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Abstract 

Vitamin D refers to a group of fat-soluble seco-steroids which interact with a variety 

of tissues within the human body including skeletal muscle. Vitamin D can be 

converted to 25[OH]D and its biologically active form 1,25[OH]2D3 through the 

actions of hydroxylases encoded by CYP27A1 and CYP27B1 (Girgis et al. 2014). The 

vitamin D receptor (VDR) is also present within skeletal muscle and exerts both 

genomic and non-genomic signaling responses upon exposure to its ligand 

1,25[OH]2D3 (Srikuea et al. 2012). Recent evidence suggests that vitamin D is also 

implicated in mitochondrial regulation, with reductions in respiration and mitophagy 

observed in both murine cell and rat VDR knock-down (KD) models (Ashcroft et al. 

2020; Bass et al. 2021). VDR protein abundance also gradually declines with age, 

independent of 25[OH]D status and may contribute to the age-related decline in 

muscle mass and function (Bischoff-Ferrari, Borchers, et al. 2004). Given that exercise 

is a known therapeutic to improve aspects of mitochondrial biology, it remains to be 

determined if the VDR is implicated in regulating exercise induced mitochondrial 

adaptations. Electrical pulse stimulation (EPS) represents a way in which to study 

both the acute and chronic effects of exercise in vitro όbƛƪƻƭƛŏ Ŝǘ ŀƭΦ нлмтύ. While there 

has been an increase in the application of EPS within recent years, there does not 

exist any defining guidelines or consensus on the optimal parameters to elicit specific 

exercise-like responses. While exercise training in vivo generates divergent post-

exercise responses (i.e., improved cardiorespiratory fitness following endurance 

training) it is not currently known whether this is possible in vitro. Therefore, to 

appropriately measure the importance of the VDR on the post-exercise responses to 
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EPS, it first must be determined whether EPS is providing the desired exercise-like 

response. Therefore, this thesis aimed to determine the suitable EPS parameters to 

elucidate the role of the VDR in regulating endurance-like exercise induced responses 

in skeletal muscle. There were three overarching objectives: 

1. Identify suitable EPS parameters in C2C12 myotubes to induce post-exercise 

changes in mitochondrial features (gene expression) and activity (complex activity 

and mitochondrial membrane potential ώɲʌƳϐ). 

2. Determine whether stable knock-down of the VDR in C2C12 myotubes influences 

cell viability, mitochondrial mass, and activity (complex activity and ɲʌƳ), and 

whether it augments EPS mediates changes in mitochondrial function including ROS 

production and lipid peroxidation. 

3. Investigate how knock-down of the VDR influences the cellular metabolome in 

C2C12 myotubes.  

The findings in this thesis demonstrate that 3 hr EPS (10 Hz, 10 V, 1 ms) could induce 

acute changes in genes associated with mitochondrial biogenesis. However, chronic 

adaptations to exercise were not observed by any EPS protocol and they 

subsequently failed to induce changes in mitochondrial mass or complex activity. The 

lack of chronic adaptations is likely due to the longer cell culture time required to 

observe changes in protein content compared to more rapid changes in gene 

expression. VDR-KD was associated with reductions in mitochondrial enzyme activity 

ŀƴŘ ɲʌƳ ōŀǎŀƭƭȅ which was independent of changes in mitochondrial content. This 

aberrant mitochondrial activity was then associated with a greater increase in ROS 

production and consequent lipid peroxidation following acute EPS treatment. 
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Moreover, VDR-KD resulted in changes in the intracellular metabolome with 

observed increases in amino acid and purine metabolism. Metabolites associated 

with oxidative stress such as fumarate and the antioxidant carnosine were also 

changed in VDR-KD which may help to explain the elevated ROS production present 

in this phenotype.  

Taken together, loss of the VDR results in alterations in skeletal muscle mitochondrial 

complex enzyme activitȅ ŀƴŘ ɲʌƳΦ Moreover, VDR-KD is associated with changes in 

the intracellular metabolome with reductions in antioxidant concentrations. 

Consequently, this leads to an elevated ROS production following acute EPS. 

Therefore, VDR signalling is required for the healthy functioning of skeletal muscle 

mitochondria. 
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1. Chapter 1: General Introduction 
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1.1. Vitamin D history and discovery 

 

The family of molecules collectively known as vitamin D have long been an area of 

scientific interest due to their protective effects against skeletal disorders such as 

osteomalacia and rickets (McCollum et al. 1922; Hess 1922). Long before the 

identification and characterisation of vitamin D, early civilisations such as the Ancient 

Egyptians and Greeks revered the sun for its vitalising properties and encouraged 

ƘŜƭƛƻǘƘŜǊŀǇȅ όǎǳƴ ŜȄǇƻǎǳǊŜύ ǘƻ ŎǳǊŜ ǿƘŀǘ ǘƘŜȅ ǇŜǊŎŜƛǾŜŘ ŀǎ ΨǿŜŀƪ ŀnd flabby 

ƳǳǎŎƭŜǎΩ (Mayer 1932; Spellerberg 1952). Moreover, sunlight was acknowledged for 

its ergogenic effects with ancient Olympians encouraged to train in sunlight to 

increase muscle mass (Mayer 1932). The identification of vitamin D began when Sir 

