests interspersed by 2 days. Maximal exercise capacity tests are described in Methods 5.3.5. 

As the treadmill can only house five mice per run, mice who obtained similar maximum 

running speeds (within 5cm/s of each other) were grouped together and then randomized into 

time point groups (n=8 per group) where mice were culled either at rest, immediately 

following exercise or 4 hours following exercise. All mice were familiarised to the high 

intensity interval exercise bouts for 12 minutes (3-intervals of 2-minutes at 50% running 

speed interspersed with 1-minute at 90% running speed) at least 5-days prior to completing 

the acute high intensity exercise bout.  
 
 
 
 
 
 
 

 

 
 

 
 
 
 

Figure 4.2.2 Study design for acute high intensity interval exercise bout. 
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Tissue/plasma collection following cessation of both exercise protocols 

Following the end of each of the acute exercise bouts (moderate to exhaustion and high 

intensity interval exercise), mice were culled according to their group time point by CO2 

asphyxiation. Gastrocnemius, soleus, liver, heart, and subcutaneous fat were collected in both 

exercise studies, snap frozen in liquid nitrogen, and then stored at -80°C until further analysis. 

High intensity interval exercise study mouse plasma was collected by cardiac puncture and 

then separated from whole blood as described in Methods 2.1.4.  Mice who were assigned 

into the rested condition group were kept in their cage and then culled at the same time as 

matched time point post-exercised mice.  

 

4.2.2 Electrical pulse stimulated contraction in C2C12 myotubes 

Electrical pulse stimulation (EPS) involves passing an electrical current between electrodes 

across a cell culture medium in order to stimulate the ionic and membrane potential 

fluctuations that occur during muscle cell contraction (286, 287). We used EPS in order to 

investigate how MOTS-c expression may change within differentiated C2C12 myotubes 

following a protocol that has been suggested to mimic endurance exercise signalling changes 

(286-288). C2C12 myoblasts were first cultured to confluence in high glucose (4.5g/L) 

Dulbecco’s modified eagle medium (ThermoFisher Scientific, MA USA) and then 

differentiated in low serum (2% horse serum) DMEM media as described in Methods 2.8, 

within six‐well plates (ThermoFisher Scientific, MA USA). Four hours prior to the 

experiment, C2C12 myotubes were phosphate-buffered saline (PBS) washed and then 

switched to serum free DMEM to re-synchronize cells to the same cycle and nutrient status 

(289). C2C12 myotubes then either received EPS (40V, 2Hz pulses lasting 2ms at 998ms 

intervals) for a duration of 180 minutes using six‐well C‐Dish electrodes connected to a C‐

PACE Cell Culture Stimulator (IonOptix, MA, USA) or were left non-stimulated as a rested 

control. Non-contracted wells had the electrode plate inserted but without electrical stimulus 

enabled in order to account for interactions that may occur from the electrode apparatus. 

Immediately following 180 minutes, electrode plates were carefully removed from each 

culture plate and the cells were lysed for protein extraction. Protein extraction was carried out 

using modified RIPA buffer and is described in Methods 2.4.1 Successful contraction was 

assessed by immunoblot analysis of canonical exercise pathways (P38, AKT, AMPK, and 

ERK1/2) as well as by visible myotube contraction under microscope (Zeiss, Germany) (287, 

288).  



134 

4.2.3 Immunoblotting  

Protein adjusted lysates from mouse tissue were western blotted using 26-well, 4-15% TGX 

Pre-cast gels (BioRad, USA) in order to blot all samples on the same gel from each study so 

that gel variation was avoided. Whereas protein adjusted mouse plasma and C2C12 cell 

lysates were western blotted using hand-cast 10 or 15% gels (depending on degree of 

separation required) and were western blotted as described in Methods 2.4.3-2.4.6.   

 

Plasma MOTS-c detection by western blotting 

In chapter 3 we measured plasma MOTS-c using an in-house sandwich ELISA through 

collaborators at the University of Southern California, USA. Commercial MOTS-c ELISA’s 

we tested in-house were found to be non-specific for MOTS-c, therefore we optimised a 

western blot protocol to measure MOTS-c (290). Ninety microliters of plasma collected from 

the high intensity interval exercise mice was homogenized by adding 9µl of 10X RIPA lysis 

buffer (ThermoFisher Scientific, MA, USA) with 1µl of 100X Halt phosphatase and protease 

inhibitor cocktail (ThermoFisher Scientific, MA USA) and vigorously mixing the solution 

using a 27G needle attached to a 1ml syringe. Following mixing, the samples were 

centrifuged at 21,000 x g and the resulting supernatant was collected and 4X Laemmli buffer 

added before boiling at 95°C for 10-minutes. Samples were then diluted with 1X RIPA 10-

fold and then 5µl of each sample was immunoblotted in 15% hand-cast gels as described in 

Methods 2.4.  

 

Plasma MOTS-c detection using western blotting was validated by peptide blocking 

experiment (Figure 4.3). This involved western blotting two identical sets of pooled mouse 

plasma (5µl), red blood cell portion (5µl) and human vastus lateralis muscle lysate (30µg of 

total protein) and then using western blotting methods optimised for mitochondrial-derived 

peptide detection as described in Methods 2.4. Following blocking of membrane, the 

membrane was cut between the two sets of samples, with one side of the membrane then 

being probed with normal 1:500 MOTS-c antibody and the other being probed with a 1:500 

MOTS-c antibody that had 0.5mg of synthetic MOTS-c peptide added to it (incubated for 1 

hour at room temperature prior to use). The MOTS-c antibody antigens should bind to the 

synthetic MOTS-c peptide resulting in reduced ability for the peptide blocked antibody to 

detect MOTS-c in membranes. Successful blockage of MOTS-c detection will indicate that 

the band detected is MOTS-c in the plasma samples used. We show that MOTS-c is detected 
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in both plasma and vastus lateralis muscle lysate samples in the membrane probed with the 

normal MOTS-c antibody and a lower detection of MOTS-c in these samples in the 

membrane probed with blocked MOTS-c antibody (Figure 4.3). This shows validation of 

MOTS-c detection in plasma by using this western blotting method. Red blood cells (RBC 

portion) were not detected in either membrane, suggesting MOTS-c is likely not present in 

this portion of blood.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2.4 Radiolabelling of MOTS-c for measuring in vivo uptake  

In order to investigate which tissue/s MOTS-c uptake from plasma occurs at rest and 

following exercise, we used a radiotracing method involving the radioisotope sodium 

iodine125. Ionising radioactivity can be quantitatively detected within biological fluid and 

tissues following exogenous administration in vivo, which allows us to infer the activity of 

the radiated molecule’s kinetic behaviour (291). Iodination is the reactive process of attaching 

radioactive iodine to another molecule such as a peptide for tracing experiments. Iodine is the 

preferred radioisotope for radiotracing experiments due to its relatively high specific 

radioactivity, small size (125 Daltons) as well being simple to measure in non-homogenous 

samples, such as body tissue. Because iodine125 is ionising, samples do not require any 

homogenisation or preparation that otherwise would be typically required when using non-

ionising isotopes such as tritium (1, 291, 292). This makes it simple to use and efficient for 

detecting specific changes in radioactive uptake. Within this chapter, we iodinated MOTS-c, 

MOTS-c  
(12-13 kDa) 

Lighter detection 
of MOTS-c 

Figure 4.2.3 Peptide blocking validation for MOTS-c detection in mouse plasma. kDa/Kd= kiloDaltons 

MOTS-c  
(12-13 kDa) 
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validated the iodination, and then used the product to measure in vivo stability and uptake 

following intravenous injection over a time course in rested and exercised mice. All 

radiolabelling experiments were undertaken with expert consultation and guidance from Dr 

Christina Buchanan, University of Auckland, New Zealand. 

 

Iodination of MOTS-c peptide using the chloramine-T method 

Iodination by the chloramine-T method developed by Hunter and Greenwood in 1963 (1) 

involves a harsh redox reaction facilitated by addition of chloramine-T, which causes 

radioactive sodium iodine125 molecules to bond to available tyrosine residues within proteins. 

MOTS-c contains two tyrosine residues (indicated by red arrows) near the centre of the 

peptide, indicating iodination was feasible to attempt.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2.4 Peptide amino acid structural view of MOTS-c peptide. Red arrows indicate position of tyrosine 
residues suitable for iodination. Image was constructed using free online tool PepDraw developed by T.Freeman 
and H. Badani (2020). 
 

Iodination procedure 

All reagents including the MOTS-c peptide were prepared fresh on the day of iodination in 

50mM phosphate buffer (pH 7.5) and then combined into a 1.5ml Eppendorf tube in the 

following order: 

1) 25µl of 0.8µg/µl (20µg total) MOTS-c peptide (GenScript, Hong Kong) 

2) 25µl of 0.5M phosphate buffer (pH 7.5) 

3) 10µl of 1mCi sodium iodide125 at 100µCi/µl (NEZ033001MC Perkin Elmer, Australia) 

4) 25µl of 3.5mg/ml chloramine-T (Sigma Aldrich, USA) 

5) 50µl of 1mg/ml sodium metabisulfite (Na2S2O5) (S-1516 Sigma Aldrich, USA) 

Once reagents 1-3 had been added, chloramine-T was then added to catalyse the binding of 

sodium iodine125 to the free tyrosine residues within the unbound MOTS-c peptide. Following 
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a short duration (30-60 seconds), the harsh oxidizing reaction was then seized by addition of 

the strong reducing agent, sodium metabisulfite and thus the iodine is now bound to form an 

iodinated peptide (Figure 4.5).  

 

 

 

 

 

 

 

 

 

However, due to the harsh nature of the reaction, proteins can occasionally become damaged 

or in some cases, binding of the iodine125 is unsuccessful. To assess whether the MOTS-c 

peptide had been iodinated with no significant damage, we first performed size-exclusion gel 

filtration to identify the MOTS-c peptide within the chloramine-T reaction product and then 

validated iodinated peptide integrity using high-performance liquid coupled with protein 

absorptiometry. 

 

Purification of iodinated peptide by size-exclusion gel filtration  

Following chloramine-T induced iodination, the resultant solution contained iodinated 

MOTs-c peptide, free I125 label and salt minerals. We took the chloramine-T reaction product 

solution and then purified it so that it contains only iodinated MOTS-c peptide. This was 

carried out by passing the reaction product through a gel matrix within a 5mL 

chromatography column (BioRad, USA). Over an elution time course (42-minutes), 

molecules flow through a G10 Sephadex gel medium (Sigma Aldrich, MO, USA) which 

separates contents by size (larger molecules flow through sooner than smaller molecules) 

thus, the larger iodinated MOTS-c peptide is captured in earlier eluent volumes, whilst the 

smaller molecules such as the unbound radioactive iodine, are eluted separately in subsequent 

eluent fractions (293). Following gel filtration, eluent fractions were assessed for total gamma 

counts over a 1-minute period using a Wizard2 (Perkin Elmer, MA, USA) before performing 

subsequent radioactivity counts peak analysis to determine iodinated peptide-containing 

Figure 4.2.5 Diagrammatic representation of the chloramine-T method developed by Hunter and 
Greenwood, 1963 (1) 
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eluent tubes. Tubes containing iodinated MOTS-c peptide were pooled together to form a 

working iodinated MOTS-c peptide solution and then were stored in a lead container at 4°C 

until for experimentation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 

 
Following gel filtration and gamma count analysis, we observed a distinct initial peak in 

gamma radioactivity within eluents 13-16 followed by a second, larger peak within eluents 

20-40 (Figure 4.6). According to size-exclusion principles of liquid chromatography, these 

results indicate that iodinated MOTS-c was likely contained within the 3rd and 4th millilitre 

of total eluent volume that was collected, as larger molecules are eluted through the gel 

column first. Whereas free sodium iodine label and mineral salts would be contained within 

the second larger peak as they would be smaller in comparison and therefore elute slower in 

comparison to iodinated MOTS-c. These results indicated that the first step of purification 

and validation had been promising, although a second liquid chromatography validation step 

was still required prior to the iodinated MOTS-c peptide being deemed appropriate for use 

for later experimentation.   

Figure 4.2.6 Liquid chromatography gel filtration protocol following iodination of MOTS-c peptide. 
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Figure 4.2.7 Peak analysis of eluent collected following liquid chromatography gel filtration of the 
chloramine-T reaction product. Data presented as total gamma counts of individual eluent collection tubes 
used to collect gel filtration eluent over a 42 minute period. Asterisks (*) indicate eluent tubes which were 
deemed to likely contain purified iodinated MOTS-c peptide that were then pooled together to form a working 
iodinated MOTS-c peptide stock solution.  
 

High performance liquid chromatography and protein absorptiometry of iodinated 

peptide  

Successful radiolabelling of MOTS-c was further assessed by high performance liquid 

chromatography (HPLC). The HPLC comprised of a Jupiter C18 column (Phenomenex, CA, 

USA), 140B Solvent Delivery System, 785A Programmable Absorbance Detector and 112A 

set at 214 nm and Oven/Injector (Applied Biosystems, CA, USA). HPLC buffers used to 

generate the polarity gradient were 0.1% Trifluoroacetic acid (TFA) in MilliQ (Buffer A) and 

90% acetonitrile in 0.1% TFA (Buffer B). HPLC buffers were chosen as they had been used 

previously to separate peptides similar to MOTS-c successfully (294). Iodinated MOTS-c 

peptide solution was passed through the high performance liquid chromatography column 

(5µm bead size, 300 Angstrom, 250mm long x 2mm diameter) at 37°C at a flow rate of 

300µl/min across a reverse-phased HPLC 10-100% polarity gradient. The protocol involved 

a 10 minute initialisation period where injectors were first filled with buffer A followed by 

injection of the iodinated peptide solution into the column using a glass syringe (Hamilton 

Company, USA).  

 

Following injection, thirty second (150µl) HPLC elutions are collected in a rotating fraction 

collector (BioRad, USA) for a further 21-minutes. As the injected solution is separated by the 

column over duration, the eluent passes through an ultraviolet light absorptiometry metre 
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(range set from 0.1 to 1.0 absorption units) allowing for detection of proteins by ultraviolet 

light absorption. As amino acids (peptides/proteins) absorb light depending on their 

concentration, an increase in absorption is then registered by the UV light detector 

immediately following separation from the column. An increase in UV light absorption above 

baseline indicates the presence of protein and can therefore be used to match with collected 

eluent radioactivity. From this, the presence of a known spiked peptide/molecule can be 

corroborated with gamma radioactivity detection thus validating the iodination of the peptide.  

 

To assess this for MOTS-c, we added non-radioactive MOTS-c peptide (20µg diluted in 

HPLC buffer) into a diluted aliquot of stock iodinated MOTS-c (~200,000 counts mixed with 

HPLC buffer A) and then separated this combined peptide solution by HPLC whilst collecting 

protein absorptiometry. We observed a single peak in protein absorption within the 20-21st 

eluent volume when iodinated MOTS-c peptide stock solution spiked with detectable 

amounts of unlabelled MOTS-c peptide was measured using UV absorption following HPLC 

separation (Figure 4.8 A). When all eluent volumes were gamma counted, the same eluent 

fractions where MOTS-c was detected by protein absorption also produced a single large 

peak in radioactivity at the same time point. These findings validated that our working stock 

solution contained iodinated MOTS-c peptide.  
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Figure 4.2.8 Protein absorptiometry of MOTS-c peptide and gamma count peak analysis of eluent 
collected following high performance liquid chromatography stock iodinated MOTS-c peptide. A) Trace 
of protein absorption over elution time course following HPLC separation of iodinated MOTS-c peptide. B) 
Data presented as total gamma counts of individual eluent collection tubes used to collect iodinated MOTS-c 
HPLC eluent over a 21 minute period. Iodinated MOTS-c trials were performed with separate aliquots of 
iodinated MOTS-c peptide spiked with unlabelled MOTS-c peptide. 
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Stability testing of iodinated MOTS-c peptide in buffer and mouse blood  

Following HPLC and protein validation, we assessed the stability of the iodinated MOTS-c 

peptide within non-biological solution (HPLC buffer A only) and then within isolated whole 

mouse blood. To test this, we used whole blood collected by cardiac puncture from 26 week 

old male C57bl/6J mice. Mouse blood was collected into EDTA (25mM) containing 

Eppendorf tubes, aliquoted into 50µl aliquots, which were then spiked with ~250,000 counts 

of iodinated MOTS-c peptide. Whole blood was incubated with iodinated MOTS-c peptide 

over a time course of 0, 15, 30, 45, 60, and 240 minutes. To assess stability of iodinated 

MOTS-c peptide in blood using HPLC, we analysed plasma following incubation of iodinated 

MOTS-c in whole blood.  Blood samples were centrifuged at 2000 x g for 5 minutes and 50 

microliters of plasma was collected and then suspended with 200µl of HPLC buffer A, 

centrifuged again at 2000 x g for 5 minutes and then syringe filtered using a 0.2µm filter cap 

fitted to a 100µl plastic syringe to purify the remaining solution from any remaining larger 

aggregates. The filtered solution was injected into the HPLC and separated by size and 

polarity. Due to iodinated MOTS-c only being present in trace amounts relative to the myriad 

of other proteins present in plasma, UV absorptiometry for protein detection was not assessed 

as it would be impossible to determine which absorption peak would be MOTS-c specifically. 

Following eluent collection, radioactivity counts of all 30 second eluents collected during 

HPLC were measured to determine the presence of radioactivity (iodinated peptide) and then 

this was compared with iodinated MOTS-c and free-label sodium iodine incubated in HPLC 

buffer and blood over the same time course as a reference to whether a shift in elution had 

occurred. Both plasma and the remaining blood constituents were measured by gamma 

counting (total counts over a 1-minute period) using a Wizard2 gamma counter (Perkin Elmer, 

USA) to determine whether iodinated MOTS-c had interacted with non-plasma components 

of the blood also. 

 

Iodinated MOTS-c in blood and tissue collected over a time course during in vivo rested 

conditions  

Twenty-six-week-old male mice were administered with a standardized dose (1 million 

counts solubilised in phosphate buffered saline/mouse) of iodinated MOTS-c peptide via tail 

vein injection using a 29G needle attached to a 0.5mL syringe. Mice were then euthanized 

(CO2 asphyxiation) over a time course of 0, 15, 30, 60, 240, and 480 minutes (n=5 per time 

point, except 0 and 480 minutes n=4). Whole blood (by cardiac puncture) and tissues were 
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collected (gastrocnemius, soleus, tibialis anterior, subcutaneous fat pads, epidydimal fat pads, 

liver, kidney, spleen, pancreas, gastrointestinal tract, lungs, heart, brain, and subscapular 

brown adipose tissue). Tissues were dipped in cold PBS and then towel dried to remove any 

blood/biological solution that could contain excess radiation before being collected into 

capped polystyrene tubes. Blood and tissues were then gamma counted immediately 

following total tissue collection for each mouse. Gamma counts were measured over a one 

minute period and then were normalised to sample weight and represented as counts per 

milligram of tissue weight. As part of pharmacokinetic analysis, the maximal concentration 

and time of maximal concentration detected within the blood were determined. Maximal 

concentration (Cmax) is characterised as the highest observed amount/concentration of 

radioactivity over the time course measured and time of maximal concentration (Tmax) is the 

time point at which this maximal concentration was observed (295). 

 

Iodinated MOTS-c in blood and tissue collected following rested vs. exercised conditions 

Thirty, 26 week old male C57Bl/6J mice were familiarised to the treadmill and then exercise 

capacity tested to determine maximal running speed as described previously in section 4.2.1. 

Mice were then randomized into groups (n=10) firstly by time point which they would be 

culled following injection of iodinated MOTS-c (1 hour post-injection, 2 hours post-injection, 

5-hours post-injection) and then were split again into groups of 5 per time point for matched 

exercised vs. rest conditions (as shown in figure 4.6). These time points were used as they 

matched the earlier time points when examining MOTS-c expression changes following high 

intensity interval exercise. Exercise group mice were subjected to high intensity interval 

exercise as previously described in 4.2.1 Matched exercise and rested mice were culled 

according to time point by CO2 asphyxiation (1 hour, 2 hours or 5 hours post-injection 

respectively). Whole blood and tissues were collected, weighed and then gamma counted as 

previously described for the rested condition only experiment above. Gamma counts were 

normalised by tissue/blood sample weight and represented as total counts per milligram (mg) 

of tissue weight. 