Edward Mellanby determined that the administration of cod-liver oil cured rickets in 

sunlight-deprived dogs and attributed this to the recently discovered vitamin A 

(Mellanby 1919). Further research however, demonstrated that cod liver oil, despite 

being heated and aerated (which would destroy vitamin A), remained effective in the 

treatment of rickets but no longer cured night blindness which is commonly 

attributed to a vitamin A deficiency (McCollum et al. 1922). McCollum then 

ascertained that a separate substance produced the preventative effects on rickets 

ōŜŦƻǊŜ ƭŀōŜƭƭƛƴƎ ǘƘŜ ƴŜǿ ǎǳōǎǘŀƴŎŜ άǾƛǘŀƳƛƴŜ 5έΦ ¢Ƙƛǎ ƛƴƛǘƛŀƭ ŎƘŀǊŀŎǘŜǊƛǎŀǘƛƻƴ ƻŦ 

vitamin D helped explain the ground-breaking discovery that direct sunlight exposure 

to rachitic (affected with rickets) children led to a rapid disappearance of their illness 

and the reduction in the associated muscular weakness (Hess 1922). This work was a 

direct extension of previous findings by Huldschinsky who cured rickets in children 



 

25 
 

through ultraviolet-B (UVB) radiation exposure via light rays emitted from a mercury 

vapour lamp (Huldschinsky 1919).  

The discovery of the structure of vitamin D began when Rosenheim and Webster 

(1927) in consultation with Hess and the famous steroid chemist Adolf Otto Reinhold 

Windaus, determined that ergosterol (a sterol found in the cell membranes of fungi 

ŀƴŘ ǇǊƻǘƻȊƻŀύ ǿŀǎ ŀ άǇǊƻǾƛǘŀƳƛƴ 5έ ǿƘƛŎƘ ŎƻǳƭŘ ōŜ ŎƻƴǾŜǊǘŜŘ ǘƻ ǾƛǘŀƳƛƴ 5 ŦƻƭƭƻǿƛƴƎ 

UV exposure. Subsequently, Windaus (1931) discovered a new active compound, 

which was obtained following UV irradiation of ergosterol, and named it 

ergocalciferol (Vitamin D2). The identification of cholecalciferol (vitamin D3) occurred 

later when Windaus and Bock (1937) isolated 7-dehydrocholesterol from hog skin, 

which was also found to be present within human and rat skin, highlighting the 

mechanism by which animals synthesise vitamin D. It was this pioneering work which 

earned Windaus the Nobel prize in chemistry in 1фну ŦƻǊ Ƙƛǎ ǿƻǊƪ ƻƴ ά/ƻƴǎǘƛǘǳǘƛƻƴ 

ƻŦ ǘƘŜ ǎǘŜǊƻƭǎ ŀƴŘ ǘƘŜƛǊ ŎƻƴƴŜŎǘƛƻƴ ǿƛǘƘ ±ƛǘŀƳƛƴǎέΦ 

This early pioneering work into vitamin D structure and function has led to an 

exponential increase in the development of the vitamin D field which will be 

described throughout this thesis. 

1.2. Vitamin D metabolism  

 

1.2.1. Vitamin D hydroxylation pathways 

 

Despite the early work of McCollum leading to the determination of vitamin D as a 

vitamin, subsequent work has shown that vitamin D is not a true vitamin due to the 
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classical definition being an essential substance that is obtained exclusively from the 

diet. The primary mechanism by which vitamin D is obtained is through UVB 

irradiation of 7-dehydrocholesterol in the skin, which involves thermal isomerisation 

to form pre-vitamin D3 (Lehmann et al. 2001). The amount of UV radiation that 

reaches the biosphere is a product of wavelength and the amount of ozone that it 

must pass. Therefore, UVB exposure that is required for the cutaneous synthesis of 

vitamin D (280-320 nm) is dependent on environmental factors such as latitude, 

season, and time of day (Webb, Kline, and Holick 1988; Webb 2006). Within latitudes 

40° North and 40° South of the equator, there is relatively high and sufficient UVB 

radiation for dermal synthesis of vitamin D all year round. However, outside of these 

zones, particularly during winter-times, UVB radiation is likely to be inadequate to 

maintain vitamin D status (Holick 2007a). Following thermal isomerisation, pre-

vitamin D3 is converted to vitamin D3. This thermal isomerisation process is capable 

of converting ~80 % pre-vitamin D3 to vitamin D3 within 8 hours of exposure to UVB 

radiation (Tian et al. 1993). However, many factors that can influence the rate of 

vitamin D3 production from pre-vitamin D3 include photochemical regulation (a 

reaction trigged following the absorption of light radiation leading to a transient 

excitation state), skin pigmentation and latitude (Holick, MacLaughlin, and Doppelt 

1981; MacLaughlin, Anderson, and Holick 1982; Webb 2006). Pre-vitamin D can also 

be converted to two inert isomers, lumisterol and tachysterol through a process of 

photoisomerisation, or converted back to 7-dehydrocholesterol via a self-regulatory 

mechanism that serves to quench production of pre-vitamin D3 under prolonged sun 

irradiation preventing the overproduction of vitamin D (MacLaughlin, Anderson, and 

Holick 1982; Webb 2006).  
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While dermal synthesis is the primary mechanism by which vitamin D is obtained in 

humans, dietary sources (while limited) remain a potential source of vitamin D 

uptake (see Table 1.1). Unlike dermal synthesis, dietary vitamin D can take the form 

of both vitamin D3 and D2 which is synthesised through UV irradiation of plants and 

fungi before fortification within foods for consumption. Both vitamin D forms are 

inactive at this stage and bind to the vitamin D binding protein (VDBP), which shares 

many structural similarities to albumin, before being shuttled to the liver where 25-

hydroxylation occurs, whereby a hydroxyl group is attached at the carbon-25 atom 

to generate 25-hydroxyvitamin D (25[OH]D). Several enzymes with 25-hydroxylase 

activity have been identified: Cytochrome P450 enzyme (CYP)27A1, CYP3A4, CYP2R1, 

CYP2C11, CYP2J1 and CYP2D25. CYP2R1 however, has been shown to be the major 

enzyme required for 25-hydroxylation in humans. This is evidenced through an 

inability to synthesise 25[OH]D in individuals who were homozygous for a transition 

mutation in exon 2 of the CYP2R1 gene leading to a change in leucine residue at 

position 99 (CYP2R1 L99P mutation) (Cheng et al. 2004). Moreover, individuals who 

were heterozygous for L99P and K242N (replaces lysine with asparagine at amino 

acid 242 of the CYP2R1 gene) were less effected than individuals who were 

homozygous, indicating its importance in 25[OH]D hydroxylation (Thacher et al. 

2015). However, CYP27A1 is the only mitochondrial hydroxylase and it is widely 

distributed within the body, but it is incapable of 25-hydroxylation of D2 unlike 

CYP2R1, as CYP27 complementary DNA (cDNA) when transfected onto COS-1 

transformed monkey kidney along with adrenodoxin cDNA displayed 25-

hydroxylation for D3 but not D2 (Guo et al. 1993). 
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Table 1.1. Dietary sources of vitamin D and their respective vitamin D content. Vitamin D content is represented 
relative to the quantity/size of the source as displayed in ounces (Holick 2006). 

 
Source Quantity/size     Vitamin D content  
Fortified milk  8 oz  100 IU (D2/D3)  

Fortified orange juice  8 oz       100 IU (D2/D3)  

Infant formulas   8 oz     100 IU (D2/D3)  

Fortified yoghurts  8 oz     100 IU (D2/D3)  

Fortified butter   3.5 oz    56 IU (D2/D3)  

Fortified margarine  3.5 oz    429 IU (D2/D3)  

Shiitake mushrooms, fresh 3.5 oz     100 IU (D2)  

Tuna, canned 3.5 oz     236 IU (D3)  

Mackerel, canned  3.5 oz      ~250 IU (D3)  

Sardines, canned  3.5 oz      ~300 IU (D3)  

Salmon, canned  3.5 oz     ~300-600 IU (D3)  

Salmon, fresh 3.5 oz     ~400-500 IU (D3)  

Shiitake mushrooms, sun-dried 3.5 oz      1600 IU (D2)  

Fortified cheeses  3 oz     100 IU (D2/D3)  

Fortified breakfast cereals 1 oz (estimated serving)     ~100 IU (D2/D3)  

Cod liver oil  tsp     400 IU (D3)  

Egg yolk  N/A     ~20 IU (D3)  

 

 

The next stage of vitamin D metabolism is the conversion of 25[OH]D to its active 

metabolite 1,25-dihydroxyvitamin D (1,25[OH]25ύ ǘƘǊƻǳƎƘ ŀ ǇǊƻŎŜǎǎ ƪƴƻǿƴ ŀǎ мʰ-

hydroxylation. This process occurs primarily within the proximal tubules of the kidney 

and unlike 25-hydroxylation, is tightly regulated through the actions of parathyroid 

hormone (PTH), fibroblast growth factor (FGF) 23 and 1,25[OH]2D levels (see Figure 

1.1 for constitutional formula of main active vitamin D metabolites). Synthesis of 

м -hhydroxylatiƻƴ ƻŎŎǳǊǎ ǎƻƭŜƭȅ ǘƘǊƻǳƎƘ ǘƘŜ ŀŎǘƛƻƴǎ ƻŦ ǘƘŜ ŜƴȊȅƳŜ мʰ-hydroxylase 

which is coded by the gene CYP27B1. While CYP27B1 hydroxylation occurs 

predominately at the kidney, many other tissues express CYP27B1 including the 

colon, placenta, lymph nodes, pancreas, skin, and skeletal muscle (Weisman et al. 

1979; Cross et al. 1997; Zehnder et al. 2001; Hewison et al. 2007).  
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Another important step in the vitamin D metabolic pathway is the process of vitamin 

D catabolism. This occurs via the conversion of 1,25[OH]2D and 25[OH]D via CYP24A1 

to form 23- and 24-hydroxylated metabolites. CYP24A1 is the only described enzyme 

that can perform this catabolic function (Jones, Strugnell, and DeLuca 1998). 

Catabolic hydroxylation can occur on the C-24 and C-23 side chains of 1,25[OH]2D 

and 25[OH]D. 24-hydroxylation consists of a five-step metabolic pathway which 

results in the production of the water soluble calcitroic acid as an end product (Reddy 

and Tserng 1989). The excretory route of calcitroic acid is via the bile and urine, 

A B 

C 
D 

Figure 1.1. Nutritional active forms of vitamin D. A. Vitamin D2 (ergocalciferol), B. Vitamin D3 (cholecalciferol), 
C. 25[OH]D (calcifediol), D. 1,25[OH]2D (calcitriol). The broken 9,10 carbon bond of the B ring gives (A) and (B) 
their seco-steroid classification. The structural difference of (A) and (B) is their side chains. The hydroxyl group 
at position 25 gives (C) its first activation. The replacement of the pro-S hydrogen with a hydroxyl group turns 
(C) into the active vitamin D metabolite (D). Image created using ChemDraw (PerkinElmer, USA). 
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however faecal (biliary) excretion is quantitatively the predominant route in humans 