 

4.2.5 Statistical analysis 

Data within this chapter is expressed as mean ± standard error of the mean. Data was analysed 

using GraphPad, PRISM 8. Both acute, moderate, and high intensity exercise bouts involving 

C57bl/6J mice were analysed using one-way ANOVA (main effect of time). Electrical pulse 
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stimulation in C2C12 myotubes was analysed using unpaired two-tailed student t-test. Rested 

only and rest vs. exercised in vivo C57bl/6J mouse iodinated MOTS-c radioactivity 

experiments were analysed by one-way ANOVA (main effect of time point) and two-way 

ANOVA (exercise, time since injection or tissue) respectively. If statistically significant main 

ANOVA effects were detected for any factor, then Dunnett’s post-hoc comparisons were used 

to test for significant differences between time points/condition. Statistical tests were carried 

out using a pre-set alpha level of α=0.05 and any outlier data points identified by Grubbs 

outlier test from all data sets were removed prior to further statistical analysis.  
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4.3 Results 
 

4.3.1 Moderate intensity exercise to exhaustion reduces intramuscular MOTS-c in 12-

week old male mice 

To assess the effect of moderate intensity exercise to exhaustion on muscle and non-muscle 

tissue expression of MOTS-c we collected the gastrocnemius, soleus, liver, and subcutaneous 

fat tissue at rest and immediately, 2h and 4h following moderate intensity treadmill running 

to exhaustion in mice, and then assessed MOTS-c expression. We observed lower levels of 

intramuscular MOTS-c immediately post- and 2 hours post-exercise in the gastrocnemius 

(p=0.0046 vs. rested and p=0.0435 vs. rested, respectively) (Figure 4.3.1 B) and at 4 hours 

post-exercise in the soleus muscle (p=0.0021 vs. rested) (Figure 4.1 C) when compared to 

rested controls, respectively. We also observed an effect of exercise on liver MOTS-c 

expression, although we detected no statistical difference between any time points post-

exercise compared to rested controls (Figure 4.3.1 D). Lastly, subcutaneous fat MOTS-c 

expression was unaffected by the moderate intensity to exhaustion bout (Figure 4.3.1 E). 

These findings suggest intramuscular MOTS-c is lower in exercised muscles (gastrocnemius 

and soleus) following moderate intensity to exhaustion exercise compared to rested controls. 

Further, non-muscle tissues, liver and subcutaneous fat were unchanged at any time point 

post-exercise compared to rested controls.  
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Figure 4.3.1 Immunoblot analysis of MOTS-c expression within skeletal muscles (Gastrocnemius 
and Soleus) and non-muscle tissue (Liver and Subcutaneous fat) following exhaustive treadmill 
exercise. A) Representative blot of MOTS-c and loading control proteins. Quantification of MOTS-c 
protein expression relative to respective loading control protein expression in B) Gastrocnemius, C) 
Soleus, D) Liver and E) Subcutaneous fat following exhaustive treadmill exercise (n=6 per time point 
group). Data presented as individual mouse data points; data is mean ± standard error of the mean (SEM). 
Statistical significance was determined by one-way ANOVA with Dunnett’s post-hoc comparisons, 
*p<0.05 relative to Rested condition. Arbitrary units = A.U. 

B C 
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4.3.2 Optimisation of electrical pulse stimulation model of C2C12 myotubes  

Next, we began optimising of an electrical pulse stimulation (EPS) model in C2C12s to be 

able to start to elucidate the mechanism by which MOTS-c expression is modulated in skeletal 

muscle cells following contraction. During optimisation, we measured MOTS-c expression 

following a contraction time course of 30, 60, and 120 minutes and a longer period of 180 

minutes of EPS and compared this to time-matched non-stimulated conditions (Rest) using 

immunoblot analysis. EPS induced phosphorylation of canonical contraction stress markers 

protein 38 mitogen activated protein kinase (pP38), extracellular regulated kinases 1 and 2 

(pERK1/2) as well as AKT (pAKT) when compared to non-stimulated rested control 

conditions (Figure 4.3.2 A and B), indicating our model sufficiently stimulated contraction 

of the cells at these time points. We observed a significant effect of EPS on MOTS-c 

expression in both the 0-120 minute time course and 180 minute experiments. Furthermore, 

within the 0-120 time course experiment MOTS-c was identified as increased at 60 and 120 

minutes following EPS (p=0.0104 and p=0.0055 vs. Rest, respectively) compared to rested 

conditions. Whereas in the 180 minute EPS experiment, MOTS-c was decreased following 

180 EPS (p=0.0032 vs. Rest) compared to rested conditions. These findings indicated that the 

expression of MOTS-c highly variable depending on the duration of EPS contraction, 

therefore we did not pursue using this model further and instead undertook a second mouse 

experiment utilising high intensity interval exercise over a shorter duration compared to the 

moderate intensity to exhaustion study (1 hour vs. >2 hours).   
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A B 

Figure 4.3.2 Immunoblot analysis of MOTS-c expression following two different durations of electrical 
pulse stimulation (EPS) compared to rest conditions in C2C12 myotubes. Representative blot of canonical 
contraction markers, p38 mitogen-activated protein kinase (P38), extracellular regulated kinase 1 and 2 
(ERK1/2), AKT and 5' AMP-activated protein kinase (AMPK) following A) 3 hours of EPS (n=6 biological 
replicates) and B) 30 minutes, 60 minutes or 120 minutes of EPS compared to rested condition (n=2 biological 
replicates). Representative blots and quantification of MOTS-c expression relative to loading control protein C) 
following 3 hours of EPS vs. rested condition. D) 30 minutes, 60 minutes or 120 minutes of EPS compared to 
rested condition. Data is presented as individual data points; data is mean ± standard error of the mean (SEM). 
Statistical significance determined by non-paired, two tailed student t-test for 3 hour EPS experiment (C) and 
one-way ANOVA with Dunnett’s post-hoc comparisons for the EPS time course experiment (D), *p<0.05, 
**p<0.001, relative to Rest condition. A.U =Arbitrary units. 

C D 
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4.3.3 Exercise signalling marker validation of gastrocnemius and soleus muscles 

following high intensity interval exercise in 12 week old male mice.  

As we observed an increase in MOTS-c following shorter duration time points following EPS, 

we undertook another mouse exercise study involving 1 hour of acute high intensity interval 

exercise (HIIE) to further investigate potential changes in MOTS-c within muscle and non-

muscle tissues in mice following exercise. To validate the model of high intensity interval 

exercise stimulated activation of canonical exercise-induced signalling markers, we assessed 

phosphorylation of 5' AMP-activated protein kinase (AMPK) as well as extracellular-

regulated kinases 1 and 2 (ERK 1/2) in both gastrocnemius and soleus muscle following acute 

high intensity interval exercise (post- and 4 hours post-exercise) relative to rested controls. 

We observed a significant effect of exercise, with higher phosphorylation of AMPK indicated 

at the immediately post-exercise time point in both gastrocnemius (p=0.0042 vs. Rest).and 

soleus (p=0.0409 vs. Rested) (figure 4.3.3 C,E) muscles. However, we did not observe any 

effect of exercise on phosphorylation of ERK 1/2 in gastrocnemius or soleus muscle 

compared to rested mice (Figure 4.3.3 D,F, respectively). These findings indicate the high 

intensity interval exercise model sufficiently induced an exercise response, although only in 

AMPK and not ERK1/2. 
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Figure 4.3.3 Immunoblot analysis of phosphorylated AMPK (pAMPK) and ERK1/2 expression 
within Gastrocnemius and Soleus following exhaustive treadmill exercise. Representative blot of 
pAMPKThr172/AMPK and pERK1/2/ERK in A) gastrocnemius and B) Soleus following exhaustive treadmill 
exercise. Quantification of pAMPKThr172 and pERK1/2 protein expression relative to respective total protein 
expression in C-D) Gastrocnemius and E-F) Soleus mouse muscles respectively, following exhaustive 
treadmill exercise. Data presented as individual mouse data points; data is mean ± standard error of the 
mean (SEM). Statistical significance determined by one-way ANOVA with Dunnett’s post-hoc 
comparisons, *p<0.05, **p<0.01 relative to Rested condition.  
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4.3.4 MOTS-c expression in mouse tissues following high intensity interval exercise 

Having established that the HIIE protocol induces signalling changes in skeletal muscle, we 

next investigated the effect of HIIE on MOTS-c expression in gastrocnemius, soleus, heart, 

liver, and subcutaneous fat relative to rested controls. We observed a significant effect of 

exercise on both gastrocnemius (Figure 4.3.4 B) and soleus MOTS-c expression (Figure 4.3.4 

C) relative to rested controls. We further identified MOTS-c expression was increased only 

at 4 hours post-exercise compared to Rest (p=0.0175 vs. Rest). In soleus, MOTS-c expression 

was significantly lower both at immediately post- and 4 hours post-exercise (p=0.0123 and 

p=0.005, respectively vs. Rest). HIIE significantly affected heart MOTS-c expression, which 

we identified both at immediately post- and at 4 hours post-exercise compared to rested 

controls (p=0.0032 and p=0.0004, respectively vs. Rest) (Figure 4.3.4 D). Liver MOTS-c 

expression was also significantly affected by HIIE (Figure 4.4 E) and was detected to be 

specifically higher only at 4 hours post-exercise compared to rested controls (p=0.0140 vs. 

Rest). Lastly, subcutaneous fat MOTS-c expression was also significantly affected by 

exercise (Figure 4.3.4 F), and this was identified as significantly lower only at 4 hours post-

exercise (p=0.0255 vs. Rest) relative to rested control mice. 
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Figure 4.3.4 Immunoblot analysis of MOTS-c expression in mice following acute high intensity interval 
exercise compared to rested controls. A) Representative blot of MOTS-c expression following high intensity 
interval exercise basal, post-exercise and 4-h post-exercise condition. Quantification of MOTS-c relative to 
loading control protein in B) Gastrocnemius, C) Soleus, D) Heart, E) Liver and F) Subcutaneous Fat. Data 
presented as individual data points; data is mean ± standard error of the mean (SEM). Statistical significance 
determined by one-way ANOVA with Dunnett’s post-hoc comparisons, *p<0.05, **p<0.01, ***p<0.0001 
relative to Rest condition. Outliers were removed for gastrocnemius and heart following Grubb’s outlier test (C 
and D). 4h Post= 4 h Post-Exercise, AU= arbitrary units. 
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4.3.5 Mouse circulatory plasma MOTS-c following acute high intensity interval  

To investigate the effect of an acute bout of high intensity interval exercise on circulatory 

plasma MOTS-c expression, we undertook immunoblot analysis of plasma using an in-house 

optimised western blotting method (described in methods 4.2.3) of mouse plasma collected 

following the acute bout of high intensity interval exercise. We observed a significant effect 

of exercise on plasma and identified a significant increase in plasma immediately post-

exercise (p=0.0039 vs. Rest), compared to rested control mice (Figure 4.3.5 A and B). This 

finding indicates that MOTS-c expression is greater post-exercise compared to rested 

conditions.  
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Figure 4.3.5 Immunoblot analysis of mouse plasma MOTS-c expression (5µl of total lysate loaded per 
sample) following acute high intensity interval exercise compared to rested controls. A) Representative 
blot of MOTS-c expression in mouse plasma following high intensity interval exercise basal, post-exercise 
and 4-h post-exercise condition (shown as n=2 per time point). B) Quantification of mouse plasma MOTS-
c (n=8 per time point). Data presented as individual data points; data is mean ± standard error of the mean 
(SEM). Statistical significance determined by one-way ANOVA with Dunnett’s post-hoc comparisons, 
**p<0.01 relative to Rest condition. 4h Post= 4-h Post-Exercise, AU= arbitrary units. 
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4.3.6 Stability of free label and iodinated MOTS-c in ex vivo mouse blood  

Prior to using the iodinated MOTS-c peptide for measuring MOTS-c tissue uptake from 

circulation in vivo, we needed to ensure the stability of the iodinated peptide and sodium 

iodine125 label within blood first as significant variations in label binding or rapid changes in 

peptide structure due to blood interactions could significantly affect the uptake of our 

iodinated peptide (291, 293). To assess this, we measured free sodium iodine125 label as well 

as iodinated MOTS-c peptide within HPLC buffer and mouse blood over an incubation time 

course of 0, 15, 30, 60 and 240 minutes. When free sodium iodine125 was measured in HPLC 

buffer only (non-biological solution), we detected a peak in radioactivity between the 5-6th 

elution fraction (Figure 4.3.6 A). When free sodium iodine125 was incubated in blood for 15, 

30 and 60 minutes, we observed two peaks in gamma activity, one at the 5-6th and a second 

at 7-8th elution. This additional peak shifts the elution slightly and may simply represent a 

small structural change/interaction of some of the free sodium iodine125 with proteins present 

within the blood, as we did not observe this second peak when free sodium iodine125 was 

incubated in HPLC buffer only (Figure 4.3.6 A). As we did not observe any further changes 

in elution over the 60 minute period, the free label iodine125 was deemed appropriately stable 

within mouse blood.  

 

When iodinated MOTS-c peptide was incubated in blood over 0, 15, 30, 60 and 240 minutes, 

we observed two distinct peaks in radioactivity, one between the 5th and 7th elution and the 

second between the 20th and 23rd elution (Figure 4.3.6 B). The initial peak is identical to what 

was observed with free sodium iodine125, indicating that this initial peak is likely free sodium 

iodine125 that may have not been purified out of our iodinated MOTS-c peptide stock solution. 

The second peak is slightly delayed in elution to what was previously observed with iodinated 

MOTS-c peptide incubated in HPLC buffer, which could suggest that some blood interaction 

has occurred with the iodinated peptide over the 240 minute time course. It is unlikely that 

this shift in elution is due to degradation of iodinated MOTS-c as if separation of label from 

peptide occurred, we would expect an increase in the earlier peak which we determined to 

likely be free sodium iodine125 and a subsequent decrease in the larger MOTS-c-associated 

second peak. However, the detection of iodinated MOTS-c peptide remained consistent over 

the 240 minute period suggesting it was stable within blood for further use in further in vivo 

experimentation.  
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Figure 4.3.6 Assessment of free sodium iodine125 and iodinated MOTS-c peptide stability within HPLC 
buffer A and mouse blood over an acute time course. A) Total gamma activity counts of free sodium iodine125 
in HPLC buffer A only (grey line, solid circles) as well as when incubated in mouse blood for 0 minutes (blue 
line, open squares), 15 minutes (green line, open triangles), 30 minutes (purple line, open diamond) and 60 minutes 
(black lines, open circles). B) Total gamma activity counts of free sodium iodine125 (grey line, open squares) and 
iodinated MOTS-c peptide (grey dashed line, open circles) in HPLC buffer A only as well as iodinated MOTS-c 
peptide when incubated in mouse blood for 0 minutes (blue line, solid circles), 15 minutes (green line, solid 
squares), 30 minutes (red line, upward solid triangles), 60 minutes (purple lines, downward solid triangles) and 
240 minutes (indigo line, solid diamonds). Data is presented as individual elution points collected following HPLC 
for each condition.  

0 5 10 15
0

20000

40000

60000

80000

100000

Elution number

T
o

ta
l c

o
u

n
ts

Buffer A + I125 only
I125 + 0 mins blood
I125 + 15 mins blood
I125 + 30 mins blood
I125 + 60 mins blood

0 5 10 15 20 25 30
0

50000

100000

150000

Elution number

T
ot

al
 c

ou
n

ts

Blood MOTS-cI125 0 mins

Blood MOTS-cI125 15 mins

Blood MOTS-cI125 30 mins

Blood MOTS-cI125 60 mins

Blood MOTS-cI125 240 mins

Buffer+MOTS-cI125

Buffer+ II125

A 

B 



157 

4.3.7 Preliminary data potentially indicating an interaction of iodinated MOTS-c 

peptide with proteins present in blood  

During ex vivo blood stability testing of iodinated MOTS-c, it was consistently noted at each 

time point (0, 30, 45, 60, 240 minutes) that the total gamma radioactivity counts within the 

HPLC analysed plasma portion of whole blood did not equal the total theoretical counts that 

were spiked into each the whole blood sample (~20,000 counts). We speculated that the 

remaining iodinated peptide was remaining in the blood components that were being 

separated from the plasma. Therefore, we then gamma counted the remaining blood 

components (red and white blood cells, and platelets) at each time point that plasma was 

measured (n=1) and then these counts were analysed relative to total percentage of counts 

measured. We observed a trended increase in gamma counts within the plasma component of 

blood incubated with iodinated MOTS-c peptide over the 0-240 minute time course (Figure 

4.3.7). This trended increase of iodinated MOTS-c within the plasma portion may indicate 

that iodinated MOTS-c is binding/interacting with a plasma protein/s. 
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Figure 4.3.7 Proportion of radioactivity counts present within Plasma and remaining blood cell (RBC) 
components following incubation with iodinated MOTS-c peptide over a time course. Data is represented as 
individual sums of gamma radioactivity counts measured in each component of blood over a 0, 15, 30, 60 and 240 
minute incubation time course with iodinated MOTS-c peptide. n=1 per time point. 
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4.3.8 Detection of iodinated MOTS-c in blood following injection during rested 

conditions in mice 

Prior to measuring in vivo iodinated MOTS-c uptake into tissues, we first investigated the 

pharmacokinetics of iodinated MOTS-c within the circulation of mice over a 480 minute time 

course. This was to ensure the time course that would be selected for the exercise vs. rested 

in vivo MOTS-c uptake experiment would be suitable, as we had no prior data regarding how 

the iodinated MOTS-c peptide would behave with the circulation in vivo. To assess this, we 

measured gamma counts within whole blood over a 0, 15, 30, 60, and 480 minute time course 

following tail vein injection of twenty five, 26 week old male C57bl/6J mice kept in rested 

conditions. We observed an initial linear increase in whole blood MOTS-c gamma counts 

from 0 to 60 minutes, indicative of an absorption phase, followed by a linear decrease in 

gamma activity from 60 to 480 minutes (Figure 4.3.8 A). Maximal concentration/counts 

(Cmax) were recorded as 72.5 counts/milligram, and Cmax was reached at 60 minutes post-

injection (Tmax).  
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Figure 4.3.8 Pharmacokinetic analysis of radioactive counts in blood collected over 0-480 minute time 
course. Maximal concentration/counts (Cmax) and associated time point where maximal concentration/counts 
(Tmax) of exogenous iodinated MOTS-c peptide (peak radioactivity count) were reached in sampled mouse blood 
are indicated with bold arrows in Figure 4.10 A. The area of the curve demonstrating the absorption phase of 
iodinated MOTS-c peptide in vivo is indicated with a dashed border rectangle also on Figure 4.10 A. B) Linear 
regression of iodinated MOTS-c decay presented with correlation coefficient (R2) and statistical significance 
displayed on figure. Data is mean ± standard error of the mean (SEM). 
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4.3.9 Iodinated MOTS-c tissue uptake following injection during rested conditions 

Following detection of iodinated MOTS-c in blood, we then measured tissue uptake of 

iodinated MOTS-c in tissues, in vivo. To assess this, we measured gamma radioactivity counts 

within gastrocnemius, soleus, and tibialis anterior skeletal muscles, subcutaneous, epidydimal 

and interscapular brown adipose fat pads, testes, spleen, pancreas, kidneys, heart, and lung 

(abdominal organs), as well as in the brain over a 0, 15, 30, 60, and 480 minute time course 

in rested 26-week old C57Bl/6J male mice. We observed an effect of time since injection and 

tissue type on the uptake of iodinated MOTS-c (Figure 4.3.9). Furthermore, we identified 

significant differences in iodinated MOTS-c uptake in soleus, spleen, kidneys, liver, heart, 

lungs, and gastrointestinal tract when compared to uptake at 0 minutes post-injection in these 

tissues. Within soleus and spleen, we observed a significantly higher uptake of iodinated 

MOTS-c only at 60 minutes post-injection relative to 0 minutes (p=0.0248 and p=0.0379, 

respectively vs. 0 minutes). Within the kidneys, we only observed a significantly higher 

uptake of iodinated MOTS-c at 30, 60 and 240 minutes post-injection (p<0.0001, p<0.0001 

and p=0.0003, respectively vs. 0 minutes). In the liver, we only observed a significantly 

higher iodinated MOTS-c uptake at 240 minutes post-injection (p=0.0297 vs. 0 minutes). 