(Esvelt, Schnoes, and DeLuca 1979; Jones, Strugnell, and DeLuca 1998; Urushino et 

al. 2009). An additional multistep 23-hydroxylation pathway has also been described 

which culminates in the production of 1,25[OH]2D3-26,23-lactone as an end product 

(Bikle 2014) (see Figure 1.2). While calcitroic acid is a rapidly cleared catabolite with 

limited biological activity, 1,25[OH]2D3-26,23-lactone belongs to a family of known 

vitamin D receptor (VDR) antagonists with better VDBP properties and greater 

metabolic stability (Toell et al. 2001; Ishizuka et al. 2005). Therefore, metabolic 

products of the lactone pathway may provide a redundant or fail-safe mechanism to 

rapidly attenuate vitamin D biological activity. However, while 1,25[OH]2D3-26,23-

lactone is the primary catabolic metabolite in some species including the guinea pig, 

it is not the primary catabolic metabolite in humans (Prosser et al. 2007). The residue 

at position 326 of CYP27A1 determines whether the hydroxylation steps occur on the 

23- or 24-carbon (Jones, Strugnell, and DeLuca 1998) (see Figure 1.3 for full 

hydroxylation pathway). 

 

 

 

 

 

 

 

Figure 1.2. CYP24A1 mediated vitamin D catabolism to form calcitroic acid through C24 hydroxylation and 
1,25R[OH]2D3-26,23S-lactone through C23 hydroxylation. 
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1.2.2. Vitamin D intake and the classification of vitamin D status 

 

It is estimated that 1 billion people globally suffer with vitamin D deficiency and these 

individuals typically present with bone pain, fatigue, myalgia, and muscle atrophy 

(Holick 2007b). The UK Science Advisory Council on Nutrition (SACN) found that the 

UK mean adult daily intake of vitamin D from dietary sources was 2.8 µg (112 IU), and 

this was increased in adults who supplemented with vitamin D to 3.9 µg (156 IU) in 

men and 3.4 µg (136 IU) in women (SACN. 2016). This daily intake falls below the 

vitamin D recommended nutrient intake (RNI) of 10 µg/d (400 IU/d). Moreover, the 

RNI recommendation may still be too low to meet vitamin D sufficiency, as estimated 

requirements to meet the >50 nmol.L-1 25[OH]D threshold as recommended by the 

US National Academy of Medicine are between 1000-2000 IU/day (Cashman et al. 

2008; IOM 2011). According to the UK Department of Health and Social Care 

approximately 17% of adults and 20% of children also suffer with vitamin D deficiency 

(DHSC 2022). Additionally, individuals who are housebound and from Black African 

and South Asian communities are more likely to have a lower vitamin D status (DHSC 

2022).  The age profile of individuals with low vitamin D status is contrary to previous 

reports as younger adults in the United Kingdom were more likely to have serum 

25(OH)D values of <25 nmol.L-1 than older adults (20.2% and 11.7% of adults aged 

19ς34 y and 35ς64 y, respectively) (Henderson, Irving, and Gregory 2003). Given that 

it is well established that prolonged vitamin D deficiency can lead to osteomalacia, 

secondary hyperparathyroidism, increased bone turnover and bone loss, the 
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accurate quantification of vitamin D status has become increasingly important to 

policymakers (Parfitt et al. 1982; Ooms et al. 1995; Lips 2001).  

 

Although 1,25[OH]2D is the active form of vitamin D, serum 25[OH]D is used as the 

primary marker of vitamin D status due to its longer half-life (3-4 weeks vs. 3-4 hours), 

alongside a circulating level that is approximately 1000-fold greater than circulating  

1,25[OH]2D (Lips 2007). Moreover, 1,25[OH]2D concentrations are tightly regulated 

via feedback-loops with high serum calcium, phosphate and FGF23 stimulating the 

conversion of 25[OH]D to calcitroic acid (Razzaque 2022). Whereas increases in the 

hormones PTH, prolactin, estradiol, testosterone, and prostaglandin serve to 

stimulate the activity of CYP27B1, increasing 1,25[OH]2D concentration (Lips 2007; 

Figure 1.3. Vitamin D hydroxylation pathways. Vitamin D obtained by dermal synthesis or dietary sources 

undergoes two hydroxylation steps leading to activation. The kidneys and target tissues are capable of 

hydroxylating 25[OH]D at the 1h carbon leading to vitamin D activation. When biological activity is no longer 

required, hydroxylation at carbon 24 inactivates 1,25[OH]2D forming 1,24,25[OH]2D. Image created using 

BioRender (BioRender, Canada). 
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Romagnoli et al. 2013). Total 25[OH]D (the sum of D2 and D3) is also the major 

circulating form of vitamin D and is present within the serum at concentrations of the 

observed range 25-150 nmol.L-1, leading it to be commonly used as the primary 

marker of vitamin D status (Looker et al. 2011).  

There is no unified consensus on vitamin D status, however the National Academy of 

Medicine (formally the Institute of Medicine) recommendations are often cited when 

determining adequate serum vitamin D concentrations (IOM 2011) (see Table 1.2).  

 

Table 1.2. US National Academy of Medicine vitamin D concentration classification and suggested uptake. The 
US National Academy of Medicine have 4 different criteria and these are listed below (IOM 2011).  

Serum 25[OH]D Classification 

<12.5 nmol.L-1 Severely deficient 

12.5 - <30 nmol.L-1 Deficient 

30 ς 50 nmol.L-1 Insufficient 

>50 nmol.L-1 Sufficient  

 

 

On the other hand, the Endocrine Society (USA) https://www.endocrine.org/ 

recommends >75 nmol.L-1 as the threshold for vitamin D sufficiency as this more 

closely aligns with maximal vitamin D-dependant calcium absorption, complete 

suppression of PTH secretion, absence of osteomalacia in adult post mortem and 

increased musculoskeletal strength indicated by a reduced fall/fracture risk (Holick 

2012). However, these guidelines were challenged by the National Academy of 

Medicine who claimed that there was no additional benefit of increasing 25[OH]D 

https://www.endocrine.org/
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levels beyond 50 nmol.L-1 as PTH values decline to a plateau at different levels of 

serum 25[OH]D, ranging between 37.5 and 125 nmol.L-1 which widely varies among 

individuals (Rosen et al. 2012). Moreover, they found that calcium absorption 

reaches near maximum between serum 25[OH]D levels of 20ς50 nmol.L-1, alongside 

finding no dose-response relationship between vitamin D intake and fall risk (Rosen 

et al. 2012). In contrast to these two North American reports, the SACN 

https://www.gov.uk/government/collections/sacn-reports-and-position-statements 

has simply recommended avoidance of 25[OH]D levels <25 nmol.L-1 (SACN. 2016). 

Moreover, the National Institute of Health and Care Excellence (NICE) guidelines 

https://cks.nice.org.uk/topics/vitamin-d-deficiency-in-adults/ state that serum 

25(OH)D3 levels of less than 25 nmol.L-1 should be considered as vitamin D deficiency 

(hypovitaminosis D), 25ς50 nmol.L-1 as insufficiency, and over 50 nmol.L-1 as 

sufficient (NICE 2022). The inclusion of an insufficiency category from some institutes 

has drawn criticism however due to its ineffectiveness as a health marker. Therefore, 

while 25[OH]D concentrations may be capable of preventing skeletal abnormalities 

associated with rickets, due to the pleiotropic properties of vitamin D and the 

presence of the VDR in most cells, they may not meet the large cellular demands for 

vitamin D (Holick 2012).  

While the effect of low vitamin D status has been extensively studied within the 

literature, more recent evidence suggests that both low and high vitamin D intake 

are associated with elevated disease risk (Zittermann et al. 2012; Bollen et al. 2022). 

Despite vitamin D intake improving all-cause mortality in a number of observational 

population-based studies, other reports suggest a U-shaped or reverse J-shaped 

association between vitamin D intake and mortality (Ensrud et al. 2010; Durup et al. 

https://www.gov.uk/government/collections/sacn-reports-and-position-statements
https://cks.nice.org.uk/topics/vitamin-d-deficiency-in-adults/
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2012; Zittermann et al. 2012; Grant et al. 2016; Granic et al. 2017; Kojima, Iliffe, and 

Tanabe 2017; Bollen et al. 2022). The Newcastle 85+ study prospectively followed 

775 men and women aged 85 or older over 6 years and examined all-cause mortality 

according to their baseline 25[OH]D levels (Granic et al. 2017). Within this cohort, the 

highest and lowest 25[OH]D groups had a non-significantly increased all-cause 

mortality when compared to the middle 25[OH]D group. Interestingly, when 150 

individuals who supplemented with vitamin D were removed, the mortality risk for 

the highest 25[OH]D group decreased and the mortality rate for the lower 25[OH]D 

group increased indicating a role of over-supplementation in increasing mortality 

(Granic et al. 2017). This paradoxical U-shaped association between 25[OH]D levels 

and reduced health outcomes was also observed in a prospective cohort study of 

6307 women aged җ69 years old (Ensrud et al. 2010). Individuals who were classified 

as having lower (<50 nmol.L-1) or higher (>75 nmol.L-1) 25[OH]D concentrations were 

associated with an increase in frailty as measured by a frailty scale when compared 

to their moderate 25[OH]D counterparts (Ensrud et al. 2010). Interestingly, Kojima, 

Iliffe, and Tanabe (2017) examined the 25[OH]D concentrations and vitamin D intake 

of 3 separate populations within a cohort of 238 male nursing home veterans in 

Hawaii (vitamin D supplement users (n = 86), non-users with low vitamin D (n = 55), 

and non-users with high vitamin D (n = 97). It was shown that vitamin D supplemental 

users were a group of highly frail older people with paradoxically higher levels of 

25[OH]D. This discrepancy may be due to the fact that vitamin D supplementation 

can quickly correct low 25[OH]D concentrations; however, it may take longer to see 

positive effects on mortality or other outcomes (Przybelski et al. 2008; Zheng, Zhu, 

et al. 2013; Chowdhury et al. 2014). Moreover, supplements can increase 25[OH]D 
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more efficiently in those with lower baseline 25[OH]D, which will further exacerbate 

this discrepancy (Shab-Bidar et al. 2014). Beyond increases in frailty and mortality, 

higher concentrations of 25[OH]D have also been associated with other deleterious 

health outcomes including prostate cancer, and vascular calcification (Tuohimaa et 

al. 2004; Zittermann, Schleithoff, and Koerfer 2007). Despite the causes of this U-

shaped association being unknown, a meta-analysis by Zittermann et al. (2012) 

showed that mortality risk may increase when 25[OH]D levels increase beyond 112.5 

nmol.L-1, with optimal concentrations at ~75ς87.5 nmol.L-1. Therefore, this range 

may provide the beneficial effects of vitamin D while ensuring any potential high-

dose detrimental effects are mitigated.  