Within the heart, we only observed a significantly higher uptake of iodinated MOTS-c at 60 

and 240 minutes post-injection (p=0.0219 and p=0.0064 vs. 0 minutes). Within the lungs, we 

observed significant higher uptake at 30 (p=0.0098 vs. 0 minutes), 60 (p<0.0001 vs. 0 

minutes), 240 (p<0.0001 vs. 0 minutes) and 480 minutes (p=0.0060 vs. 0 minutes) relative to 

uptake of iodinated MOTS-c at 0 minutes post-injection. We only detected significantly 

higher uptake in the gastrointestinal tract (G.I tract) at 60 (p=<0.0001 vs. 0 minutes), 240 

(p<0.0001 vs. 0 minutes) and 480 minutes (p=0.0198 vs. 0 minutes. Lastly, in blood we 

observed significantly higher uptake of iodinated MOTS-c at 15 (p=0.0042 vs 0 minutes), 30 

(p<0.0001 vs. 0 minutes), 60 p<0.0001 vs. 0 minutes) and 240 minutes (p<0.0001 vs. 0 

minutes) but not at 480 minutes relative to uptake at 0 minutes post-injection. Uptake of 

iodinated MOTS-c was not significantly higher in gastrocnemius, tibialis anterior, 

subcutaneous or epidydimal fat, brown adipose tissue, testicles, pancreas, or brain at any time 

point when compared to uptake at 0 minutes post-injection. Overall, these results indicate that 

iodinated MOTS-c uptake from circulation occurs following injection over a 0 to 480 minute 

time course whilst under rested conditions. This suggests that the final exercise vs. rested 

iodinated MOTS-c experiment was feasible to undertake  
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Figure 4.3.9 Gamma counts of iodinated MOTS-c peptide uptake into mouse tissues during rested conditions measured ex vivo after 0, 15, 30, 60, 240 and 480 
minutes post-injection. Tissue gamma counts are presented as total counts relative to tissue weight (milligrams). Data presented as individual data points; data is mean ± 
standard error of the mean (SEM). Statistical significance determined by two-way ANOVA (time and tissue as factors) with Dunnett’s post-hoc comparisons, *p<0.05, 
**p<0.01, ***p<0.0001, ****p<0.00001 relative to 0 minutes. G.I Tract= gastrointestinal tract. 
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4.3.10 Iodinated MOTS-c tissue uptake following exercise compared to rest 

Lastly, we investigated the primary aim of this section, which was to investigate the effect 

of an acute exercise bout on the in vivo uptake of circulating MOTS-c when compared to 

rested conditions. To investigate this, we measured tissue and blood gamma radioactivity 

over a 1, 2 and 5 hour time course following tail-vein injection of iodinated MOTS-c 

peptide in mice who either underwent acute high intensity interval exercise or remained 

rested. Firstly, to analyse the effect of exercise between tissues, we analysed iodinated 

MOTS-c uptake across all tissues at each time point (1, 2 and 5 hour post-injection). We 

observed a significant effect of tissue type on iodinated MOTS-c uptake at 1, 2 and 5 

hours post-injection (Figure 4.12 A-C), although, we only observed an effect of exercise 

at 1 and 2 hours post-injection. At 1 hour post-injection, we only identified a trend 

towards greater iodinated MOTS-c uptake into the kidneys (p=0.0968 vs. rest) and 

gastrointestinal tract (G.I Tract) (p=0.08 vs. rest) following exercise compared to rested 

time-matched controls (Figure 4.3.10 A). Furthermore, we identified only significantly 

greater iodinated MOTS-c uptake into liver (p=0.0268 vs. rest) and G.I Tract (p=0.0205 

vs. rest) as well as a strong trend towards greater uptake into the kidneys (p=0.0667 vs. 

rest) at the 2 hours post-injection time point (Figure 4.3.10 B). At 5 hours post-injection 

(4 hours post-exercise), we observed no statistically significant difference in any tissue 

type between rest or exercised conditions (Figure 4.3.10 C). When assessed at each 

individual time point, these results indicate that the liver, G.I Tract and Kidneys are the 

only tissues in which an effect of exercise was observed. This effect occurred at 1 and 2 

hours post-injection (immediately post- and 1 hour post-exercise, respectively). 
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Figure 4.3.10 Gamma counts of mouse tissues and blood in exercised vs. rested conditions measured 
ex vivo 1 hour (A), 2 hours (B) and 5 hours (C) post-injection with iodinated MOTS-c peptide. Gamma 
counts are presented separately for each time point post-injection as total counts relative to tissue weight 
(milligrams). Data presented as individual data points; data is mean ± standard error of the mean (SEM), 
n=10 per time point, n=5 per condition subgroup. Statistical significance determined by two-way ANOVA 
(tissue and exercise as well as interaction effect factors) with Fisher’s LSD comparisons, *p<0.05 relative 
to rested condition. G.I Tract= gastrointestinal tract.    
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4.3.11 MOTS-c uptake in rested versus post-exercise tissue analysed by time post-

injection 

Data presented above in 4.3.10 provides a meaningful comparison of iodinated MOTS-c 

uptake with and without exercise that considers the variation of iodinated MOTS-c uptake 

between all tissue types at each time point separately. Next, we analysed the same tissue 

iodinated MOTS-c uptake data except here we analysed each tissue across all time points 

in exercised vs. rested mice in order to analyse the within tissue response of MOTS-c 

uptake.  

 

Muscle and fat pad iodinated MOTS-c uptake  

In regard to muscles (gastrocnemius, soleus, tibialis anterior and heart), we observed a 

significant effect of time post-injection but not exercise on iodinated MOTS-c uptake 

within each muscle measured (Figure 4.3.11). This finding indicates that iodinated 

MOTS-c uptake into muscle (skeletal or cardiac) is significantly altered over time 

following injection, however MOTS-c uptake was not affected by exercise at any of the 

time points measured (1, 2, and 5h post-injection) (Figure 4.3.11 A, B, C and D). Within 

the fat pads (subcutaneous and epidydimal fat, and brown adipose tissue) (Figure 4.3.11 

E-G), we observed no effect of time post-injection or any interaction effect with exercise. 

However, we did observe a significant effect of exercise on iodinated MOTS-c uptake in 

subcutaneous fat and brown adipose tissue and identified that there was significantly less 

subcutaneous fat uptake but only at 1 hour post-injection in exercised vs. rested mice 

(p=0.456 vs. rested) (Figure 4.3.11 E), whereas in brown adipose or epidydimal fat tissue, 

we did not identify a significant difference in iodinated MOTS-c uptake at any of the time 

points vs. rested mice (Figure 4.3.11 F and G).  
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Figure 4.3.11 Gamma counts of mouse muscles and fat pads in exercised vs. rested conditions 1, 2 and 
5 hours post-injection with iodinated MOTS-c peptide. Gamma counts for gastrocnemius (A), soleus 
(B), tibialis anterior (C), heart (D), heart (E), subcutaneous fat (F), epidydimal fat and (G) interscapular 
brown adipose tissue are presented as total counts relative to tissue weight (milligrams). Data are presented 
as individual data points; data is mean ± standard error of the mean (SEM), n=10 per time point, n=5 per 
condition subgroup. Statistical significance determined by two-way ANOVA (time since injection and 
exercise as well as interaction effect factors) with Fisher’s LSD comparisons, *p<0.05 relative to rested 
condition. G.I Tract= gastrointestinal tract. 
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Abdominal organs, blood, and brain 

Within the abdominal organs (liver, pancreas, kidneys, gastrointestinal tract, testicles, 

spleen, and lungs), blood and brain, we observed a significant effect of time post-injection 

(1, 2 and 5 hours post-injection) on uptake of iodinated MOTS-c within all abdominal 

organ tissues (Figure 4.14 B-F, H, and I) except the liver and lungs (Figure 4.3.12 A and 

G, respectively). We did not observe a statistically significant effect of exercise on 

iodinated MOTS-c uptake within any of the abdominal organ tissues except within the 

liver. Although, we did observe a significant interaction effect on iodinated MOTS-c 

uptake between exercise and time post-injection within the pancreas (Figure 4.3.11 B). 

Within the both the liver and pancreas, we identified there was only a significantly greater 

uptake of iodinated MOTS-c at 2 hours post-injection in exercised mice (1 hour post-

exercise) (p=0.0070 vs. rested and p=0.0112 vs. rested, respectively) but not at any other 

time point in exercised vs. rested mice. 

 

Taken together, when analysing iodinated MOTS-c uptake between all tissues within each 

separate time point (1, 2 and 5 hours post-injection) we identified that the gastrointestinal 

tract and liver have significantly greater iodinated MOTS-c uptake at 2 hours post-

injection in exercised mice compared to rested mice (Figure 4.3.12 B). Whereas when 

analysed separately within each tissue over the entire time course in exercised vs. rested 

mice, we observed significantly greater iodinated MOTS-c uptake into subcutaneous fat 

within exercised mice 1 hour post-injection (immediately post-exercise) and the liver and 

pancreas within exercised mice at 2 hours post-injection (1 hour post-exercise) when 

compared to iodinated MOTS-c uptake in rested mice (Figure 4.3.12 A and B). 
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Figure 4.3.12 Gamma counts of mouse abdominal organs, blood, and brain in exercised vs. rested 
conditions 1, 2 and 5 hours post-injection with iodinated MOTS-c peptide. Gamma counts for liver 
(A), pancreas (B), kidneys (C), G.I Tract (D), testicles (E), spleen (F), lungs (G), brain (H) and blood (I) 
are presented as total counts relative to tissue weight (milligrams). Data are presented as individual data 
points; data is mean ± standard error of the mean (SEM), n=10 per time point, n=5 per condition subgroup. 
Statistical significance determined by two-way ANOVA (time since injection and exercise as well as 
interaction effect factors) with Fisher’s LSD comparisons, *p<0.05, **p<0.001 relative to rested condition. 
G.I Tract= gastrointestinal tract.   
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4.4 Discussion 

 
Within this chapter we aimed to investigate the effect of acute exercise on MOTS-c 

expression in muscle and non-muscle tissues in mice, as well as to investigate the 

pharmacokinetics of circulatory MOTS-c uptake into tissue both at rest and following 

acute exercise. Here we provide evidence to suggest that MOTS-c expression is 

differentially modulated in both muscle and non-muscle tissues following acute exercise. 

We also show evidence of iodinated MOTS-c uptake into all tissues that were measured, 

with uptake into subcutaneous fat, liver, pancreas, and gastrointestinal tract increasing 

with exercise relative to rested conditions. 

 

MOTS-c is modulated only in skeletal muscle following moderate intensity exercise 

to exhaustion  

Prior to undertaking our moderate exercise to exhaustion study in mice, there had been 

no prior reports on the MOTS-c exercise response in mice. Within chapter 3, we had 

previously observed that intramuscular and plasma MOTS-c levels transiently increased 

immediately following exercise, before returning to rested levels during recovery in 

humans. We further demonstrated that muscle is capable of intrinsically producing 

MOTS-c in isolated contracted conditions and speculated that MOTS-c may be a 

myokine. This led to the hypothesis that acute moderate exercise to exhaustion in mice 

would similarly lead to an increase intramuscular MOTS-c immediately following 

exercise and that non-muscle tissue would have increased MOTS-c expression by 4 hours 

post-exercise. However, we observed a significant decrease in both gastrocnemius and 

soleus muscle following exercise, which was contrary to our hypothesis. In addition, 

moderate intensity exhaustive exercise only modulated intramuscular MOTS-c 

expression, as non-muscle tissue (liver and subcutaneous fat) MOTS-c expression 

remained unchanged compared to rested mice (Figure 4.3.1 D-E). This indicates that 

skeletal muscle was the only tissue where MOTS-c expression was modulated by 

moderate intensity to exhaustion exercise. We then attempted to further investigate how 

MOTS-c expression may change following contraction using electrical pulse stimulation 

(EPS) of mouse skeletal muscle cells (Figure 4.3.2). However, our experiments involving 

EPS had mixed results with some time points showing an increase in MOTS-c expression 

at 60 and 120 minutes but decreased at 180 minutes following EPS relative to rested 

controls (Figure 4.3.2 C and D). EPS has been previously used as a model to study 
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myokine responses following contraction, however due to the variability in MOTS-c 

response we observed following different durations of contraction, we chose not to use 

the EPS model any further (268). Furthermore, following our observations of increased 

MOTS-c in the shorter time points of EPS (Figure 4.3.2 C), we hypothesized that MOTS-

c may be increased under shorter durations in vivo than what was used previously in the 

acute moderate intensity to exhaustion study (2+ hours of exercise). This led to 

undertaking an additional mouse exercise study involving a 1 hour bout of high intensity 

interval exercise (HIIE). 

 

Acute high intensity interval exercise model activates AMPK but not ERK1/2 in 

skeletal muscle  

Following HIIE, we observed a significant transient activation of AMPK immediately 

post-exercise before returning to rested levels at 4 hours post-exercise in gastrocnemius 

and soleus muscles. This is indicative of our HIIE model inducing significant exercise-

induced stress within both muscles (Figure 4.3.3 C and E), which is critical in assessing 

whether exercise-induced stress modulates MOTS-c expression within muscle (52, 142, 

156, 296). Unexpectedly, we did not observe any change in ERK1/2, which is a mitogen 

activated protein kinase known to be activated following oxidative stress and changes in 

energy status (297). Our observed lack of activation may be due to high levels of basal 

ERK1/2 activation in both exercised and basal mice, most likely caused by stress from 

handling some of the mice prior to culling them.  

 

Acute high intensity interval exercise differentially modulates intramuscular 

MOTS-c in mice 

Following high intensity interval exercise, we observed significant modulations of 

MOTS-c expression within gastrocnemius and soleus following exercise (Figure 4.3.4 B 

and C), although these changes were distinctly variable between these muscles. Soleus 

appeared to show a similar decrease in MOTS-c expression following HIIE as was 

previously observed following moderate intensity exercise, although gastrocnemius 

showed the opposite response following HIIE (increased post-exercise) than what was 

previously observed (Figure 4.3.1 B). This variation in response between exercise 

modalities could be explained by the differences in muscle fibre recruitment during 

exercise. The soleus exhibits a large proportion of oxidative fibres and has been shown to 
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be heavily recruited during both moderate exercise to exhaustion and high intensity 

interval exercise bouts (298, 299). This could explain why we observed a similar response 

in MOTS-c following both bouts of exercise as activation remained consistent across 

bouts of exercise (Figure 4.3.1 C and 4.3.4 C). We have shown soleus exhibits greater 

MOTS-c expression at rest compared to gastrocnemius (Chapter 2. Figure 2.3), which we 

suggest may be related to its higher relative mitochondrial density (205, 243). Previously, 

we have shown MOTS-c expression remains unchanged in soleus between rested and 

post-contraction (10 minutes) conditions (Figure 3.3.4 B). We suggest that during long 

durations of aerobic exercise, MOTS-c may be released from intracellular stores and/or 

degraded as part of its intracellular response to exercise. As plasma MOTS-c was shown 

to exhibit a similar transient increase in mice and humans following HIIE, this further 

supports the idea that MOTS-c may be secreted in response to exercise, and this may 

occur through oxidative muscles such as soleus. In gastrocnemius muscle, we observed a 

mixed response across both exercise bouts (Figure 4.3.1 B and 4.3.4 B). Additionally, we 

have shown MOTS-c expression increases significantly within mouse EDL muscle 

(solely glycolytic fibre composition) following isolated contraction (Chapter 3, 3.3.4 A). 

As gastrocnemius has a mixed composition of oxidative and glycolytic fibres, it is 

plausible that the fibres within the muscle are being activated differentially during each 

of the exercise bouts resulting in the differential MOTS-c response (300, 301). During 

moderate intensity, predominantly oxidative fibres may be producing and secreting 

MOTS-c. Whereas during HIIE, predominantly glycolytic fibres may be producing 

MOTS-c which results in a net increase following exercise, as we observed.   

 

Consistent with what we observed in humans (Chapter 3), plasma MOTS-c was increased 

following high intensity interval exercise in mice (Figure 4.3.5). As both of the exercise 

models were in vivo it remains equally plausible that the increased levels of MOTS-c 

within gastrocnemius following HIIE could also be driven by increased circulating 

MOTS-c uptake from other sources, rather than from intrinsic intramuscular production 

alone. However, our observations of in vivo iodinated MOTS-c uptake into gastrocnemius 

and soleus indicate that circulatory MOTS-c uptake in skeletal muscles remains 

unchanged following exercise (Figure 4.3.11 A-C), suggesting that intrinsic production 

is more likely responsible for the observed increase in MOTS-c expression within 

gastrocnemius muscle following exercise. 
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Non-skeletal muscle MOTS-c expression is also differentially modulated following 

HIIE in mice 

 

- Heart 

Whilst examining MOTS-c expression and uptake within non-muscle tissues, we 

observed variable modulations of MOTS-c within the non-muscle tissues (heart, 

subcutaneous fat, and the liver) following exercise (Figure 4.3.1, 4.3.4 and 4.3.11). Within 

the heart, we observed a progressive decrease in MOTS-c expression immediately post 

and up to 4 hours post-exercise relative to rested conditions, which was similar to what 

was observed in soleus following exercise. Similarly to skeletal muscle, the heart 

undergoes depolarisation events during contraction, although dissimilarly this occurs 

constantly with relatively little rest in between contractions (246, 302). During exercise, 

the heart contraction rate can increase 2-3-fold depending on the intensity and so whether 

MOTS-c regulation is modulated during this change remains unknown (246). Low 

cardiorespiratory fitness has been shown to strongly correlate with all-cause mortality and 

cardiovascular disease and patients with coronary endothelial dysfunction have been 

shown to have significantly lower plasma MOTS-c levels compared to healthy controls 

(2, 210, 303). Additionally, the heart expresses high basal levels of MOTS-c (likely due 

to the high mitochondrial density of cardiomyocytes) compared to other lowly perfused 

organs such as subcutaneous fat, therefore decreased MOTS-c within the heart following 

exercise could indicate that intracellular stores are being released into the circulation 

following exercise similar to oxidative soleus muscle or perhaps just as likely, MOTS-c 

could be degraded during/following exercise (25).  

 

- Subcutaneous fat/adipose tissue 

The endogenous regulation of MOTS-c within fat is relatively unknown, especially within 

the context of exercise. However, we observed a significant change in MOTS-c 

expression within subcutaneous fat but only following HIIE and not moderate intensity 

exercise to exhaustion. This was unexpected as we expected modulations in MOTS-c 

expression following exercise to occur as a result of exercise-induced perturbation in the 

tissue. Given that moderate intensity exercise to exhaustion has been shown to upregulate 

fat oxidation from adipose stores more so than HIIE, we expected MOTS-c expression to 

be more likely modulated as a result of the moderate intensity exercise bout (304, 305). 
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However, as high intensity exercise induces significant metabolic stress relative to 

moderate intensity for the same duration, this may have stimulated the unknown 

mechanism by which MOTS-c is regulated within subcutaneous fat, that otherwise was 

not activated by moderate intensity exercise (47, 247, 284, 285, 306). Furthermore, we 

observed increased MOTS-c uptake following exercise, compared to rest, which suggests 

that MOTS-c is targeted to specifically to subcutaneous fat during exercise (Figure 4.14 

E). Previous studies have shown exogenous treatment can lead to reductions in body fat, 

suggested to be secondary to increased energy expenditure from browning of white 

adipose tissue (167, 307). Already evidence has begun to suggest there is potential of 

exercise-induced browning to be regulated by myokines (irisin) (275, 308). Given our 

observations of increased MOTS-c uptake following exercise, this may suggest that 

MOTS-c could also be involved in the action of exercise-induced adipose adaptation 

(308-311). Additionally, new evidence suggests MOTS-c regulation within skeletal 

muscle and plasma may be downstream of plasma adiponectin, which is derived from 

adipose tissue. Given that we observed lower MOTS-c expression within subcutaneous 

MOTS-c by 4 hours following HIIE relative to rest, we speculate increased circulatory 

MOTS-c levels during exercise may be part of a negative feedback signal to decrease 

adiponectin secretion from adipose tissue. If this feedback response likely occurs rapidly 

and only in subcutaneous adipose tissue as no difference in iodinated MOTS-c uptake 

was detected in epidydimal adipose tissue in exercised vs. rested mice (Figure 4.3.10 F). 

Taken together, it is clear that adipose potentially holds an important role in regulating 

some of the functions associated with modulation of MOTS-c that occurs during exercise. 

What effects and by which mechanism that this may occur is still yet to be elucidated.  

 

- Liver 

One of the main findings in this chapter was the significant increase in liver MOTS-c 

uptake 1 hour following exercise coupled with the significant increase in endogenous 

MOTS-c expression at 4 hours following acute HIIE (Figure 4.3.12 A). These results 

together indicate that MOTS-c is likely transiently being taken up into the liver as a result 

of exercise-induced stress. During acute exercise, the liver has been shown to increase 

activation of MAPK signalling pathways involving but not limited to protein 53 (p53), 

which regulates cell cycle processes and stress resistance (285, 312). Furthermore, cell 

models have shown that MOTS-c reacts rapidly to metabolic stress by translocating from 
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the cytosol within cells to the nucleus, which facilitates its binding to nuclear DNA and 

activating antioxidant regulating elements that promote transcription of antioxidant genes 

such as NRF2 and NQO1 (313). Given our observations of selective uptake and increased 

expression of MOTS-c within the liver, it is plausible that MOTS-c may be involved in 

the modulation of liver adaptations that occur in response to the metabolic stress that is 

induced by exercise. Furthermore, the liver serves a role in maintaining blood glucose 

supply, especially during exercise, primarily through oxidation of fat, gluconeogenesis 

and glycogenolysis (314, 315). As a result, substrate/energy depletion occurs within the 

liver following exercise, which causes upregulation of metabolic homeostatic proteins 

such as insulin-like growth factor binding protein-1 (IGFBP-1) and PGC1-α (285, 312). 

MOTS-c overexpression in vitro has similarly been shown to upregulate metabolism by 

increasing fatty acid shuttles and metabolites associated with enhanced fat utilisation 

(167). Furthermore, patients with non-alcoholic fatty liver disease who undergo regular 

exercise training show decreased hepatic fat content suggested to be from increased fat 

oxidation, increases PGC1-α expression-mediated pathways and increases in insulin 

sensitivity (316). Taken together, the liver rapidly responds to metabolic stress following 

exercise and in disease these same pathways that have become dysfunction, can be 

improved through exercise (317). Given that MOTS-c evokes many similar beneficial 

effects in system-wide metabolism to regular exercise, it is plausible that MOTS-c may 

be involved in mediating adaptations to metabolic stress within the liver and that this may 

occur more so following exercise-induced perturbations through uptake from the 

circulation.  