1.2.3. The Free-hormone hypothesis 

 

Vitamin D, like other steroids and sterols, is highly lipophilic and therefore shares the 

same requirements for serum carrier proteins to ensure effective delivery to target 

cells. While some of this transport is non-specific, many ligand-specific serum carriers 

of steroids and sterols exist including corticosteroid-binding globulin (CBG) 

(glucocorticoids, mineralcorticoids), vitamin A (retinol)-binding protein and VDBP. 

Although interest in these proteins has primarily centred on their ligand-specific 

binding capabilities, evidence is emerging that many serve alternative functions. The 

VDBP is capable of functioning as a macrophage-activating factor (MAF) (Yamamoto 

1996), and actin-binder (Sanger et al. 1990), which are both independent of its 

vitamin-D metabolite binding functions.  

The free hormone hypothesis as it pertains to lipophilic steroid hormones, states that 

only molecules that are unbound from their respective binding proteins are active or 
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able to pass through the membrane of target cells. Clinically, the measurement of 

free hormone concentrations as opposed to total values is common practice. For 

instance, measurement of free thyroxine (T4) and triiodothyronine (T3) 

concentrations rather than total circulating concentrations is commonly used for the 

diagnosis of thyroid disorders (Faix 2013), and the measurement of free testosterone 

concentrations is also often used to quantify testosterone status (Faix 2013; Antonio 

et al. 2016). Around 85-90% of total circulating 25[OH]D is bound to the VDBP with 

10-15% bound to albumin and around 0.1% considered to be free (Bikle et al. 1986). 

Moreover, VDBP has an apparent affinity for vitamin D metabolites that is 1000 times 

greater than that of albumin, leading to the fraction weakly bound to albumin to 

often be considered part of the bioavailable pool of vitamin D metabolites alongside 

the circulating free fraction. There is a contrasting hypothesis however, which states 

that VDBP delivers vitamin D metabolites to the target cells (such as those in the renal 

proximal tubule) and facilitates their endocytosis through the interaction with the 

multi-functional receptor megalin (Christensen et al. 1998). Recently however, 

support for the free-hormone hypothesis has increased due to the identification of 

an individual displaying a homozygous deletion of the group-specific component (GC) 

gene that encodes the VDBP (Henderson et al. 2019). Moreover, VDBP knockout mice 

which display very low levels of both serum 25[OH]D and 1,25[OH]2D do not display 

signs of vitamin D deficiency unless placed on a vitamin D deficient diet (Safadi et al. 

1999). 5ŜǎǇƛǘŜ ƘŀǾƛƴƎ ƴŜƎƭƛƎƛōƭŜ ŎƛǊŎǳƭŀǘƛƴƎ ±5.t όғоΦл ˃ƎΦƳƭ-1) the homozygous 

proband had a reduced circulating free 25[OH]D concentration (1.8 pg.ml-1) when 

compared to their heterozygous (3.4 pg.ml-1) and non-carrier siblings (3.2 pg.ml-1) 

arguing against the necessity for megalin-mediated vitamin D uptake. Furthermore, 
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despite lifelong deficiency of VDBP, limited sun exposure (for religious reasons), and 

a diet that likely lacked vitamin D, the patient did not display symptoms of rickets or 

osteomalacia. To that end, bioavailable vitamin D fractions may in fact be more 

relevant in the prevention of vitamin D related disorders and may be more indicative 

of vitamin D status. However, there does not currently exist enough evidence to 

support this theory and further evidence is required to change institutional 

guidelines and recommendations.   

1.2.4. Alternative measures of vitamin D status 

 

The measurement of circulating 25[OH]D concentrations to determine vitamin D 

status has come under increasing scrutiny. Studies evaluating the relationship 

between 25[OH]D and bone mineral density (BMD) and fractures report mixed 

findings (Sherman et al. 1992; Gerdhem et al. 2005; Hannan et al. 2008). This 

becomes increasingly apparent in ethnically diverse populations as serum 25[OH]D 

has been shown to correlate with BMD in White but not Black and Hispanic men 

(Hannan et al. 2008). The mechanism behind this ethnicity related difference is due 

to genetic variants caused by polymorphisms in the VDBP (Bouillon et al. 2019). The 

three most common genetic variants (GC1s/1f/2) are due to polymorphisms in the 

third domain, whereas the other variants are due to polymorphisms in the second 

domain (Bouillon et al. 2019). GC1s/1f differ by one or two amino acids, and GC2, in 

addition, lacks one of the glycosylation sites (Bouillon et al. 2019). Most African 

Americans, as well as people of African origin express the GC1f polymorphism, 

whereas most White individuals produce either GC1s or GC2.  
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Vitamin D catabolism involves the conversion of 25[OH]D to 24,25(OH)2D via the 

CYP24A1 enzyme in a process that is stimulated by higher 1,25(OH)2D 

concentrations. Therefore, the result of increased binding and activation of the VDR 

in response to 1,25(OH)2D is a subsequent increase in CYP24A1 expression and 

increased 24,25(OH)2D (Tryfonidou et al. 2003). However, 24,25(OH)2D and 25[OH]D 

are both similarly bound to the VDBP and therefore the measurement of total 

24,25(OH)2D may not be reflective of the free circulating 24,25(OH)2D. The 

24,25(OH)2D:25[OH]D ratio or vitamin D metabolite ratio (VDMR) has been proposed 

as an alternative measurement of vitamin D status. A higher VDMR is proposed to 

reflect greater VDR activity and may not be limited by VDBP concentrations as it 

would affect both the numerator and the denominator of the equation similarly and 

thus cancel itself out in the equation (Berg et al. 2015). Multiple studies have shown 

a substantial decrease in VDMR in individuals with low 25[OH]D and patients with a 

functional vitamin D deficiency due to chronic kidney disease (Wagner et al. 2011; 

Bosworth et al. 2012; de Boer et al. 2014; Kaufmann et al. 2014; Stubbs et al. 2014). 

Moreover, VDMR has been shown to be predictive of 25[OH]D3 response to 

supplementation and correlates with fracture risk in older adults (Wagner et al. 2011; 

Ginsberg et al. 2018). This is due to serum 24,25[OH]2D responses changing in 

proportion to that of 25[OH]D, therefore the ratio serves as an index of vitamin D 

clearance as 24,25[OH]2D is the major catabolite of vitamin D metabolism in humans. 

Importantly, VDMR may be capable of providing an accurate measure of vitamin D 

status in ethnically diverse populations. Berg et al. (2015) measured 24,25(OH)2D3 

and 25[OH]D3 in a community cohort of black and white Americans and determined 

that while mean 25[OH]D concentrations were lower in black individuals, the mean 
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VDMR was similar between groups and was negatively correlated with PTH in both 

races. Therefore, while 25[OH]D concentrations may be a valid marker of vitamin D 

status in white populations, when dealing with more ethnically diverse groups, 

alternative markers of vitamin D status may be more appropriate.  

1.3. The Vitamin D Receptor (VDR)  

 

Vitamin D exerts its biological actions by binding to the VDR, which is a transcription 

factor and a member of the steroid hormone nuclear receptor family (Bouillon et al. 

2008). The VDR protein structure consists of three regions: the N-terminal DNA 

binding domain with two distinct zinc fingers which bind to DNA, C-terminal ligand 

binding domain, and the region binding these two sites together (Bouillon et al. 

2008). The binding of 1,25[OH]2D to VDR leads to a cascade in which it dimerizes with 

its heterodimeric partner, retinoid X receptor (RXR). The liganded complex 

(1,25[OH]2D-VDR-RXR) binds to vitamin D response elements (VDRE) on DNA 

resulting in subsequent changes in gene transcription of messenger RNA (mRNA) 

resulting in a downstream recruitment of co-activating protein complexes and 

silencing of co-repressors which in turn controls protein transcription (Bouillon et al. 

2008) (see Figure 1.4). 



 

41 
 

 

 

 

The ligand binding-induced reconfiguration of the VDR allows for surface activators 

to bind to VDR. Co-activators of the cAMP-response-element-(CRE-) binding protein 

(CREB) binding protein (CBP)/p300 family and of the p160 protein family, including 

ǘƘŜ ǎǘŜǊƻƛŘ ǊŜŎŜǇǘƻǊ ŎƻŀŎǘƛǾŀǘƻǊǎ ό{w/Ωǎύ ŀǊŜ ǊŜŎǊǳƛǘŜŘΦ ¢ƘŜǎŜ ǇǊƻǘŜƛƴǎ ǇƻǎǎŜǎǎ 

intrinsic histone acetyltransferase (HAT) activity and through the acetylation of 

histone tails, open up the chromatin structure creating an environment permissive 

for gene expression. Additionally, the VDR interacting protein (DRIP)/T3 receptor 

auxiliary protein (TRAP) multimeric complex is recruited whereby DRIP205/TRAP220 

binds directly to the 1,25[OH]2D-VDR-RXR complex through one of two LXXLL motifs 

Figure 1.4. VDR genomic mechanism of action. A) 1,25[OH]2D3 binds to the VDR which then forms a heterodimer 
with RXR. The liganded complex is then able to bind to VDRE on DNA leading to changes in mRNA transcription. 
B) Overview of VDR structure, highlighting the N-terminal consisting of the DNA binding domain and the C-
terminal consisting of the ligand binding domain where the VDR can dimerise with RXR and also contains the 
ligand-dependant transcriptional activation domain AF-2. Image created using BioRender (BioRender, Canada). 
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(Sierra et al. 2003; Oda et al. 2004). Subsequently, this leads to a recruitment of basal 

transcription factors, as well as RNA polymerase II (POL II) to the transcription start 

sites, inducing gene expression. Moreover, this genomic pathway has been shown to 

influence muscle calcium uptake, phosphate transportation across the cell 

membrane, phospholipid metabolism, and muscle cell proliferation and 

differentiation (Fleet and Schoch 2010; Agmon-Levin et al. 2011; Fukumoto 2014; 

Srikuea, Hirunsai, and Charoenphandhu 2020). 