 

- Pancreas 

During exercise, the pancreas decreases insulin and increases glucagon secretion into the 

portal vein that connects the liver and pancreas together. As such the liver and pancreas 

rely on each other in modulating gluconeogenesis and glycogenolysis of glycogen and fat 

within the liver during exercise for the maintenance of glucose homeostasis. Increased 

glucagon from the pancreas also stimulates hepatic non-esterified fatty acid oxidation 

from adipose fat depots, allowing for further energy production to support exercise 

induced demand (318). We observed significantly increased uptake of iodinated MOTS-

c within the pancreas of exercised mice, 1 hour post-exercise (Figure 4.3.12 B), relative 

to rested mice. The effect of MOTS-c specifically on the pancreas has not yet been 
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examined, although MOTS-c has been previously been shown to induce whole body 

insulin sensitization following exogenous administration (25, 167). Taken together, we 

speculate that circulatory MOTS-c uptake into the pancreas following exercise could be 

part of an integrated response to regulate glucose homeostasis following exercise as a 

response to the energetic fluctuations that occur, so that future perturbations are more 

tightly controlled. Given that both the liver and pancreas observed similar changes in 

MOTS-c uptake (Figure 4.3.12 A and B, respectively), it could be that these two tissues 

that function together to regulate glucose at rest and during exercise are targeted by 

MOTS-c for uptake during exercise. Further investigation is therefore required to 

delineate what role MOTS-c may play in each tissue during this process.    

 

MOTS-c may potentially interact with proteins within the blood as part of its 

circulatory transport 

During validation, we observed an elution shift of ~30-60 seconds when iodinated MOTS-

c was incubated in mouse blood in comparison to when in MOTS-c was incubated in 

HPLC buffer only (Figure 4.3.7). We suggest this could be preliminary evidence of a 

potential interaction between MOTS-c and components of blood. We and others have 

previously speculated that MOTS-c interacts with a potential circulatory carrier protein 

within blood as we observe a molecular weight shift of MOTS-c when detecting protein 

expression by western blot (2 vs. 12KDa) (Chapter 2, subsection 2.3). Proteins within 

blood, such as albumin, have been shown to help shuttle small peptides within the 

circulation and in doing so, can help protect them from proteolytic degradation (319). We 

hypothesise that MOTS-c is transported in a similar way, as we also observed an increase 

in iodinated MOTS-c peptide detection within the plasma fraction of whole blood over 

time. This suggested interaction of MOTS-c with a protein within blood may be required 

in order to allow for the transport/activity of MOTS-c to be carried out in vivo. Further 

investigation using mass spectrometry coupled with immunoprecipitation of MOTS-c 

would help to further elucidate and identify what interactions could be occurring with 

MOTS-c in blood, which could help to delineate the role and regulation of MOTS-c 

within the circulation.  
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Pharmacokinetic activity of MOTS-c in blood and tissue following tail vein injection 

Humanin has been shown to be taken up into tissues through the G protein-coupled 

formylpeptide receptor-like-1 receptor, although to date, the receptor or mechanism by 

which MOTS-c is taken up into tissue has not yet been identified. Within this chapter, we 

aimed to investigate the pharmacokinetics of MOTS-c both within the circulation and 

after being taken up from the circulation into tissues during rested and exercise conditions. 

Many peptides are limited by the proteolytic enzymes present throughout the circulation 

that ultimately degrades them, however given that we observed a similar elution time and 

peak in radioactivity of iodinated MOTS-c over a 0-240 minute incubation time course, 

it is unlikely that MOTS-c is affected by proteolytic degradation within blood, at least 

within this time frame, ex vivo (320). Within our in vivo model, we observed a linear 

decrease in iodinated MOTS-c within blood from 60 to 480 minutes post-injection, 

suggesting MOTS-c was either being taken up into tissues from the circulation during this 

time period or was being degraded rapidly from 240-480 minutes post-injection. 

However, these findings suggest MOTS-c is well lived within circulation, considering 

humanin levels within plasma peak by 10 minutes post-intraperitoneal injection and reach 

their half-life within 30 minutes, which is significantly shorter than what we observed for 

MOTS-c in vivo (251). Furthermore, although we did not measure every tissue in our 

mice, we observed evidence of iodinated MOTS-c uptake into a vast range of tissues at 

every time point. Whereas conversely, detection of exogenous humanin peptide was 

reported only within the liver and plasma and not within the brain or heart. It is noted that 

humanin and its analogues were detected by in-house ELISA verification whereas we 

used a radiotracing approach, however these results preliminarily suggest a greater whole 

body uptake and stability of MOTS-c in comparison. Prior to establishing using our 

radiotracing model for MOTS-c kinetics, the pharmacokinetic time course of MOTS-c 

had not been reported. Although, within a similar radiotracing experiment in C57/bl/6 

mice using iodinated Irisin, (small muscle-derived peptide approximately 12KDa), the 

authors showed that irisin first specifically accumulates within the gall bladder and liver 

at 30-minutes post tail vein injection before finally being excreted at 1 hour post-injection 

through the liver and urine (321). For MOTS-c, we observed a steady increase in iodinated 

MOTS-c uptake across all tissues we measured within the first 60-minutes post-injection 

followed by a decline at 240 and 480 minutes (Figure 4.3.9). This initial increase in 

circulatory uptake is characteristic of an absorption phase of a compound typically seen 

following oral administration, which was unexpected as with a tail vein injection, we 



177 
 

would have expected peak blood iodinated MOTS-c to have been detectable immediately 

post-injection. However, our results likely indicate that a portion of the solution may have 

leaked out or missed the vein and therefore was absorbed more gradually through the tail 

tissue over time. At 240 minutes post-injection, iodinated MOTS-c uptake in all tissues 

except lungs, liver, kidneys, and G.I Tract had returned to similar levels observed at 0 

minutes post-injection, indicating that either MOTS-c had been degraded within these 

tissues at this time point or the stimulus for exercise-induced uptake had subsided 

completely. Within the lungs, liver, kidney, and G.I Tract, iodinated MOTS-c uptake was 

maintained up until 240 minutes post-injection, suggesting that these tissues were still 

taking MOTS-c up from the circulation. As uptake into these tissues all followed the same 

trended decrease from 240 to 480 minutes, we suggest that neither urinary nor faecal 

excretion specifically is a route of decreased MOTS-c uptake amongst all tissues, rather 

it was more likely due to intracellular degradation.  

 

In conclusion, we show skeletal muscle and non-skeletal muscle MOTS-c expression 

within mice is differentially modulated by high and moderate intensity exercise models 

and this depends on the intensity and duration of exercise. Plasma MOTS-c is transiently 

increased following exercise, similar to what was observed previously in humans, 

indicating circulatory MOTS-c is modulated following exercise in both species. Electrical 

pulse stimulation of C2C12 myotubes evoked exercise-induced activation of canonical 

exercise-stress markers, although EPS produced variable responses in MOTS-c 

expression compared to rested conditions, indicating that further optimisation is required 

before EPS can be used as a model of contraction induced changes in MOTS-c expression. 

Furthermore, our radiotracing model of MOTS-c uptake in vivo indicated that MOTS-c 

remains stable within blood for up to 240 minutes and that all tissues we measured 

(skeletal muscles, adipose tissues, abdominal organs, and brain) had detectable MOTS-c 

uptake from the circulation following tail-vein injection. Furthermore, iodinated MOTS-

c uptake was greater within the G.I tract, subcutaneous fat, liver, and pancreas in exercised 

relative to rested conditions, which may suggest that these tissues are involved in the 

effects of MOTS-c production following exercise.  Further in-depth investigation into 

these tissues may provide additional evidence of the role that MOTS-c may have in 

mediating adaptive changes seen with regular exercise training.  
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CHAPTER FIVE 

 

EFFECTS OF EXOGENOUS MITOCHONDRIAL-DERIVED 

PEPTIDE ADMINISTRATION ON EXERCISE PERFORMANCE 

OF MICE  

 

5.1 Introduction 

Regular aerobic exercise promotes enhancements in cell- and system wide health through 

adaptation within multiple organs (7, 8, 22). Aerobic exercise causes significant 

metabolic perturbations within skeletal muscle such as decreased energy availability 

(increased AMP:ATP) and altered redox state. These stressors act as signals for 

downstream activation of stress-sensitive proteins such as SIRT1 and AMPK, which have 

been shown to upregulate mitochondrial adaptations that increase respiratory capacity and 

reduce oxidative stress in skeletal muscle to better meet the demands of exercise.  

 

Although well-researched, the exact mechanisms which underpin exercise-induced 

adaptations are not fully understood. However, as mitochondria have a critical role in 

supplying energy and mediating adaptive signalling following exercise, it hypothesized 

that they are likely integral in mediating favourable adaptations that lead to performance 

enhancement (17, 19, 22). These adaptations include but are not limited to, increased 

mitochondrial density, size, number, and expression of oxidative phosphorylation 

complexes (2, 3, 12-15). Relatively newly identified functional mitochondrial-derived 

polypeptides, MOTS-c and humanin, have been shown to activate similar molecular 

signalling pathways to aerobic exercise and we have shown that both are produced within 

skeletal muscle following exercise/contraction (25, 27, 166, 167). MOTS-c and humanin 

has been shown to potently activate signalling proteins that are linked to mitochondrial 

biogenesis (AMPK, TFAM, PGC1-α and SIRT1) as well as improved redox homeostasis 

(antioxidant-regulating elements, TFAM and increased SIRT-1 mediated NAD+ 

deacetylase activity) within in vitro and rodent models, suggesting that exogenous MDP 

treatment may potentially promote adaptations through these signalling pathways similar 

to exercise training, and subsequently could also enhance exercise performance (25-27, 

29, 167, 184, 204). Although both treatments increased mitochondrial density/size, 

exogenous MOTS-c and humanin treatment have been reported to evoke differential 
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effects on mitochondrial function in vitro. Primary dermal fibroblasts treated with 10µM 

humanin had higher basal respiration and ATP production compared to control cells 

whereas 10µM MOTS-c treatment had no effect on basal respiration or respiratory 

capacity and had lower ATP production. These findings are consistent with Lee et al., 

(25) who demonstrated 24 hours of 100µM MOTS-c treatment lowered basal oxygen 

consumption rate. As MOTS-c was also associated with increased glycolytic capacity, 

this was suggested to be due to an increased glucose utilisation associated coupled with 

citric acid cycle dysfunction caused by MOTS-c. Although metabolomic analysis of 

MOTS-c overexpressing HEK293 cells showed greater levels of fatty acid metabolites 

and shuttles suggesting greater mitochondrial β oxidation may be occurring albeit with 

lower oxygen consumption. As these are the only two studies reporting the effect of 

MDPs on mitochondrial function, further investigation into the effects of MOTS-c and 

humanin on  mitochondrial respiration and reactive oxygen species using higher 

resolution techniques may provide insight into the mechanism by which MDPs may exert 

performance enhancing effects on skeletal muscle. 

 

Therefore, within this chapter we investigated the effect of short-term exogenous MOTS-

c and humanin treatment on exercise performance, high resolution measures of 

mitochondrial function, as well as the expression of signalling proteins associated with 

canonical mitochondrial adaptation to exercise within mouse skeletal muscle tissue and 

cells during sedentary and in exercise trained conditions.  
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5.1.2 Aims 

1) To investigate whether short-term daily exogenous humanin or MOTS-c 

administration induces ergogenic effects on exercise performance and measures of 

physical function in mice. 

2) To investigate whether daily exogenous MOTS-c treatment can potentiate exercise 

training-induced improvements in physical performance in mice.  

3) To investigate the effect of exogenous MOTS-c treatment on skeletal muscle 

mitochondrial function and mitochondrial biogenesis  

 

5.1.3 Hypotheses 

1. We hypothesize that short-term daily exogenous humanin and MOTS-c treatment 

in young male mice will result in physical function improvements. 

2. We hypothesise mice receiving 4-weeks of high intensity interval training (HIIT) 

with concurrent MOTS-c treatment will have greater physical performance 

compared to vehicle-treated HIIT trained or sedentary mice. 

3. We hypothesize that exogenous MOTS-c treatment will enhance mitochondrial 

measures of mitochondrial function as well as increase activation of signalling 

proteins involved in mitochondrial biogenesis.  
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5.2 Methods 

 

5.2.1 Mouse phenotyping procedures and experimental protocols 

 

Mouse housing and characteristics for experiments  

All mice used in the following experiments were male with a C57bl/6J background. Mice 

used in the humanin- and MOTS-c-only treatment studies of sedentary mice were all 12-

14 weeks old, whereas mice used in the concurrent training and treatment study were 20 

weeks old due to 4 weeks of wash out from previous MOTS-c treatment study. Details 

regarding mouse housing conditions are described in Methods 2.7.2. All treadmill 

exercise was carried out using a PanLab treadmill system (Harvard Apparatus, USA) and 

exercise capacity testing protocol is as described in Methods 2.7.2. Experiments were 

carried out with approval from the University of Auckland Animal Ethics Committee 

(#2193). 

 

Body mass measurement 

Mice were weighed twice per week using an OHAUS CL Series scale. This was in order 

to measure the effects of peptide/exercise on body mass but also to ensure mice were not 

suffering toxic effects of treatment.  

 

Blood lactate measurement 

Lactate is an intermediary by-product of glycolysis (glucose breakdown) and can be used 

to infer metabolic overload during stress-inducing conditions such as exercise. Lactate is 

readily converted into pyruvate for use as an energy substrate for the mitochondria, 

however during states of metabolic demand overload where the rate of lactate production 

is greater than its conversion, pyruvate accumulates in the blood (107, 108, 111). The 

concentration of lactate was measured in the blood at rest as well as following each 

exercise bout during the metabolic treadmill (subsection 5.2.8). Blood lactate was 

measured using a StatStrip® lactate monitoring meter (Fannin Ltd., Ireland) and recorded 

as mmol/L. 
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Mouse treadmill apparatus and exercise capacity testing  

All MDP treatment of mice involved exercise capacity testing as a primary outcome. 

Exercise capacity testing and high intensity interval training was carried out using a 

Panlab treadmill system (Harvard Apparatus, USA) as described in Chapter 2, subsection 

2.7.3. Briefly, the exercise capacity test begun at a speed of 10cm/s and increases by 

1.25cm/s per minute for the remainder of the test in a ‘ramped’ fashion as shown in figure 

5.1 (left figure). As aforementioned, five mice were put through the protocol at once and 

upon meeting the exhaustion criteria described above, the total distance, duration and 

maximum speed were recorded for each mouse for subsequent analysis of exercise 

capacity. Mice who ran the longest had greater distance achieved and reached higher 

maximal running speeds, which indicates a greater exercise capacity than those who ran 

for less time/distance/speed.  

 

High intensity interval training during concurrent MOTS-c or vehicle treatment   

Within this chapter, the second cohort of mice were concurrently treated with either 

MOTS-c (20mg/kg/day) or vehicle control (PBS) along with high intensity interval 

training (HIIT) following a 4-week washout period from their previous short-term 

treatment. HIIT is a form of aerobic exercise training whereby exercise intensity varies 

from a high intensity to a low-moderate intensity at regular intervals for a fixed time 

period. For example, a session of HIIT may involve exercising at 50% of maximal running 

speed for 2-minutes interspersed with 1-minute at 90% maximal running speed, repeated 

over a period of 20-minutes. Mounting evidence suggests this high intensity interval 

training is potential more efficient for improving cardiorespiratory fitness in sedentary 

individuals compared to traditional aerobic training (246, 285, 322, 323).  

 

Mice who were concurrently treated and exercise-trained first obtained a two-test exercise 

capacity average of maximum running speed that was then used to program the HIIT for 

groups of mice who obtained similar maximum running speeds (within 5cm/s of each 

other).  For example, mice who obtained an average maximum speed of 50-55cm/s were 

grouped together. Mice were familiarised to the HIIT exercise bouts on the mouse 

exercise treadmill for 12 minutes (3-intervals of 2-minutes at 50% running speed 

interspersed with 1-minute at 90% running speed) at least 5-days prior to beginning 

training. For each HIIT training session, mice were first given a 5-minute warm up at 50% 
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of maximum speed obtained and then proceeded to carry out 2-minute intervals of 90% 

maximum speed interspersed with 2 minutes of 50% maximum speed.  

Mice carried out a 4-week HIIT intervention, involving 3 trainings per week carried out 

on Mondays, Wednesdays, and Fridays. HIIT training was periodically increased in terms 

of duration as described in the table 5.1. Following the end of the 4th week of training, 

mice had body mass, basal core temperature, grip strength and exercise capacity tested 

again using the same protocols as described above. 

 

Table 5.2.1 Training prescription of high intensity interval training (HIIT)  

 

 

 

 

 

Core temperature measurement  

Core temperature can be indicative of significant changes in metabolic rate (324). Core 

temperature was measured both during basal conditions as well as immediately post-

exhaustive exercise through rectal insertion of a thermometer probe (AD Instruments, 

Australia) lubricated with Vaseline. The probe was calibrated to a known temperature 

within the animal facility (Vernon Jansen Unit – ambient room temperature of 24°C) prior 

to each use. Core temperature was measured by first scruffing the mouse and then 

inserting the probe via the anus into the rectum. Temperature was then allowed to stabilise 

before being recorded after a consistent reading was maintained for >3 seconds.  

 

Grip strength testing  

To determine if mice had gained strength through MOTS-c treatment-induced changes, 

we assessed grip strength in the mice using a Grip Strength Meter (#76-1066, Harvard 

Apparatus, USA) as described in chapter 2, subsection 2.7.7. Mice were familiarized to 

the grip strength meter twice at least 24-hours apart and at least 48-hours prior to the 

experimental trial. This was carried out by forcing mice to register a maximal grip effort 

five times each on the meter. During the experimental trial, mice performed three 

maximal grip efforts each, which were averaged to provide a mean grip strength per 

mouse. If body masses were significantly different between treatment groups, mean grip 

Training week Training duration (# of intervals) 

1 53-minutes total (12 intervals) 

2 61-minutes total (14 intervals) 

3 69-minutes total (16 intervals) 

4 77-minutes total (18 intervals) 
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strength was made relative to body mass by dividing it by each animal’s individual body 

mass on that day. 

 

Metabolic treadmill apparatus 

The Sable Promethium metabolic respirometry analyser utilises an open circuit 

respirometry setup whereby ambient air within the chamber is collected and analysed 

against known concentrations of carbon dioxide and oxygen in real-time to determine 

oxygen consumption rate and carbon dioxide production. This allows for the inferential 

measurement of parameters such as respiratory exchange ratio (RER), which is the 

product of carbon dioxide produced divided by the oxygen consumption rate (CO2/O2). 

RER is a measure that can be used to infer the primary source of fuel being used for 

energy production at any given time. An RER of 0.7 infers complete fat oxidation as more 

oxygen is required to combust fat, compared to an RER of 1.0 or higher which infers 

carbohydrate substrate utilisation (low oxygen demand). The Promethium system also 

featured an attachable treadmill setup (pictured below) whereby a single animal can be 

exercised at the user’s discretion whilst also being able to measure expired oxygen and 

carbon dioxide in real time. The sampling rate of the system was every 2 seconds, 

allowing for frequent respiratory analysis of expired gases for metabolic calculations such 

as respiratory exchange ratio to be calculated (carbon dioxide/oxygen). Similar to the 

treadmill described in Chapter 2, subsection 2.2.3, the treadmill uses a revolving belt with 

a shock grid located at the rear to motivate the animals to continue running. The shock 

grid was set to 1mA during the experiment.   

 

 

 

 

 

 

Figure 5.2.1 Sable Promethium metabolic respiratory treadmill setup. 
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Metabolic treadmill protocol 

Both MOTS-c and vehicle treated mice were subjected to exercise testing using the Sable 

Promethium metabolic treadmill apparatus following training/treatment period. On the 

morning of testing, mice were fasted for <2-hours prior to exercise and lactate was 

collected from a tail vein incision, and then the mouse was placed into the treadmill 

chamber for basal oxygen consumption and RER to be collected over 5-minutes. Mice 

were then exercised for 5-minutes at 40cm/s at a 10° incline, which was labelled as the 

‘high intensity bout’. Following this, mice were quickly removed and had blood lactate 

sampled from the same tail cut prior, before returning to the treadmill (still at 10° incline). 

Speed was then increased by 2cm/s per minute until they reached volitional exhaustion. 

Volitional exhaustion was determined when the mouse spent >5 seconds on the shock 

grid. The experimental protocol is shown in figure 5.2.2 below. 

 

 

 

 

 

 

 
 
 
 
 

Figure 5.2.2 Metabolic treadmill blood sampling and treadmill protocol to exhaustion. RER = 
Respiratory exchange ratio.  

 

5.2.2 Procedures involving exogenous MOTS-c treatment of C2C12 myotubes  
 

Growth and differentiation of C2C12 myotubes 

Immortalized C2C12 cells were incubated at 37°C and kept under 5% CO2.  Initially, 

C2C12 myoblasts were grown in high glucose (4.5g/L) Dulbecco’s Modified Eagle 

Medium (DMEM) with the addition of 20% v/v foetal bovine serum (FBS) as well as 1% 

v/v Anti-Anti (penicillin/streptomycin antibiotics). Once myoblasts had reached 95-100% 

confluency, myoblasts were differentiated to myotubes using high glucose (4.5g/L 

Dulbecco’s Modified Eagle Medium (DMEM) (Thermofisher Scientific, USA) with the 

addition of 2% v/v horse serum (HS) (Thermofisher Scientific, CA, USA) as well as 1% 
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v/v Anti-Anti (penicillin/streptomycin antibiotics) (Thermofisher Scientific, CA, USA). 

Differentiation continued for up to 5-days, whilst making sure to change the 

differentiation media on the cells every 48-hours. Further details of cell culture 

procedures are described in Chapter 2, section 2.8.  

 

Exogenous MOTS-c treatment of C2C12 myotubes for mitochondrial function assays 

Once differentiated, C2C12 myotubes were treated with either 100µM exogenous MOTS-

c peptide (GenScript, Hong Kong) diluted in sterile phosphate-buffered saline (PBS) or a 

PBS only vehicle control as shown below. Myotubes were treated daily with freshly made 

MOTS-c peptide for 48-hours and up to 5-days for mitochondrial function assays and 

western blotting. A total of six experimental replicates for each condition was carried out 

across several cell passages.  

 

Cell preparation for mitochondrial function and protein expression assays 

Following treatment, C2C12 myotubes were then removed from the 6-well cell culture 

plate by trypsinization. This involved first washing cells with sterile PBS, before adding 

250µl of trypsin per well (ThermoFisher Scientific, MA, USA) for 3-minutes until nearly 

all cells were visibly loose from plate surface under microscope. High glucose (4.5g/L) 

Dulbecco’s Modified Eagle Medium (DMEM) with the addition of 20% v/v foetal bovine 

serum (FBS) as well as 1% v/v Anti-Anti (penicillin/streptomycin antibiotics) (All 

reagents from ThermoFisher Scientific, MA, USA) was then added to the trypsin-

containing cell solution to deactivate the digestive activity of the trypsin. Wells containing 

cells of the same treatment i.e., MOTS-c or Vehicle were then pooled together and 

thoroughly mixed by pipetting. Cell treatment mixes were then aliquoted as 2/3 total 

volume for mitochondrial function assay and the remaining 1/3 used for measurement of 

protein concentration and western blot analysis. Protein concentration and 

immunoblotting was assessed as described in Chapter 2, section 2.2. following 

centrifugation at 500 x g for 2-minutes, aspiration of media and washing with 100µl of 

PBS before being lysed in 100µl of modified RIPA lysis buffer. The cell mixture to be 

used for mitochondrial function assays was kept at room temperature and was transported 

to the School of Biological Science, University of Auckland, New Zealand, prior to being 

prepared for mitochondrial function assays utilising the Oroboros O2K Oxygraph 
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(Oroboros, Austria) within Dr Anthony Hickey’s laboratory, School of Biological 

Sciences, University of Auckland, New Zealand.  

 

Mitochondrial respiration and hydrogen peroxide production assay protocols 

The O2K oxygraph (Oroboros, Austria) is a two chamber system containing oxygen 

sensors as well as fluorophore inputs that allow the measurement of changes in oxygen 

and changes in absorbances in light within the chambers. These changes in oxygen and 

light when coupled with substrates, inhibitors and reactive fluorescent dyes allow the user 

to simultaneously measure and extrapolate respiration rate (oxygen consumed over time) 

as well as hydrogen peroxide production, membrane potential and adenosine triphosphate 

(ATP) production. Within this chapter, the oxygraph apparatus was used to measure 

respiration and hydrogen peroxide production as described in Chapter 2, section 2.6. 

 

5.2.2 Biochemical assays performed on gastrocnemius and C2C12 protein lysate  

 

Immunoblotting  

Thirty microgram of protein gastrocnemius and C2C12 myotube lysates were western 

blotted using 12-15% hand-cast Tris-Glycine gels. Samples were western blotted as 

described in Methods 2.4.3-2.4.6, with the exception that samples used for assessing 

oxidative phosphorylation protein expression were not boiled because this causes loss of 

complex IV.  

 

Citrate Synthase activity assay as a measure of mouse muscle mitochondrial content 

Citrate synthase (CS) is a key enzyme in the citric acid cycle within the mitochondrial 

matrix. Citrate synthase functions to catalyse the reaction of acetyl CoA (2 carbon) with 

oxaloacetate (4 carbon) to form citrate (6 carbon), resulting in the regeneration of 

coenzyme A, (Acetyl-CoA + Oxaloacetate + H2O →Citrate + Co-enzyme A). As CS is a 

nuclear-encoded enzyme that is translated and transported from the cytoplasm into live 

mitochondria, it is often regarded as an indirect measure of functional mitochondrial 

content (325-327). Co-enzyme A undergoes an irreversible reaction to form 

thionitrobenzoic acid (light absorbing at 412nm) when combined with 5,5’-Disthiobis 2-

bitrobenzoic acid (DNTB) at 25°C, we can then measure the rate of reaction using a light 



188 
 

absorbance enzyme kinetic assay measuring at 412nm and infer the amount of citrate 

synthase activity occurring within the well.  

 

Citrate synthase protocol  

First, a reaction mastermix containing 0.1mM acetyl CoA (A2181, Sigma Aldrich, USA) 

and 0.2mM DNTB (D8130, Sigma Aldrich, USA) diluted in 50mM Tris-HCl (pH 8.0) 

was formulated. Next, 5mM oxaloacetate (O4126, Sigma Aldrich) diluted in 50mM Tris-

HCl (pH 8.0) was combined and poured into a 5mL trough. Ten microliters of 

gastrocnemius muscle lysate from sedentary MOTS-c treated mice samples was then 

diluted 1:20 in MilliQ water and then loaded in duplicate into a blacked out 96-well plate. 

Next, 170µL of the reaction mastermix was pipetted into each well using a 12-channel 

multipipette (Gilson, USA). Immediately prior to inserting and reading the plate, 20µl of 

5mM oxaloacetate was added as quickly as possible using the multipipette and then the 

plate was inserted into a Spectrophotometer (Spectramax 340PC) set for enzyme kinetic 

assay reading at a 412nm wavelength every 30 seconds over 15-minutes. Once data 

collection was finished, the rate of citrate synthase activity was calculated using the 

optical density and absorbance slope of each sample well multiplied by the specific citrate 

synthase activity. This was then averaged across duplicates per sample before being 

adjusted to total protein concentration, by BCA assay described in Chapter 2, section 

2.4.2.   

 

Rate	of	citrate	synthase	activity	calculation	(nM.min. µg) 
 

=	 Gradient	slope	of	absorbance
Path	of	optical	density	within	the	cuvette 	8	

Specifc	concentration	of	CS	per	cuvette
Protein	concentration	per	sample 			 

 

5.2.3 Statistical analysis 

All statistical analyses were performed using Prism 8 (GraphPad Software). Data are 

presented as individual data points within columns or lines where appropriate and as 

means ± standard error of the mean (SEM). Statistical analyses used includes one-way 

(main effect of treatment) and two-way (time x treatment or training status x treatment 

effects) ANOVA with Dunnett’s post hoc analysis where appropriate, or by unpaired 

student’s t test if only two groups were being tested. 
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5.3 Results  

 

5.3.1 Effects of exogenous MDP treatment on measures of exercise performance and 

phenotype with and without exercise training 
 

Effect of 14 days of 5mg/kg/day MOTS-c on exercise capacity and body mass in 

sedentary mice  

We first investigated whether 14 days of exogenously administrated MOTS-c 

(5mg/kg/day)  would promote improvements in exercise capacity of 12 week old 

sedentary male C57Bl/6J mice (n=10). Fourteen days of exogenous MOTS-c treatment 

did not affect running distance (fig 5.3.1 A) and mice continued to put on weight during 

the treatment period (Figure 5.3.1 B).  We observed a significant effect of time on body 

mass over the 14 day treatment period and identified a significantly higher body mass of 

the mice on day 14 (p=0.0073 vs. day 0) of MOTS-c treatment relative to body mass on 

day 0 (Figure 5.3.1 B). These results indicate 5mg/kg/day did not enhance exercise 

performance of sedentary MOTS-c mice.  
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Figure 5.3.1 Treadmill exercise performance and body mass of male C57bl/6J mice before and 
following 14 days of treatment with 5mg/kg/day of MOTS-c. A) Distance achieved following exhaustion 
by ramp protocol treadmill test and B) Body mass recorded at day 0, 3, 7, 10 and 14 of treatment with MOTS-
c, n=10. Data presented as individual data points; data is mean ± standard error of the mean (SEM). Statistical 
significance of for exercise performance was determined by paired two-tailed student’s t-test and statistical 
significance for body mass was determined by one-way ANOVA (time as a factor) of repeated measures 
using Dunnett’s post-hoc comparisons, **p<0.001 relative to Day 0 body mass measurement. m= metres and 
g=grams. 
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Effect of 14 days treatment with 20mg/kg/day MDPs on exercise performance and 

phenotype of sedentary male mice 

Following null results using 5mg/kg/day of MOTS-c, we speculated that this may be due 

to the dose of MOTS-c being too low to exert performance enhancements, therefore we 

next investigated the effects using an increased dose of 20mg/kg/day of MOTS-c on 

exercise performance in another cohort of sedentary mice for 14 days and compared this 

to a vehicle control group, instead of using a pre-post measurement design as used in the 

first cohort of mice (n=10 per group). In addition, we also treated a humanin group 

(15mg/kg/day) (n=10). During the 14-day period, body mass increased and this was not 

affected by either MOTS-c or humanin treatment (Figure 5.3.2 A). We then assessed 

relative grip strength (newtons of force generated relative to body mass) and found that 

there was a significant difference of all treatments on grip strength, indicating that grip 

strength increased following all treatments (Figure 5.3.2 B). Following 14-days of 

MOTS-c treatment, mice had greater final distance and speed achieved (p=0.0055 and 

p=0.0104 vs. pre-treatment mean, respectively) following exercise capacity testing 

relative to vehicle treatment (Figure 5.3.2 C and D, respectively). This increase in distance 

and speed achieved was maintained for up to 3 days washout (p=0.0109 and p=0.0077 vs. 

pre-treatment mean, respectively) and no differences in either final distance achieved, or 

speed were observed after 7 days washout compared to pre-treatment mean (Figure 5.3.2 

C).  

Additionally, we observed a significant main effect of treatment but not time in basal core 

temperature, with Dunnett’s post-hoc comparisons identifying a significantly higher basal 

core temperature of MOTS-c treated mice at 14 days treatment (p=0.0028 vs. pre-

treatment mean) and 3 days washout (p=0.0018 vs. pre-treatment mean) but not 7 days 

washout, relative to pre-treatment mean (Figure 5.3.2 E). Taken together, only 14 days of 

20mg/kg/day MOTS-c treatment lead to increased final distance and speed achieved on 

the exercise capacity test as well as increased basal core temperature at 14 days treatment 

and at 3 days washout and this effect was washed out by 7 days. As we saw no effect of 

humanin, we did not treat with humanin in any further cohorts.  
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Figure 5.3.2 Treadmill exercise performance and phenotyping of mice after 14 days of treatment with 
MOTS-c or humanin relative to vehicle treated control mice. Mice treated with vehicle, MOTS-c and 
humanin over 14 days were assessed for A) body mass on day 0, 3, 7, 10, 14 of treatment, B) grip strength 
(relative to body mass) on day 7 and 14 of treatment, C) Final distance and D) speed achieved on ramped 
treadmill exercise protocol after 14 days treatment, 3 days washout and 7 days washout, relative to vehicle 
controls and E) Basal core temperature on day 7, 14, 3 days washout and 7 days washout relative to pre-
treatment mean n=10 per group. Data presented as individual repeated measure data points; data is mean ± 
standard error of the mean (SEM), dashed line represents pre-treatment mean of all mice. Statistical 
significance was determined by two-way ANOVA of repeated measures (time and treatment as factors) using 
Dunnett’s post-hoc comparisons, *p<0.05, **p<0.001 relative to Day 0 or vehicle control mice. m= metres 
and g=grams. 
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Effect of 28 days concurrent HIIT and MOTS-c treatment on exercise performance 

and phenotype of mice 

Having observed that 14 days of 20mg/kg/day MOTS-c treatment improved treadmill 

exercise performance, we next assessed whether this effect could be additive to the effect 

of treadmill exercise training performance. If the effects were not additive, this may 

suggest an overlap between the pathways through which MOTS-c and exercise training 

enhance treadmill running capacity. Over 28 days, mice received concurrent high 

intensity interval training with either MOTS-c (20mg/kg/day) or vehicle (PBS). We also 

used a third group of sedentary mice treated with vehicle as non-exercised, non-treated 

controls over the 28 day period. Both treatment groups receiving high intensity interval 

training had decreased percentage change from baseline in body mass  over the 28 day 

treatment period, whereas vehicle treated mice were unchanged from day 0 (Figure 5.3.3 

A) (HIIT + vehicle and HIIT + MOTS-c groups at day 14 (p=0.0156 and p=0.0105, 

respectively), day 20 (p=0.0078 and p=0.0026, respectively), day 24 (p=0.0121 and 

p=0.0054, respectively) and day 28 (p=0.0774 and p=0.0353, respectively) relative to 

vehicle sedentary control mice). We observed no significant difference in final distance 

and speed achieved as well as basal core temperature and relative grip strength relative to 

vehicle sedentary controls (Figure 5.3.3 B-D, respectively) suggesting that high intensity 

interval training lowered body mass from day 14 to day 28 of treatment, although had not 

effect on exercise performance, basal core temperature or grip strength in either vehicle 

or MOTS-c treated mice concurrently receiving HIIT, relative to vehicle treated sedentary 

control mice.  
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Figure 5.3.3 Effect of 28 days concurrent high intensity interval training (HIIT) and MOTS-c on 
measures of exercise performance and phenotype. compared to HIIT + vehicle or sedentary + vehicle 
treatment only. A) Percentage change in body mass on day 3, 7, 10, 14, 20, 24 and 28 of treatment relative 
to pre-treatment mean, B) Final distance achieved after 28 days treatment on ramped treadmill test to 
exhaustion compared to pre-treatment mean, C) basal core temperature after 28 days treatment relative to 
pre-treatment, D) Percentage change in relative grip strength from pre-treatment mean, n=10 per group. Data 
presented as individual repeated measure data points; data is mean ± standard error of the mean (SEM), 
dashed line represents pre-treatment mean of all mice. Statistical significance was determined by two-way 
ANOVA of repeated measures (time and treatment as factors) using Dunnett’s post-hoc comparisons, 
*p<0.05, **p<0.001 relative to Day 0 or respective pre-treatment mean of each group. m= metres and 
g=grams.     
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5.3.2 Exercise metabolism/tissue weight of MOTS-c vs. vehicle treated C57Bl/6J 

mice 

 
Validation/reproduction of ergogenic effects on performance of 14 days of 

20mg/kg/day MOTS-c  

Following the concurrent treatment and training study, our treatment effects of MOTS-c 

on exercise performance were inconsistent, therefore we repeated the 14-days of MOTS-

c (20mg/kg/day) to confirm our initial findings and to also allow us to investigate the 

potential mechanism by which MOTS-c may enhances exercise performance to improve 

and basal core temperature to increase. A similar increase in exercise performance (final 

distance and speed achieved) of MOTS-c treated mice was observed following 14 days 

of treatment mice relative to vehicle treated control mice (p=0.0027 vs. pre-treatment 

mean and speed (p=0.0052 vs. pre-treatment mean, respectively) (Figure 5.3.4 B and C, 

respectively). In addition, both treatment groups also both had increased body mass over 

the 14 day period with no difference between the groups (Figure 5.3.4 A). Again we 

observed a significantly higher basal core temperature (p=0.0344 vs. vehicle treated 

controls) (Figure 5.3.4 D) as well as no significant difference in grip strength of MOTS-

c treated mice relative to vehicle treated controls  (Figure 5.3.4 E) indicating MOTS-c 

had an enhancing effect on basal core temperature but no effect on grip strength. 
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Figure 5.3.4 Reproducibility of the effects on treadmill exercise performance and phenotyping of mice 
treated for 14 days with MOTS-c relative to vehicle treated control mice. Mice treated with vehicle or 
MOTS-c over 14 days were assessed for A) body mass at pre-treatment and after 3 days, 7 days, 10 days and 
14 days of treatment, B) Final distance and C) speed achieved on the ramped treadmill protocol after 14 days 
treatment, relative to pre-treatment mean, D) Basal core temperature after 14 days treatment with vehicle or 
MOTS-c, relative to pre-treatment mean and F) Grip strength after 14 days treatment with vehicle or MOTS-
c, relative to pre-treatment, n=10 per group. Data presented as individual repeated measure data points; data 
is mean ± standard error of the mean (SEM), dashed line represents pre-treatment mean of all mice. Statistical 
significance was determined by two-way ANOVA of repeated measures (time and treatment as factors) using 
Dunnett’s post-hoc comparisons, *p<0.05, **p<0.001 relative to Day 0/Pre-treatment mean measurement. 
m= metres and g=grams. 
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Metabolic treadmill testing of sedentary MOTS-c or vehicle treated mice 

Following successful reproduction of the enhancements in exercise performance we had 

previously observed, we then assessed measures of metabolism of these same MOTS-c 

and vehicle treated sedentary mice using a metabolic chamber housing a mouse treadmill. 

We observed a significantly higher time to exhaustion (p=0.0104 vs. vehicle) and final 

speed achieved (p=0.0180 in sedentary mice treated with MOTS-c for 14 days compared 

to vehicle control mice (Figure 5.3.5 A and B, respectively). Relative maximal rate of 

oxygen consumption increased from rest following both high intensity and exercise to 

exhaustion bouts during treadmill exercise, although we observed no difference at any 

time point of MOTS-c treated mice relative to vehicle treatment (Figure 5.3.5 C). 

Furthermore, there was no difference respiratory exchange ratio (RER) of MOTS-c at 

exhaustion (p=0.0313 vs. vehicle) compared to vehicle treated mice. Furthermore, a high 

variability in rested blood lactate was observed and therefore no effect of MOTS-c 

treatment following exercise was detected (Figure 5.3.5 E). However, when expressed as 

relative fold to baseline, we observed a significantly lower blood lactate at exhaustion in 

MOTS-c treated mice (p=0.0478 vs. vehicle) relative to vehicle control mice. Overall, 

MOTS-c treated mice had greater exercise performance during the treadmill protocol, 

although there was no difference in relative maximal oxygen consumption or RER at any 

time point post exercise. Although, MOTS-c treated mice had lower blood lactate at 

exhaustion compared to vehicle treated control mice (Figure 5.3.5 A, B, D and E, 

respectively).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



198 
 

 
 

Figure 5.3.5 Investigation of markers of exercise metabolism using the metabolic chamber treadmill 
system of 14 week old male C57Bl/6J mice treated for 14 days with either MOTS-c or a vehicle control. 
A) Time to exhaustion and B) Final speed at exhaustion from the exercise to exhaustion ramped treadmill 
protocol, C) maximal rate of oxygen consumption relative to body weight (relative V̇O2peak), D) Respiratory 
exchange ratio (RER), E) absolute blood lactate concentration and F) blood lactate represented as fold change 
from individual baseline at rest, following 5 minutes high intensity exercise and at exhaustion from the 
exercise to exhaustion ramped treadmill protocol. n=10 per group. Data presented as individual repeated 
measure data points; data is mean ± standard error of the mean (SEM). Statistical significance was determined 
by two-way ANOVA of repeated measures (time and treatment as factors) using Dunnett’s post-hoc 
comparisons, *p<0.05 relative to vehicle at the same time point ml= millilitres, mmol=millimolar, s= seconds, 
Δ= change and g=grams. 
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Tissue weights of 14 week old mice treated with either MOTS-c or vehicle for 14 days 

Next, we assessed whether any size/weight changes had occurred in tissues involved in 

exercise following 14 days of 20mg/kg/day MOTS-c or vehicle treatment in 14 week old 

male C57Bl/6J mice. We observed no significant difference between vehicle and MOTS-

c treated gastrocnemius, soleus, heart, or brown adipose tissue. However, we did observe 

a significantly lower subcutaneous fat tissue weight in MOTS-c treated mice (p=0.038 vs. 

vehicle) compared to vehicle treated mice. Overall, we observed no significant difference 

in tissue weight of gastrocnemius, soleus, heart, or brown adipose tissue, however we did 

observe a significantly lower subcutaneous fat tissue weight in MOTS-c treated mice, 

relative to vehicle control mice (Figure 5.3.6).  
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Figure 5.3.6 Dry tissue weights of tissues involved in exercise and/or thermoregulation of 14 day 
MOTS-c or vehicle treated mice. Data presented as individual data points; data is mean ± standard error 
of the mean (SEM). White fill bars represent vehicle treated mice and grey fill bars represent MOTS-c 
treated mice (n=10 per group). Statistical significance was determined by multiple unpaired t-tests, *p<0.05 
relative to vehicle. mg= milligrams. 
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5.3.3  The effect of 14 days MOTS-c treatment on gastrocnemius muscle markers of 

mitochondrial biogenesis 

 
Oxidative phosphorylation complex expression  

We next investigated whether these ergogenic effects of MOTS-c treatment were 

associated with changes in mitochondrial oxidative phosphorylation complex protein 

expression in the gastrocnemius of these mice relative to vehicle controls. We observed a 

significant increase in complex I (p=0.0139 vs. vehicle) and a trend towards an increase 

in complex IV (p=0.0526 vs. vehicle) expression in mice treated with MOTS-c for 14 

days, relative to vehicle treated control mice (Figure 5.3.7 B and E, respectively). MOTS-

c treatment did not affect the expression of complex II, III or ATP synthase protein 

expression (Figure 5.3.7 C, D, F). To assess mitochondrial volume we measured citrate 

synthase enzyme activity within protein lysate of gastrocnemius and found that MOTS-c 

and vehicle treated mice has similar citrate synthase levels (Figure 5.3.7 G).  
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Figure 5.3.7 Immunoblot analysis of oxidative phosphorylation complex protein expression as well as 
citrate synthase activity from gastrocnemius lysate of 14 day MOTS-c and vehicle treated mice. A) 
Representative western blot and quantification of B) Complex I, C) Complex II, D) Complex III, E) Complex 
IV, F) ATP Synthase and G) citrate synthase activity per milligram of gastrocnemius lysate protein from 
MOTS-c vs. vehicle treated mouse gastrocnemius lysate (n=10 per group). Data presented as individual data 
points; data is mean ± standard error of the mean (SEM). Statistical significance was determined by unpaired 
two-tailed student’s t-test of MOTS-c vs. vehicle, *p<0.05 relative to vehicle. mg= milligrams, 
nM=nanomoles, µg = micrograms and A.U = arbitrary units. 
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AMPK and PGC1-α expression 

Following our findings of increased mitochondrial oxidative phosphorylation complex (I 

and IV) expression in gastrocnemius muscle of MOTS-c treated mice (Figure 5.3.8 B and 

E, respectively), we next investigated whether phosphorylation of 5' AMP-activated 

protein kinase (AMPK) relative to total AMPK as well as protein expression of the 

transcription factor, peroxisome proliferator-activated receptor gamma coactivator 1-

alpha (PGC1-α). As AMPK and PGC1-α are known upstream signalling proteins of 

mitochondrial biogenesis, we assessed whether there was a difference between MOTS-c 

and vehicle treated mice. We observed no significant difference in phosphorylation of 

AMPKThr172 (Figure 5.3.8 A and B) or protein expression of PGC1-α (Figure 5.3.8 A and 

C) between MOTS-c and vehicle treated mouse gastrocnemius. Overall, these results 

indicate that expression of pAMPK/AMPK and PGC1-α were not different between 14 

day MOTS-c and vehicle treated mice.  
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Figure 5.3.8 Immunoblot analysis of the phosphorylation of AMPKThr172 and PGC1-α protein 
expression of 14 day MOTS-c vs. vehicle treated gastrocnemius of mice. A) Representative 
western blot of pAMPKThr172, AMPK, PGC1-α and GAPDH loading control, B) quantification of 
pAMPKThr172 relative to total AMPK expression and C) PGC1-α relative to GAPDH expression of 
MOTS-c vs. vehicle control treated gastrocnemius, (n=10 per group). Data presented as individual 
data points; data is mean ± standard error of the mean (SEM). Statistical significance was determined 
by unpaired two-tailed student’s t-test of MOTS-c vs. vehicle, *p<0.05 relative to vehicle. A.U = 
arbitrary units. 
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5.3.4 Functional and signalling protein expression following MOTS-c treatment in 

C2C12 myotubes  

 
Effect of short-term MOTS-c treatment on mitochondrial function 

To investigate whether MOTS-c treatment specifically modulates mitochondrial function 

of muscle cells, we treated C2C12 myotubes with 100µM of MOTS-c or vehicle control 

daily for 48 hours and then assessed mitochondrial respiration rate as well as hydrogen 

peroxide production using the Oroboros O2K Oxygraph using substrate and inhibitor 

titration protocols during routine respiration as well as during complex I leak, complex I 

oxidative phosphorylation, CI and II oxidative phosphorylation, CI and II leak, glycerol-

3-phosphate induced leak and maximal uncoupled respiration. We observed no significant 

effect on respiration rate or hydrogen peroxide production following 48 hours of treatment 

with MOTS-c relative to vehicle control treated C2C12 myotubes (Figure 5.3.9 A and B, 

respectively). We speculated that the treatment duration may not be long enough to induce 

functional adaptation and so treated for a longer duration of 172 hours. Similarly, we 

observed no effect of MOTS-c treatment on respiration rate or hydrogen peroxide 

production. These results together indicate that 48 or 172 hours of daily 100µM MOTS-

c does not enhance mitochondrial respiration rate or lower hydrogen peroxide production 

compared to vehicle treatment in C2C12 myotube cells  
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Figure 5.3.9 Measurement of mitochondrial respiration rate and hydrogen peroxide production of 
C2C12 myotubes following treatment with either MOTS-c or a vehicle control daily for 48 hours and 
172 hours. A) Respiration rate and B) hydrogen peroxide production relative to protein concentration 
during each respiration state in C2C12 myotubes treated with 100µM or a vehicle control daily for 48 hours 
(n=6), and C) Respiration rate and D) hydrogen peroxide production relative to protein concentration during 
each respiration state in C2C12 myotubes treated with 100µM or a vehicle control daily for 172 hours 
(n=6). Data is mean ± standard error of the mean (SEM). Statistical significance was determined by two-
way ANOVA of repeated measures (treatment and respiration rate as factors) of MOTS-c vs. vehicle 
treatment. H2O2= hydrogen peroxide, CI= complex I, CII= complex II, OXPHOS= oxidative 
phosphorylation, G3P= Glycerol-3-phosphate, Uncoupled= maximal uncoupled respiration. 
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Effect of MOTS-c treatment on oxidative phosphorylation complex expression 

Consistent with data of mitochondrial function, 48 and 172 hours of MOTS-c treatment 

of C2C12 myotubes did not affect the expression of any mitochondrial oxidative 

phosphorylation complex’s (Figure 5.3.10 A-E), PGC1a (Figure 5.3.11 E), or the 

activation (phosphorylation) or expression of AMPK (Figure 5.3.11 B). These results 

indicate that 48 or 172 hours of MOTS-c treatment had no effect on mitochondrial 

complex expression or activators/transcription factors associated with mitochondrial 

biogenesis. 
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Figure 5.3.10 Immunoblot analysis of oxidative phosphorylation complex protein expression in 
C2C12 myotubes treated daily with MOTS-c for 48 and 172 hours compared to vehicle control. n=4. 
A) Representative western blot of oxidative phosphorylation complex and GAPDH loading control protein 
expression of 48 and 172h MOTS-c treated and vehicle control C2C12 myotube lysate, quantification of 
B) Complex I, C) Complex II, D) Complex III and E) ATP Synthase of 48 and 172h MOTS-c treated and 
vehicle control C2C12 myotube lysate. Data is mean ± standard error of the mean (SEM). Statistical 
significance was determined by one-way ANOVA (treatment effect as main factor) of MOTS-c vs. vehicle 
treatment. CI= complex I, CII= complex II, OXPHOS= oxidative phosphorylation and A.U= arbitrary units. 
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Figure 5.3.11 Immunoblot analysis of shared MOTS-c signalling targets and canonical mitochondrial 
adaptation in C2C12 myotubes following daily MOTS-c or vehicle treatment daily for 48 and 172 
hours. (n=3). A) Representative western blot of pAMPKThr172, AMPK, PGC1-α and α-tubulin of C2C12 
myotubes following daily 100µM MOTS-c for 48 and 172 hours or vehicle treatment and quantification of 
B) pAMPKThr172 relative to total AMPK expression, C) PGC1-α relative to α-tubulin loading control protein 
expression in C2C12 myotubes following daily 100µM MOTS-c for 48 and 172 hours or vehicle treatment. 
Data is mean ± standard error of the mean (SEM). Statistical significance was determined by one-way 
ANOVA (treatment effect as main factor) of MOTS-c vs. vehicle treatment. AMPK= 5' AMP-activated 
protein kinase, PGC1-α= Peroxisome proliferator-activated receptor gamma coactivator 1-alpha    
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5.4 Discussion 

 

Within this chapter, we investigated the effect of administration of exogenous 

mitochondrial-derived peptides on exercise performance and measures of physical 

function in sedentary and concurrently exercise-trained young adult male mice. We also 

assessed the effect of the mitochondrial-derived peptide MOTS-c on canonical 

mitochondrial biogenesis signalling markers in an effort to characterise the adaptations 

which may underpin any enhancements in exercise performance/function. As we only 

observed an effect of MOTS-c treatment (Figure 5.3.2), only the effects of MOTS-c are 

discussed.  

 

MOTS-c treatment promotes enhancements in exercise performance of mice 

Prior to our investigations, exogenously administered MOTS-c or humanin had not been 

investigated for its potential ergogenic effect on exercise performance of sedentary or 

concurrently-trained mice. However, given their potent activation effects on signalling 

proteins such as AMPK, which has been shown to induce mitochondrial adaptations such 

as biogenesis, a number of authors have speculated about the potential ergogenic effects 

of these peptides (25, 27, 167). These speculations have led to MOTS-c being listed on 

the World Anti-Doping Agency’s list of banned substances for competitive sport (328). 

Here we show that 14 days of daily exogenous MOTS-c treatment evoked ergogenic 

effects on exercise performance involving treadmill running of sedentary mice. Further, 

MOTS-c treated mice had greater maximal running speed and time achieved before 

exhaustion on a second more intense incline running treadmill protocol, compared to 

vehicle controls suggesting the effect of treatment was consistent. Metabolic treadmill 

analysis showed this improvement in running time was accompanied by a relative 

decrease in lactate, which in increasing amounts above anaerobic threshold, is strongly 

associated with fatigue. Given that lactate is produced predominantly under anaerobic 

conditions and we observed no change in respiratory exchange ratio between the MOTS-

c and vehicle treated mice, these findings may be indicative of either lower anaerobic 

energy system contribution during exhaustive intensities for MOTS-c mice or that lactate 

clearance from the blood may be enhanced by MOTS-c treatment. Therefore, it is 

tempting to speculate that MOTS-c treatment promotes adaptations that increase lactate 

clearance and thus raises the time to reach anaerobic threshold, allowing for mice to have 
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greater tolerance to maximal exertion exercise. Blood lactate is transported into the 

capillaries that supply the muscle and then can be cleared from the blood by the liver 

under aerobic conditions. Enhanced lactate clearance can occur from enhanced muscular 

capillary vascularisation as well as increased hepatic lactate reconversion to glucose 

therefore, future investigation of markers associated with these mechanism would be a 

potential future direction in determining whether lactate clearance is involved in how 

MOTS-c improves performance.  
 

Inconsistency in performance enhancement of exogenous MOTS-c treatment  

As exercise and MOTS-c activate similar signalling pathways, we questioned whether the 

performance enhancements we observed in sedentary mice would be further potentiated 

by concurrent high intensity interval training (HIIT) with exogenous MOTS-c 

administration in these same mice. We observed a significant decrease in body mass 

percentage relative to pre-training following HIIT (increased activity-related energy 

expenditure) relative to sedentary controls (Figure 5.3.3 A) although, the HIIT failed to 

elicit significant exercise performance improvements in either vehicle or MOTS-c treated 

mice (Figure 5.3.3 B). High intensity interval training has been used successfully in mice 

to improve treadmill exercise capacity in a shorter time period compared to traditional 

constant intensity training although, these HIIT programs still generally involve durations 

of 8-16 weeks of training. As our protocol involved concurrent HIIT with synthetic 

MOTS-c treatment (GenScript, Hong Kong), the financial burden of daily treatment 

limited our training period to 4 weeks, which may be a key factor as to why we did not 

observe any enhancement in performance relative to sedentary control mice. Although 

we observed no effect of HIIT, we also did not see any contribution to enhancement in 

performance from MOTS-c treatment. It should be noted that mice used for the HIIT 

study were in fact treated previously with 20mg/kg/day MOTS-c for 14 days during 

sedentary conditions, which unknowingly could have been an extenuating factor that 

could have saturated their response to further MOTS-c treatment. Although the 4 week 

washout period did return exercise capacity of all mice to comparable levels pre-training; 

we speculate that the prior daily activation of signalling targets similar to that of exercise 

training (AMPK and SIRT1) may have resulted in dysregulation of these pathways 

rendering further future stimulation less effective. This is further supported by 

reproduction of the first performance enhancements in a new cohort of mice treated with 

20mg/kg/day during sedentary conditions, suggesting that the potential of a treatment 
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saturation effect on the mechanism that underpins the performance enhancement induced 

by MOTS-c should be considered in future investigations. Due to the unknown volatility 

in research operations at the University as well as financial pressures caused by COVID-

19, we could not further investigate concurrent MOTS-c and training effects within this 

thesis. However, future investigations should consider including a more traditional 

training approach using a fixed moderate intensity training protocol and should consider 

lengthening the training period to >8 weeks and only treating mice on days of training to 

reduce the financial burden of concurrent peptide treatment. 
 

Potential mechanisms of MOTS-c on enhancements of performance  
 

Mitochondrial biogenesis protein expression and measures of mitochondrial function  

MOTS-c has been shown to potently activate the heterotrimeric nutrient sensing enzyme, 

AMPK, specifically through the α1 and 2 subunits, of which others have previously 

reported has a significant impact on exercise capacity in mice (25, 26). Previous 

investigations involving activation of these subunits through AMPK agonist compounds 

such as AICAR, have shown activations of AMPK to have a significant role in mediating 

adaptations such as mitochondrial biogenesis, that are associated with enhanced exercise 

performance (190, 329-331). Furthermore, AMPK dual isoform (α1 and 2) knockout mice 

were shown to have lower expression of mitochondrial genes encoding PGC1-α, citrate 

synthase and cytochrome C, as well as lowered mitochondrial oxidative capacity and 

treadmill exercise tolerance (190, 332, 333). These findings suggest that AMPK 

activation is critical in mediating aspects of mitochondrial function and exercise 

performance, at least in rodents. Furthermore, Lee et al. (2015) reported increased 

phosphorylation of AMPK for up to 72 hours following exogenous 10µM MOTS-c 

treatment in HEK239 cells, suggesting MOTS-c may also be able to evoke similar 

performance enhancing adaptations in mitochondria via its potent activation of AMPK.  

 

Therefore, we hypothesized that acute activation of AMPK by MOTS-c may facilitate 

downstream adaptations of the mitochondria, as part of the mechanism that underpins 

enhancements in aerobic exercise performance that we observed in vivo. However, 

following immunoblot analysis of MOTS-c treated mouse gastrocnemius as well as 48 

and 172h MOTS-c treated C2C12 myotubes, we observed no significant difference in 

phosphorylation of AMPK or in its major downstream transcription factor and 
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mitochondrial biogenesis regulator, PGC1-α (Figure 5.3.8 A-C and Figure 5.3.9 A,B and 

D, respectively) (334). Although, we did observe an increase in mitochondrial biogenesis 

(increased complex I and IV protein expression) in gastrocnemius skeletal muscle but not 

in C2C12 myotubes (Figure 5.3.9 A-E), suggesting mitochondrial adaptation had 

occurred following MOTS-c treatment however, this was independent of AMPK 

signalling and only observed in vivo. Although we observed changes in protein 

expression, there was no difference in mitochondrial respiration rate (Figure 5.3.8 A and 

C) or hydrogen peroxide production (Figure 5.3.8 B and D, respectively) in C2C12 

myotubes treated with 100µM MOTS-c for 48 or 172 hours, suggesting MOTS-c does 

not promote functional mitochondrial adaptations in vitro. This discrepancy between may 

indicate that the mechanism by which MOTS-c promotes functional adaptations within 

muscle mitochondria may be dependent on other factors only present in vivo such as the 

presence of circulatory peptidases responsible for breakdown of peptides in blood (335, 

336). Therefore, future mechanistic research may require more specialised in vivo 

approaches as opposed to using generic reductive in vitro approaches to delineate the 

mechanism by which MOTS-c may enhance exercise performance. 

 

MOTS-c may also induce browning of white adipose tissue during sedentary conditions  

Muscle size/cross-sectional area is a significant factor that determines force production 

and has been linked to exercise performance and energy expenditure (337, 338). Recent 

speculative reports suggest MOTS-c may lower the expression of negative regulators of 

protein synthesis, myostatin and atrogin-1 and thus may play a role in regulating muscle 

hypertrophy and subsequently increasing energy expenditure as part of its metabolo-

protective effects (313, 339). However, we observed no significant difference in dry 

weight of soleus, gastrocnemius, or heart suggesting muscular or cardiac hypertrophy was 

not a factor influencing our observations of improved exercise performance of MOTS-c 

treated mice. However, we did observe a significantly lower subcutaneous fat weight in 

sedentary MOTS-c treated mice (Figure 5.3.6). Previous reports have shown MOTS-c 

treatment to increase body heat as well as the acute response to cold stress, suggested to 

be via increased  browning of subcutaneous white adipose tissue. Given our consistent 

findings of increased basal core temperature, this would suggest that MOTS-c may 

potentially induce browning in subcutaneous white adipose tissue resulting in increased 

energy expenditure and thus lower subcutaneous fat mass.  Although, as we did not 
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measure markers of browning in the subcutaneous fat tissue (UCP1, PGC1-α etc.), further 

investigation may be required to determine whether these findings are consistent with 

previous findings. Furthermore, high subcutaneous fat mass and lower exercise capacity 

are strongly associated with high risk of comorbidities associated with cardiovascular 

disease and type 2 diabetes in sedentary populations. Although exercise is a known 

therapeutic of these conditions, some people are unable to exercise due to degenerative 

diseases or safety concerns. Therefore, MOTS-c treatment may be a potential therapeutic 

that could be used to improve the exercise capacity and body composition of those at risk 

of these diseases who otherwise are unable to exercise. 

 
In conclusion, we provide evidence that 14 days of daily exogenous MOTS-c 

(20mg/kg/day) but not humanin treatment can enhance exercise performance of young 

sedentary male mice suggesting that MOTS-c could potentially be an ergogenic aid. 

Following MOTS-c treatment, we report increased skeletal muscle mitochondrial 

respiratory complex expression, as well as decreased lactate at exhaustion in vivo, which 

may underpin the observed enhancements in performance. Although, there was no effect 

on signalling proteins associated with mitochondrial biogenesis in vivo or in vitro 

suggesting that these enhancements occur independently of AMPK or PGC1-α. In 

addition, MOTS-c treatment lowered subcutaneous fat mass and increased basal core 

temperature, which is consistent with previous findings that suggest MOTS-c indirectly 

improves body composition, by increasing browning of white adipose tissue. Overall, 

these results support the potential of MOTS-c as a promising therapeutic that may one 

day help combat the pathological development of cardiometabolic disease that occur 

following conditions associated with chronic inactivity. 
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CHAPTER SIX 

 

DISCUSSION, LIMITATIONS, FUTURE DIRECTIONS AND 

CONCLUSIONS 

 

6.1 Preface 

This chapter will discuss the main findings of this thesis and how they contribute to the 

understanding of mitochondrial-derived peptide regulation by exercise and the potential 

role of MOTS-c in coordinating exercise responses and adaptations.   

 

Treatment with several exogenous mitochondrial-derived peptides (MDPs) and their 

analogues has been reported to promote enhancements in cytoprotection as well as 

glucose and lipid metabolism in models of disease, both in vitro and in rodents (25-27, 

29, 167, 179, 182, 244). These peptides have also been shown to be relatively ubiquitously 

expressed throughout the body, and certain non-communicable disease such as 

Alzheimer’s disease, cardiovascular disease, type 2 diabetes, and prostate cancer have 

been associated with lower MDP expression in plasma and certain tissues (172, 173, 176, 

179, 181, 184, 185, 210, 211, 340). As exercise has been long been shown to promote 

therapeutic effects on many diseases and also critically involves the mitochondria for 

energy provision and retrograde signalling, it has been theorized that mitochondrial-

derived peptides may be involved in regulating these beneficial effects of exercise. This 

thesis aimed to investigate whether exercise modulates endogenous expression of the 

MDPs MOTS-c, humanin, SHLP2 and 6 in humans and mice (Chapter 3 and 4), and 

tissue-specific uptake of MOTS-c (Chapter 4). Given that in Chapter 3 and 4 exercise was 

shown to modulate MOTS-c and humanin expression, in Chapter 5 we assessed the 

ergogenic properties of MOTS-c and humanin and began to investigate potential 

mechanistic targets of these peptides (25, 27, 204, 214).  
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6.2 Discussion of the major findings of this thesis 

 
6.2.1 Effect of acute exercise and HIIT on intramuscular and plasma MDPs  

The first main finding of this thesis was that intramuscular and plasma MOTS-c and 

humanin expression transiently increased immediately following acute high intensity 

interval exercise but only MOTS-c was altered following 2 weeks of high intensity 

interval training in young men (Figure 3.3.1-3.3.2 and 3.3.10-3.3.11). Prior to this work, 

only two studies in humans had previously investigated MDP expression following 

exercise, although both of these involved training (8-12 weeks) and therefore lacked an 

acute response of exercise and both also involved clinical populations (pre-diabetic older 

men and older polycystic ovarian syndrome women) (207, 209). Therefore, these findings 

are the first to demonstrate that MOTS-c and humanin are transiently modulated in 

skeletal muscle and plasma following acute high intensity interval exercise in healthy 

young adult men. Furthermore, two weeks of high intensity interval training did not 

modulate MOTS-c or humanin expression in skeletal muscle, only in plasma, of which it 

was lowered (Figure 3.3.11 A). This finding is unlikely to be due to a lack of a training 

response as time trial performance, relative rate of maximal oxygen consumption and 

mitochondrial respiration rate were all significantly increased following training (Figure 

3.3.9). Gidlund et al. (2016) reported a significant increase in humanin expression 

following 12 weeks of resistance training, which would suggest a longer training program 

duration may be required to positively modulate skeletal muscle MDP expression 

following high intensity interval training (207).  

 

6.2.2 MOTS-c and humanin is increased during skeletal muscle contraction ex vivo  

Given our observations of a matched transient increase in skeletal muscle and circulating 

plasma in vivo, we hypothesized that like other myokines, MOTS-c and humanin 

expression may be increased within skeletal muscle via an intrinsic mechanism and then 

released into circulation to be taken up into distal tissues as part of a downstream 

signalling mechanism (154, 155, 215, 268). Investigating this led to the second main 

finding of this thesis whereby, MOTS-c and humanin expression was significantly 

increased in isolated EDL mouse muscle following electrically stimulated contraction 

compared to rested conditions, ex vivo (Figure 3.3.4 C and D) (Chapter 3). We speculate 

that this disparity in MDP response between muscles may be due to a fibre type 

composition difference, with soleus having a predominantly type I oxidative fibre type 



217 
 

composition that utilises oxidative metabolism which is better suited for providing energy 

over more moderate intensities for a longer duration. Conversely, EDL is predominantly 

type IIb and is reliant on glycolytic metabolism during contraction, which may have 

unique unidentified signalling characteristics that leading to promotion of increased MDP 

expression in comparison to soleus. Within our human in vivo acute exercise samples, we 

sampled from vastus lateralis, which is reported as being a mixed fibre type muscle, 

therefore ~30% type II fibres within the muscle may have been a major contributor to the 

observed exercise induced increase in intramuscular expression of MOTS-c and humanin. 

In addition, as the exact mechanisms that promotes increases in intramuscular MDP 

expression following exercise are yet to be identified. However, more recently, Kim et al, 

(2018) showed MOTS-c translocates to the nucleus following AMPK activation, nutrient 

deprivation, and oxidative stress (245). This indicates MOTS-c is stress responsive and 

requires downstream signalling to carry out its paracrine effects on nuclear DNA. As 

exercise also invokes similar stressors, it is plausible that by utilising chemical inhibition 

(such as Compound C for AMPK or antioxidants for reactive oxygen species inhibition) 

during ex vivo muscle contraction, this could be used to further investigate the signalling 

pathway underlying MDP expression following contraction (245).  

 

Furthermore, we have previously shown that soleus exhibits greater basal expression 

compared to predominantly glycolytic fibre type composed muscles such as EDL and 

tibilais anterior (Figure 2.3 (205)), which we suggest may be due to relatively greater 

mitochondrial number/density. As aforementioned, MOTS-c has been shown to increase 

in skeletal muscle but decrease in circulatory plasma with age in men, which has been 

speculated to be an effect of age-related fibre type conversion. Other myokines have also 

been proposed to have differing roles depending on the fibre type of muscles, such as 

myonectin, which is highly expressed in oxidative relative to glycolytic muscles and as 

result is suggested to be involved in modulation of mitochondrial biogenesis, oxidative 

metabolism, and sensing energy status within these muscles. Taken together with our 

findings in humans and what is known about intramuscular MOTS-c expression, one 

plausible alternate reason why MOTS-c is altered in aged muscle and circulation could 

be that the associated fibre type conversion with age, may switch the role of MOTS-c to 

serve more of a paracrine role that is responsive to intracellular increases in age-related 

stressors such as oxidative stress, of which MOTS-c and humanin has been shown to be 

responsive in vitro (31, 184, 245). Collectively, our findings of ex vivo contraction of 
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soleus and EDL highlight the differential response of muscles of differing fibre type 

during contraction on MOTS-c and humanin expression. These findings are the first to 

demonstrate a contraction response of MDPs within isolated contracted conditions and in 

doing so indicates that skeletal muscle is at least one producer of endogenous MDPs 

following contraction/exercise.  

 

As MOTS-c and humanin have been shown to be downregulated in plasma with age and 

disease, the findings of this thesis suggest that exercise could be used to acutely modulate 

endogenous MDP levels within plasma and muscle, which may provide protection and 

therapeutic benefits as typically seen with regular exercise (154, 210, 280, 282, 341). 

Given the more recent findings by Guo et al., (214) and Kim et al,. (193), increasing 

MOTS-c expression in muscle and plasma is suggested to improve metabolic dysfunction 

associated with aging, through enhancement of insulin sensitivity and stress protection 

pathways, which could improve quality of life and potentially increase health span of the 

aging population (126). More recent findings in young (18-30 years), middle-aged (45-

55 years), and old men (>70 years old) suggest intramuscular MOTS-c increases, 

although plasma MOTS-c decreases with age. As we propose through our human and ex 

vivo model findings that skeletal muscle potentially contributes to circulating MOTS-c 

and humanin, we speculate that these age-related changes be due to dysfunction of 

MOTS-c secretion, resulting in its accumulation within the muscle. Therefore, perhaps 

regular exercise could help to maintain circulatory levels and subsequently metabolic 

health through protection of this secretory mechanism. Although, the exact relationship 

between MDP levels and physical fitness in young and aging populations has not yet been 

characterised, neither has there been direct evidence that MOTS-c is secreted following 

contraction of muscle. Therefore, it is important to investigate the relationship between 

healthy active/physically fit versus sedentary populations of all ages and MOTS-c 

expression as this would be an important indicator of whether exercise interventions could 

be used for increasing/maintaining MDP levels throughout life. Furthermore, 

investigation into skeletal muscle secretion following contraction will be important in this 

process (to be discussed further in future directions). 

 

It should be noted that because MOTS-c and humanin have been reported throughout the 

body, and our human exercise model only took measurements of in vivo expression in 

skeletal muscle and plasma, we could not conclude that skeletal muscle MDP expression 
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was solely that of muscle or that it was being secreted and taken up in distal tissues 

following exercise (25, 29). As tissue expression of MOTS-c had only been reported 

during basal and following overnight fasting conditions in rodents and not following 

exercise, we had to determine endogenous skeletal muscle and non-muscle tissue MOTS-

c expression as well as circulatory uptake of MOTS-c using rodent models of exercise 

that allowed access to tissue otherwise difficult to obtain from humans (Chapter 4) (25, 

27, 167). 

 

6.2.3 MOTS-c is differentially modulated in muscle and non-muscle tissues by 

exercise 

Depending on intensity and duration, we detected different responses in skeletal muscles 

and non-muscle tissues (liver, heart, and subcutaneous fat) following exercise (Figure 4.1 

and 4.4). Mounting evidence demonstrates distinct differences in skeletal muscle 

signalling, particularly regarding oxidative stress and nutrient sensing, occur following 

high intensity interval exercise compared to traditional moderate intensity (43, 47, 247, 

306, 323). Further, Kim et al., (245) has shown activation of AMPK and chemically-

induced oxidative stress to mediate the intracellular translocation of MOTS-c, whereby 

antioxidant regulating elements (ARE) are activated following MOTS-c transport and 

binding from the cytoplasm into the nucleus, increasing transcription of stress response 

genes, heme-oxygenase 1, NADPH-quinone-1 and NEF2L2 in vitro (245). Therefore, 

differences in signalling response to each of acute exercise bouts may then partially 

explain why we observed differences in the exercise response of MOTS-c within both 

muscle and non-muscle tissues. Although, we also assessed ARE-related genes within 

muscle following high intensity interval exercise in our humans but found no significant 

relationship between these and the acute MOTS-c response (Figure 3.3.7). However, we 

speculate this was likely due to a relatively small sample size to perform XY correlations 

of this nature and therefore a larger cohort may be more appropriate to detect a 

relationship between acute responses. Furthermore, we observed that plasma MOTS-c 

was transiently increased immediately following high intensity interval exercise in mice 

similarly to humans, suggesting the acute plasma response to exercise was consistent in 

mouse and human models of exercise (Figure 4.5). These findings are important as they 

indicate that the mechanism by which circulatory MOTS-c levels are maintained in vivo 
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is conserved across species, making our findings in rodents more likely to be translatable 

to humans (342, 343). 

 

6.2.4 MOTS-c uptake at rest and following acute high intensity exercise 

As exogenous administration of MOTS-c has been shown to enhance systemic glucose 

and lipid metabolism following intraperitoneal injection, this suggests that exogenous 

MOTS-c is taken up into tissues that control glucose homeostasis such as the pancreas, 

skeletal muscle, the liver and adipose tissue. Systemic enhancements of this nature by 

MOTS-c likely indicates that circulatory MOTS-c is targeted rather than simply a product 

of diffusion into tissues near the IP site of administration. Uptake of MOTS-c into tissue 

from circulation therefore likely evokes specific downstream signalling changes that 

promote adaptation within these tissues, although the exact mechanism by which this 

occurs including the membrane receptor/transporter for MOTS-c, is yet to be identified.  

 

Basal MOTS-c uptake  

Previous investigations of exogenous MDP uptake have only been reported with 

exogenous humanin and its analogues. Although, these observations were measured only 

within the blood and liver following IP injection, they still provides the earliest evidence 

of in vivo uptake of an MDP (251). Similarly to humanin, basal expression of MOTS-c is 

reported as relatively ubiquitous throughout the rodent body (27, 251). Within Chapter 4, 

we detected iodinated MOTS-c across a wide range of tissues during sedentary 

conditions, however, we only observed significant increases compared to 0 minutes post-

injection within soleus, heart, spleen, lungs, liver, kidneys, and within the gastrointestinal 

tract (Figure 4.12). Although we detected changes in uptake over such a wide range of 

tissues, it is noteworthy that we observed no change in gastrocnemius or adipose tissue 

MOTS-c uptake, suggesting circulatory MOTS-c was not targeted to specific muscles or 

to any adipose tissues. Given that studies that have reported upregulation of metabolism 

and protective pathways within skeletal muscle, in vivo, only describe that ‘skeletal 

muscle’ was analysed, this makes it difficult to state whether these findings support 

targeting of exogenous MOTS-c to skeletal muscle, in vivo. (167, 195, 307). Instead, these 

findings may suggest that certain skeletal muscles and adipose are targeted by circulating 

MOTS-c, and instead these systemic adaptations potentially occur through other the other 

tissues that we identified significant uptake at rest (Figure 4.12). As this thesis only aimed 
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to characterise MOTS-c uptake during rest and following exercise, rather than the 

downstream mechanism of it, this requires further investigation. Collectively, these 

findings of MOTS-c uptake are the first to demonstrate direct evidence of tissue MOTS-

c uptake in vivo and in doing so, also indicate potential targets of circulatory MOTS-c 

that may be beneficially modulated following treatment during rested conditions.  

 

MOTS-c uptake and expression following exercise 

Following successful measurement of MOTS-c uptake during rested conditions, this led 

to the fourth main finding of this thesis, where liver, pancreas and subcutaneous fat were 

found to have greater MOTS-c uptake following acute high intensity interval exercise 

compared to rested control uptake (Figure 4.13 E and Figure 4.14 A,B). As 

aforementioned, MOTS-c is known for its potent effects on glucose and lipid metabolism, 

of which the liver, adipose and pancreas are involved (167). Recent evidence by Kim et 

al., (193) suggests MOTS-c treatment increases carboxylic free fatty acid metabolism and 

hepatic lipid accumulation within the liver during high fat diet, leading to reduced hepatic 

fatty acids and triglycerides (167, 193). Additionally, MOTS-c treatment has been linked 

to improved systemic insulin sensitivity measures (greater glucose clearance rate during 

hyperinsulinemic euglycemic clamp) and fasted insulin and glucose levels) suggesting it 

has potent effects on glucose homeostasis in vivo. Furthermore, MOTS-c treatment 

following cold exposure led to greater browning of white adipose depots, increased 

energy expenditure and increased expression of adipose uncoupling protein 1 (UCP1) 

expression (307). Here we show similar findings to Lee et al., (167), whereby 

subcutaneous fat mass was lower relative to vehicle controls (Figure 4.13 E) and basal 

core temperature was increased relative to pre-treatment (Figure 5.3.2 E), indicative of 

upregulated basal metabolic activity and energy expenditure (307). Exercise has long 

been prescribed as part of lifestyle interventions due to its ability to increase glucose 

uptake independent of insulin and GLUT-4 expression at the cytoplasmic. Therefore, as 

MOTS-c activates similar pathways to exercise and is increased in plasma following 

exercise, it is plausible that MOTS-c may be a signalling mediator that promotes these 

adaptations following exercise. As we did not investigate the signalling pathways 

surrounding these changes in MOTS-c treated mice, we can only suggest that from our 

findings that exercise increases intramuscular and plasma endogenous MOTS-c 

expression as well as increases routing of circulatory MOTS-c to the liver, pancreas, and 
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subcutaneous fat, which may be involved in facilitating its metabolic and protective 

functions in vivo. 

 

6.2.5 MOTS-c mediates exercise performance, metabolism, and stress protection 

Within chapter 5, we hypothesized MOTS-c would induce ergogenic benefits on 

performance due to targeted activation of upstream signalling markers (AMPK, SIRT1 

and PGC1-α) of skeletal muscle mitochondrial adaptation. We indeed observed ergogenic 

effects of short-term MOTS-c treatment on male mice kept in sedentary conditions 

(Figure 5.2). As we observed greater mitochondrial complex I and IV expression in 

MOTS-c treated mice, we speculated that MOTS-c improves mitochondrial function 

following mitochondrial adaptation. Although, further in vitro investigation suggested the 

effects of MOTS-c on whole body performance occurred independent of changes in 

skeletal muscle cell mitochondrial adaptation markers (AMPK and PGC1-α activation, 

mitochondrial complex expression, and mitochondrial respiratory function) (Figure 5.3.3 

and 5.3.4). However, recent metabolomics and RNA sequencing of exercised skeletal 

muscle from MOTS-c treated mice by Reynolds et al., (195) revealed upregulation of 

glycolytic and amino acid metabolites associated with AMPK signalling and central 

carbon metabolism as well as of pathways involved in lipid, carbohydrate, amino acid, 

nucleotide metabolism and oxidative stress defence and immune responses (195). These 

processes appeared to be central to an increase in heat shock factor responses, in 

particular, mediation via the master nutrient sensing protein, heat shock factor 1 (HSF1), 

which indicates that HSF1 is another key part of the mechanism by which MOTS-c 

evokes its protective metabolic effects in vivo. 

 

Given that mitochondrial function was not affected by MOTS-c treatment in vitro, we 

also investigated real-time measures of exercise metabolism utilising metabolic chamber 

treadmill analysis and an indirect measure of anaerobic metabolism (blood lactate 

measurement). Both treatment groups had similar maximal oxygen consumption and 

respiratory exchange ratio (RER) (Figure 5.3.5 C,D), although, MOTS-c treated mice had 

lower blood lactate levels following exercise to exhaustion compared to vehicle controls 

(Figure 5.3.5 F). This indicates that MOTS-c treatment either reduces the contribution of 

anaerobic energy production or that it enhances lactate clearance near exhaustion, which 

may subsequently increase the lactate threshold (108, 110, 111, 344). Surpassing lactate 
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threshold has been shown to highly correlate with muscular fatigue during exhaustive 

exercise, therefore by increasing clearance rate of lactate, this may allow mice to exercise 

for longer prior to reaching exhaustion (110, 345). Although, we did not investigate 

markers associated with lactate clearance capacity, this could be investigated in future to 

determine the potential role of lactate being involved in the ergogenic mechanism of 

MOTS-c.  
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6.3 Limitations 

Within the studies of this thesis we have identified some limitations to our findings. 

Within Chapter 5, we had been unsuccessful in generating a performance effect following 

concurrent MOTS-c treatment with HIIT training in mice, we could not measure 

mitochondrial function (respiration and hydrogen peroxide production) in MOTS-c 

treated muscle that was linked to improved performance (Chapter 5.3.3). Therefore we 

used an in vitro approach involving MOTS-c treated C2C12 myotubes to test 

mitochondrial function. Although from this, we did not observe similar changes in 

oxidative phosphorylation protein expression as seen in the mice treated with MOTS-c, 

indicating MOTS-c may work differently in vivo compared to in vitro. As in vitro models 

do not completely mimic in vivo living conditions or allow for interactions of other cell 

types within culture, these variations may have had a significant impact on our findings 

(342, 343, 346, 347). Within chapter 4, we used synthetic MOTS-c peptide (designed to 

identically to endogenous MOTS-c) to measure uptake within the circulation. Although, 

as we had no other control peptide to measure our uptake findings of MOTS-c against, 

we have to assume these differences following exercise are due to specific functions of 

MOTS-c. Utilisation of a scrambled peptide sequence such as that used in Lee et al., (167) 

or the recently identified K14Q MOTS-c null variant (shown to have no effect on 

metabolism in vivo) (348) could help strengthen these results by providing evidence that 

only this MOTS-c peptide is capable of achieving these findings. 
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6.4 Future directions  

Within Chapter 3, it was demonstrated that MOTS-c and humanin were both increased in 

muscle and plasma immediately following exercise in vivo as well as following isolated 

contraction of EDL muscle (Figure 3.3.1). Furthermore, within chapter 4, evidence is 

shown of increased MOTS-c uptake into the liver, pancreas, and subcutaneous fat which 

we speculate is part of a signalling mechanism that is part of the endogenous signalling 

function of MOTS-c. However, from these experiments, we did not directly demonstrate 

that MDPs can be secreted from exercised skeletal muscle. Therefore, a future direction 

of this research would be to collect the buffer following ex vivo muscle experiments 

before and after contraction and then assess either by ELISA or western blot whether 

MDPs are detected/increased relative to non-contracted controls. This would directly 

indicate that a secretion mechanism is present. Additionally, an arterial venous sampling 

in vivo exercise study could also be undertaken whereby arterial and venous catheters are 

inserted into the femoral vein of the exercising leg. From this, blood could be sampled as 

it enters and exits the exercising leg circulation thus allowing for plasma MDP 

concentration to be measured either by ELISA or western blot at time points before, 

during and after exercise. Together, these two experiments would aid in determining the 

endogenous function and pathway of MDPs produced following exercise. This may help 

in delineating the factors which may underpin MDP regulation of skeletal muscle in vivo.   

 

Within chapter 4, evidence of in vivo MOTS-c uptake at rest and following exercise is 

reported within all tissues that were measured over a 480 and 240 minute time course, 

respectively. These findings provide meaningful insight into the endogenous uptake of 

MOTS-c. Although as previously mentioned (chapter 4), there appeared to be a delay in 

maximal blood concentration of radiolabelled MOTS-c peptide as indicated by a steady 

increase of radiolabelled MOTS-c detection in whole blood up to 1h post-injection before 

MOTS-c in blood began to decrease linearly (Figure 4.10 A,B). This increase was 

characteristic of an absorption phase and thus a delay in available MOTs-c immediately 

within the blood, which we hoped to avoid by administering the radiolabelled MOTS-c 

via tail vein injection. The half-life of humanin has been determined as approximately 

~30 minutes following IP injection in vivo and as MOTS-c is of similar molecular weight 

and peptide origin, it has been speculated that it is similar to humanin (251). However, 

the findings in Chapter 4 (Figure 4.10-4.11) suggest radiolabelled MOTS-c uptake is 

detectable among all tissues we measured for up to 8 hours post-injection. Therefore, if 
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the basal MOTS-c uptake experiments (Figure 4.10) conducting within this thesis were 

repeated with the addition of administering more accurate tail-vein injections, this would 

allow for a better determination of in vivo half-life of MOTS-c to be calculated. This could 

provide a window of treatment that could then be used further when designing future 

exogenous MOTS-c treatment studies. 

 

MOTS-c had an ergogenic effect on treadmill exercise performance in sedentary mice, 

however when mice were concurrently exercise trained and treated with MOTS-c, we did 

not see any effect of training. As discussed previously (Section 6.2.5), high intensity 

interval training has been shown to exert beneficial effects on exercise capacity across 

multiple different mouse strains in healthy and diseased models. However, in comparison 

to our 4 week training program, these are generally longer in duration (8-16 weeks). 

Therefore, to appropriately investigate the effect of concurrent MOTS-c treatment with 

exercise training, a longer duration training study is likely required. By investigating the 

outcome of concurrent MOTS-c treatment and exercise training, this may indicate 

whether concurrent treatment saturates the theoretical signalling pathways that MOTS-c 

activates to improve exercise performance and in doing so will indicate whether pathways 

are similar to that which are canonically activated by exercise.  
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6.5 Conclusions 

 

In summary, the major conclusions of this thesis are: 

 

1) MOTS-c and humanin are exercise-sensitive mitochondrial derived peptides that 

are transiently increased following acute high intensity interval exercise in skeletal 

muscle and plasma in humans.  

 

2) Skeletal muscle contains intrinsic mechanisms that promote the production of 

MOTS-c and humanin following ex vivo contraction.  

 

3) Skeletal muscle and non-muscle tissue MOTS-c expression is differentially 

modulated depending on exercise intensity and duration within rodent models of 

acute exercise. 

 

4) Exercise promotes uptake of circulatory MOTS-c into the liver, pancreas, and 

subcutaneous fat in mice. 

 

5) Short-term exogenous MOTS-c treatment enhances treadmill exercise performance, 

although we suggest this likely occurred independently of AMPK signalling and 

changes in mitochondrial function. 
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Questionnaires and forms related to Chapter 3 (Human exercise study) including: 

• Participant recruitment advertisement 

• Medical screening questionnaire and training history form 

• Participant information sheet 

• Consent form 
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PARTICIPANT RECRUITMENT ADVERTISEMENT 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To determine if newly discovered health promoting peptides are
regulated by exercise, we are seeking health male volunteersaged 18-
35 to undergo 12 exercise sessions over 4 weeks at the University of
Auckland, Grafton campus. During two of the exercise sessions, we will
be taking samplesof your muscle and blood.

Benefits of participation:

• Fitness assessment (VO2 max)

• Body composition analysis

• Compensation for time ($500 
d voucher)

• 11 supervised exercise sessions

• Contribute to health research

For further informationpleasecontact:
Troy Merry Ph: (09) 923 9008
Department of Molecular Ph/txt: 027 910 7776
Medicine and pathology, Email: t.merry@auckland.ac.nz
The University of Auckland, 

April 2016

HEALTHY MALE VOLUNTEERS WANTED

How Does Exercise Improve 
Our Health?

STUDY APPROVED BY THE HEALTH AND DISABILITY ETHICS COMMITTEE
Reference Number XXXXX
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MEDICAL QUESTIONNAIRE AND TRAINING HISTORY FORM 
 

 
 
 
 
 
 
 
 
 

 
The effect of high intensity acute exercise and exercise training on 

mitochondrial derived peptide levels in humans 

 

NAME:_____________________________________AGE:__________________ 
 
WEIGHT:__________ HEIGHT (cm):___________SEX___________________ 
 
DATE_________ 
 
HEALTH STATUS: 
1) Do you have high blood pressure?   YES NO DON'T KNOW 

If yes, please elaborate: _______________________________________________________ 

2) Do you smoke?     YES NO 

3) Do you have or a family member have diabetes?  YES NO DON'T KNOW 

4) Do you, or a member of your family, 

suffer from a bleeding disorder?    YES NO DON'T KNOW 

5) Is there a family history of heart disease?  YES NO DON'T KNOW 

If yes, please elaborate: _______________________________________________________ 

6) Are you overweight?     YES NO DON'T KNOW 

7) Do you have a heart murmur?    YES NO DON'T KNOW 

8) Are you asthmatic?     YES NO DON'T KNOW 

9) Do you have a current injury which may effect 

your ability to take part in the study?   YES NO DON'T KNOW 

If yes, please elaborate: _______________________________________________________ 

10) Do you have allergies (including to medications)? YES NO DON'T KNOW 

If yes, please elaborate: _______________________________________________________ 

11) Are you currently on any medication?   YES NO 

If yes, what is the medication?__________________________________________________ 

12) Are you taking any supplements including antioxidants. If so, please provide details below: 

____________________________________________________________________________ 

If you answer “yes” to any one of questions one to four, it is necessary for you to be excluded from the 
study.  If you answer “don’t know” to question one, it will be necessary for us to test your blood pressure 
before a decision is made concerning your involvement in the study.  If you answer “yes” to any of questions 
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five to eleven or “don’t know” to questions three or four we will need to ask you for more details and then 
make a medical decision based on your specific circumstances. 
I believe that the information I have provided is correct.  I have not used anabolic steroids or any other 
growth-enhancing agent.   
 
Name of Subject:  ______________________________     Signature of Subject:   
 
How many days did you exercise on the week of your testing for at least 30 minutes? 

[ ] 0-1  [ ] 2-3  [ ] 4-5  [ ] 6+ 
 

1. Please list the type of activity you did last week, as well as how long you did the activity. 
___________________________________________________________________________________
___________________________________________________________________________________
___________________________________________________________________________________
___________________________________________________________________________________
___________________________________________________________________________________
_________________________ 
 
2. How INTENSE would you rate your previous workouts in the month of your testing?  In other 

words, how HARD was your body usually working? 
 
[ ]                     [ ]               [ ]           [ ]               [ ] 

       very intense          worked hard   an average workout        a light workout       no workouts 
 

 
3. Are the previous questions representative of your typical workouts over the past 6 months? 

[ ] Yes  [ ] No 
 

• If no, why is this not a typical example of your workout history? 
__________________________________________________________________________________
__________________________________________________________________________________
__________________________________________________________________________________
_____________________________________________ 

 
5. Please list the activities/athletics you have participated in over the previous 5 years.  Indicate what 

level you participated in each event (National, Atlantic Region, Provincial, or Recreational. 
 

ACTIVITY        LEVEL     YEAR 

__________________________________________________________________________________
__________________________________________________________________________________
__________________________________________________________________________________
_______________ 

 

 

Which ethnic group do you belong to? 
Mark the space or spaces which apply to 
you. 

 New Zealand European 
 Māori 
 Samoan 

 Cook Island Maori 
 Tongan 

 Niuean 
 Chinese 

 Indian 
 Other such as DUTCH, JAPANESE, 

TOKELAUAN. Please 
state.____________________________ 
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PARTICIPANT INFORMATION SHEET 

 
The effect of high intensity acute exercise and exercise 

training on mitochondrial derived peptide levels in humans 
 

We invite you to participate in an exercise intervention study aimed at identifying novel 
exercise regulated peptides. Your participation in the research is entirely voluntary (your 
choice). If you do agree to take part, you may contact the investigators to withdraw from 
the research at any time, without having to give a reason. You can also request that any 
samples or data you provide for this research be withdrawn prior to the publication of any 
results.  
 

Who can take part? 
You can take part if you are a male, aged 18-35 years of age, and are healthy. You must be 
willing to exercise vigorously and visit the University of Auckland (Grafton) 11 times over 
4 weeks. The duration of these visits varies from 30 min up to 4 hr. The study will involve 
the collection and analysis of muscle and blood samples. Many iwi, hapu, and whānau 
disagree with gene testing of tissue samples due to issues with the loss of rights to your 
whakapapa. However, it is acknowledged that individuals have the right to choose. We 
encourage you to consult with your friends and whānau, especially around the gene testing 
process and the collection of your muscle tissue before agreeing to participate. If you have 
any cultural requirements or questions that relate to your potential participation in this 
project, please ask the research team before signing this document. It is the role of the 
investigators to ensure that you understand all procedures and risks: please feel free to ask 
any questions.   
 

Who designed the trial?  
This trial was designed by research staff at the University of Auckland. The researchers 
conducting this trial are interested in understanding the molecular mechanisms through 
which exercise improves health.    
 

Background 
It is not clear how exercise improves health. Organs in our body (particularly muscle) 
send chemical messengers (such as hormones, metabolites, and peptides) in response to 
exercise, and these chemical messengers play a role in the health promoting effects of 
exercise. It has recently been found that the parts of our cells that produce energy 
(mitochondria) also make peptides. Here we will test whether several newly discovered 
mitochondrial peptides are regulated by exercise and could potentially be involved in 
regulating our adaptive responses to exercise. 
 
What is the aim of the research?  
The aim of the research is to assess the effects of high intensity exercise and high intensity 
exercise training on muscle and blood levels of newly discovered peptides.  
 
What happens if I decide to take part?  
This research requires 12 visits. 

 
Visit one (screening 1-1.5 hr)  
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This will take place in person at the University of Auckland Grafton campus at 85 Park 
Road, Grafton. We will discuss this participant information sheet with you and if you wish 
to participate you will be asked to sign an informed consent form. You will be asked some 
questions about your health, and your height and weight and undergo a DEXA scan which 
will give you information about your bone, fat, and muscle mass. DEXA scans will expose 
you to a small amount of radiation, but this is no more than you would be exposed to as 
background in a normal day. You will also be asked to perform strength and aerobic fitness 
tests. The strength test will involve sitting on a specially designed chair and pushing as hard 
as possible against a pad fastened to your ankle. To determine your maximal exercise 
capacity, you will cycle continuously on a stationary bike with incrementally increasing 
workloads until exhaustion (12 to 20 minutes) and your expired breath will be collected 
through a mouthpiece.  
 
Visits two and twelve (1 h) 
During these visits we will test your exercise performance. Following a warmup, you will 
be asked to complete a workload (500 kj) on an exercise bike as fast as possible. This will 
take approximately 30-45 min.  
 
Visits three and ten (4 hours each) 

These visits will take place 48-72 hours after visits 2 and 9. We ask that you abstain from 
exercise for at least 48 h before this visit.  We also ask that you do not eat anything after 
10 pm the night before and arrive to the laboratory in the morning having only consumed 
water (not coffee, tea, or juice). During these visits you will complete 10 repetitions of 60 
s high intensity stationary bike cycling with 75 s rest between each repetition. Muscle 
biopsies will be taken from your thigh muscle. You will be given local anaesthetic to 
prevent you from feeling pain and a small 4mm incision will be made, then a muscle 
sample the size of a small pea will be collected; you may still feel a deep pressure 
sensation. Your leg might be sore for a few days after the procedure. We will collect 
muscle samples immediately before, immediately after and 3 h following exercise. There 
will be a total of SIX MUSCLE BIOPSIES over the course of the study (3 in visit three 
and 3 in visit ten). A small needle will also be placed into your arm vein. This is slightly 
painful and can cause discomfort. This needle has a plastic cannula that will be left in 
your arm vein. This too is a little uncomfortable and you will not be able to fully bend 
your arm. The researcher will take a 10 ml sample of blood before, halfway though, and 
every 30 min for 3 h following exercise to measure hormones, peptide, and metabolites 
in your blood to determine your metabolic response to exercise. The total amount of blood 
taken in each for each of these visits will be no more then 6 tablespoons. You will also be 
asked to provide a urine sample pre- and post-exercise. 
 

Visits four-nine (30 min each) 
These will be exercise-training visits and there will be six visits over a period of 2 weeks 
with each visit being separated by at least 1 day of rest. During these visits you will be 
asked to complete 8-12 repetitions of 60 s high intensity stationary bike cycling with 75 s 
rest between each repetition. You may feel fait and/or nauseous following this high 
intensity exercise but this will pass quickly.  

 
Follow-up care 
Research personnel will contact you after the final study visit to check how you are feeling 
and after visits three and ten. The muscle biopsy site may take several days to fully heal, 
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if you experience any symptoms such as bruising, or pain contact the research personnel 
via telephone. 
 
The risk and benefits of the research  
Overall, there are no major risks associated with taking part in this research.  There is low 
risk associated with the DEXA.  We are exposed to very low amounts of radiation all the 
time from the sun and other sources in our everyday lives. The DEXA scan involves 
exposure to a similar amount you normally experience in one day. There are minor risks 
involved in muscle biopsy, including bleeding, bruising, muscle soreness or infection. 
Our research staff will explain all of this to you in detail, and you will be welcome to ask 
questions. You may feel some discomfort from the biopsies on the day after the study. 
Again, staff will be available to answer any questions and advise you about any problems 
that you may experience. While there is a risk of injury (such as muscle strain) or feeling 
faint/nausea associated with high intensity exercise, in healthy individual undertaking 
stationary cycle riding we believe this to be negligible. There are slight risks associated 
with blood sampling.  These are minimised by having all procedures undertaken by a 
qualified phlebotomist using accepted antiseptic technique. There is a small chance of 
minor bruising as a result of insertion of the catheters or venepuncture.  Very occasionally, 
however, there can be infections.  We consider the risk extremely low given the 
aseptic/barrier techniques used. 
The research will be stopped should any harmful effects appear or if research investigators 
feel that it is not in your best interest to continue. Any symptoms that you may experience 
will be recorded as part of the trial.  
 
In the unlikely event of a physical injury as a result of your participation in this study, 
you may be covered by ACC under the Injury Prevention, Rehabilitation, and 
Compensation Act 2001. ACC cover is not automatic, and your case will need to be 
assessed by ACC according to the provisions of the Injury Prevention, Rehabilitation, and 
Compensation Act 2001. If your claim is accepted by ACC, you still might not get any 
compensation. This depends on a number of factors, such as whether you are an earner or 
non-earner. ACC usually provides only partial reimbursement of costs and expenses, and 
there may be no lump sum compensation payable. There is no cover for mental injury 
unless it is a result of physical injury. If you have ACC cover, generally this will affect 
your right to sue the investigators. If you have any questions about ACC, contact your 
nearest ACC office or the investigator. You are also advised to check whether 
participation in this study would affect any indemnity cover you have or are considering, 
such as medical insurance, life insurance and superannuation. 
 
Will there be genetic testing? 
We will measure the amount of some of your genes, proteins, and metabolites because 
they can change after exercise and may provide a biomarker of the exercise response. 
There is no one gene, that determines your fitness or exercise capacity, but a number of 
small changes which contribute to your ability to adapt to exercise. We will NOT be 
testing other genetic diseases that you could be carrying. Our genetic testing will NOT 
provide any information on heritage.  
 
What will happen with my blood and muscle samples? 
We will analyse your blood, urine, and muscle samples in New Zealand for hormone, 
peptide, protein, gene, and metabolite levels. A portion of your blood and muscle sample 
will also be sent to Prof. Pinchas Cohen’s laboratory in the USA for analysis of additional 
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peptide levels. Blood and muscle samples will be stored in secure freezers in an access-
restricted area at the University of Auckland, until analysis is completed. Samples will be 
stored in the same facility as animal tissue. There will be no future unspecified research 
made on your samples without your prior approval. After completion of the study, we 
will keep your contact details for 10 years, but you will only be contacted in the unlikely 
event that we would like to preform further unspecified analysis. If we cannot contact, 
you at this time we will not perform this analysis. After these analyses have been 
performed on your tissue samples, it will not be possible to return any unused samples to 
you, although you are welcome to request their return prior to any analysis. Your samples 
will be kept until the end of the analysis for a total of 10 years. At the end of this time a 
medical waste contactor will dispose of your tissue. If you would like a karakia performed 
at this time, please indicate so in the consent portion of this form. Any samples for 
disposal by karakia will be clearly marked. It is possible that the entire sample may be 
used for analysis, in that case there will be no need for disposal and a karakia is not 
possible. All samples sent overseas will be used in analysis, and therefore no disposal will 
be required.   
 
 
Confidentiality  

Research files, data, and all other information that you provide will remain strictly 
confidential. When the analysis is completed the researchers will analyse the whole group’s 
data and report on averages. This data will be used for scientific publication and 
presentations. No material that could personally identify you will be used in any reports on 
this research. All computer records will be password protected. Upon completion of the 
research your records will be stored for 10 years in a secure place, before being destroyed 
by the principle investigator or co-investigators. If this is not possible for any reason the 
head of the principle investigators department or otherwise designated research will take 
responsibility for this process. A copy of your results will be given to you upon completion 
of the research at your request. 
 

Trial Payments 
There will be no financial cost to you for taking part in the trial. In addition to 11 
supervised exercise training sessions, a comprehensive fitness assessment and body 
composition analysis you will receive a gratuity of $500 in the form of Westfield 
vouchers.  
 
Finally 

Thank you for considering your participation in this study. 
 
Ngā Tāngata hei whakapānga atu –  
 
For more information please contact:  
 
Troy Merry, Department of Molecular Medicine and Pathology, The University of 
Auckland, 85 Park Rd. Grafton Telephone: 09 923 9008 Email: 
t.merry@auckland.ac.nz 
If you want to talk to someone who is not involved with the study, you can contact an 
independent health and disability advocate on: 
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Phone:  0800555050 
Fax:   08002SUPPORT(080027877678) 
Email:   advocacy@hdc.org.nz 

You can also contact the health and disability ethics committee (HDEC) that approved this 
study on: Phone: 0800 4 ETHICS Email:  hdecs@moh.govt.nz 

This research has received Ethical Approval from the Southern Health and Disability Ethics 
Committee 

The investigators of the research are:  
Dr. Troy Merry, 
Department of Molecular Medicine and Pathology 
The University of Auckland, New Zealand 
Telephone: 09 923 90086 Email: t.merry@auckland.ac.nz 
 
Prof David Cameron-Smith, 
Human Nutrition Unit and Liggins Institute 
The University of Auckland, New Zealand 
Telephone: 099231336 Email: d.cameronsmith@auckland.ac.nz 
 
Dr. Cameron Mitchell 
Liggins Institute 
The University of Auckland, New Zealand 
Telephone: 099236606 Email: Cameron.mitchell@auckland.ac.nz 
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CONSENT FORM 

 
 
Subject Name: _____________________________ Date of Birth: ___/___/______  
 

The effect of high intensity acute exercise and exercise 
training on mitochondrial derived peptide levels in humans 

 
 

I have read and I understand the Participant Information Sheet and wish to take part in the 
research entitled “The effect of high intensity acute exercise and exercise training on 
mitochondrial derived peptide levels in humans” which is designed to investigate the 
effects of exercise on tissue peptide levels. 
I have had the opportunity to discuss this research with the investigator. I am satisfied 
with the answers I have been given. 

1. I have had the opportunity to use support from a family (whanau) member or a friend 
to help me ask questions and understand the research.  

2. I understand that taking part in this research is voluntary (my choice), and that I may 
withdraw from the research at any time and this will in no way affect my future or 
continuing health care.  

3. I understand that blood and muscle samples will be collected and sent overseas for 
analysis and will not be able to be returned to me.  

4. I understand that the treatment, or investigation, will be stopped if it should appear 
harmful to myself.  

5. I understand the risks associated with partaking in this research.  
6. I have had time to consider whether to take part.  
7. I know whom to contact if I have any side effects from the research.  
8. I know whom to contact if I have any questions about the research.  
9. I agree not to restrict the use of any data or results that arise from this research 

provided such a use is only for scientific purpose(s)  
 
 
 

Participant to complete: Please circle as appropriate 
I consent to participate in the “The effect of high intensity acute 
exercise and exercise training on mitochondrial derived peptide 
levels in humans” study 

 
Yes 

 
No 

I wish for a karakia to be said at the time of my tissue disposal  
Yes 

 
No 

I wish to receive a copy of the results.  I understand that there 
may be a specific delay between data collection and the 
publication of the research results 

 
Yes 

 
No 

I understand that my tissue samples may be stored for up to 10 
y and some of the samples will be sent overseas.  

 
Yes 

 
No 
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Participant to complete:  

 
I ______________________________ Print full name 

of ______________________________ Print address 

 ______________________________ 

 ______________________________ 

hereby consent to take part in this research which is designed to investigate the effects of 
high protein diets on muscle, metabolism, and microbiome. 
 
 ______________________________ Signature of Participant 

 ______________________________ Date 

 
Research Personnel to complete: 

 

 ______________________________ Full name of Principal Investigator 

 ______________________________ Signature of Principal Investigator

 ______________________________ Contact telephone number for PI 

 
Research Personnel to complete: 

 
 ______________________________ Project explained by 

 ______________________________ Project role 

 ______________________________ Signature 

 ______________________________ Date 

 

 

A copy of this consent form is to be given to the participant. 

and to be kept in their research file. 

 

 

APPROVED BY THE HEALTH AND DISABILITY ETHICS COMMITTEE 
  Reference Number 16STH116 
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APPENDIX B 

 

Woodhead JS, D’Souza RF, Hedges CP, Wan J, Berridge MV, Cameron-Smith D, Cohen 

P, Hickey AJ, Mitchell CJ, Merry TL. High-intensity interval exercise increases humanin, 

a mitochondrial encoded peptide, in the plasma and muscle of men. Journal of Applied 

Physiology. 2020 May 1;128(5):1346-54. 
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