The VDR has been shown to target gene expression at the transcriptional level when 

bound to its RXR heterodimer. Furthermore, coactivators such as SRC-1/TIF2 160 kDa 

protein family, CBP/p300, SRA (a RNA coactivator) are capable of interacting with 

VDR in a ligand-dependant way and are essential for the formation of the initial 

transcription complex with POL II (Freedman 1999; Takeyama et al. 1999). Moreover, 

ǘƘŜǎŜ ŎƻŀŎǘƛǾŀǘƻǊǎ ǘƘŜƳǎŜƭǾŜǎ ŀǊŜ I!¢Ωǎ ŀƴŘ ƳƻŘǳƭŀǘŜ ŎƘǊƻƳŀǘƛƴ ǎǘǊǳŎǘǳǊŜ ǘƻ 

activate gene expression (Kamei et al. 1996; Chen et al. 1997). Additionally, ligand 

ŀŎǘƛǾŀǘŜŘ ±5w ƛǎ ŎŀǇŀōƭŜ ƻŦ ƛƴǘŜǊŀŎǘƛƴƎ ǿƛǘƘ ǎƳŀƭƭΣ ƴƻƴŎƻŘƛƴƎ wb!Ωǎ ǘŜǊƳŜŘ 

microRNA (miRNA), which are approximately 21-25 nucleotides (nt) in length and 

influence the regulation of gene translation at the posttranscriptional level by 

ŘŜƎǊŀŘƛƴƎ ǘƘŜƛǊ ǘŀǊƎŜǘ Ƴwb!Ωǎ ŀƴŘκƻǊ ƛƴƘƛōƛǘƛƴƎ ǘƘŜƛǊ ǘǊŀƴǎƭŀǘƛƻƴΦ ¢ƘŜ ±5w Ƙŀǎ ōŜŜƴ 

shown to down-regulate miR-181a leading to an increase in p27(kip1) which initiates 

cell cycle arrest and commits cells towards differentiation (Wang et al. 2009). 

Moreover, miR-181a has been established as an endogenous regulator of 

mitochondrial dynamics in skeletal muscle through concerted regulation of Park2, 

p62/SQSTM1 and DJ-1 (Goljanek-Whysall et al. 2020). The age-related 

downregulation of miR-181a was also associated with an accumulation of autophagy-
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related proteins and abnormal mitochondria which was attenuated following miR-

181a restoration (Goljanek-Whysall et al. 2020). VDR-dependant co-regulation of 

miR-106b appears to modulate the precise timing of the serine/threonine kinase 

cyclin-dependant kinase 1 A (CDKN1A) accumulation and expression of p21 (waf1/cip1) 

in a feed forward loop and determine the final extent of the cell cycle arrest (Thorne 

et al. 2011). Interestingly, there appear to be multiple levels of co-regulation 

between VDR and miRNA as miR-125b is capable of inhibiting VDR (Mohri et al. 2009; 

Zhang et al. 2011) and in turn VDR can down-regulate miR-125b (Iosue et al. 2013), 

and other targets of miR-125b including the VDR target gene NCOR2/SMRT (Yang et 

al. 2012). The inhibition of NCOR2/SMRT promotes transcriptional activity as 

NCOR2/SMRT serves as part of a multi-subunit complex which includes histone 

deacetylases, that modify the chromatin structure to prevent basal transcriptional 

activity of target genes. This demonstrates the complex inter-dependent relationship 

between the VDR, and the mRNA and miRNA transcriptomes at both a pre- and post-

transcriptional level. 

The VDR is estimated to regulate the expression of up to 5% of the human genome 

(Bouillon, Bischoff-Ferrari, and Willett 2008), with more than 200 genes estimated to 

be primary vitamin D targets (Ramagopalan et al. 2010). Studies using chromatin 

immunoprecipitation combined with high throughput sequencing (ChIP-Seq) in 

different human cell types have reported more than 20,000 genomic VDR binding 

sites (Ramagopalan et al. 2010; Heikkinen et al. 2011; Seuter, Neme, and Carlberg 

2014; Tuoresmäki et al. 2014). Furthermore, fewer than 20% of the VDR binding sites 

are in common between the differing cell types, indicating that VDR mediated 

transcription is tissue specific, presumably through equal or more dominant co-
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factors, which combine to determine VDR binding. Following exposure of 

1,25[OH]2D3 to human skeletal muscle cells (HSMCs), there is a vitamin D-dependant 

ŎƘŀƴƎŜ ƛƴ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ мфпт Ƴwb!Ωǎ ǿƘƛŎƘ ŜƴŎƻŘŜ ǇǊƻǘŜƛƴǎ ƛƴǾƻƭǾŜŘ ƛƴ ƳǳǎŎƭŜ 

contraction, focal adhesion, JAK/STAT, MAPK, growth factor and p53 signalling, 

alongside 5 miRNAs (Ryan et al. 2016)Φ bƻǘŀōƭȅΣ уо ƴǳŎƭŜŀǊ Ƴwb!Ωǎ ŜƴŎƻŘƛƴƎ 

mitochondrial proteins were significantly different following 1,25[OH]2D3 treatment, 

with CYP24A1 displaying a 25,000-ŦƻƭŘ ƛƴŎǊŜŀǎŜ ŀƴŘ ƳŜǎǎŜƴƎŜǊ wb!Ωǎ ŦƻǊ a¸/Σ 

MAPK13, and EPAS1, (which encode proteins known to increase mitochondrial 

biogenesis) also displaying an increase (1.13, 1.96 and 1.23-fold respectively). This 

highlights the important mechanistic effect vitamin D has on regulation of skeletal 

muscle morphology, function, and dynamics. 

1.4. Mechanistic effects of vitamin D  

 

Vitamin D is considered pleiotropic due to VDR being highly expressed in tissues 

including intestinal epithelial cells, proximal and distal tubules of the kidney, and 

mesenchymal linage cells, such as chondrocytes, early osteoblast precursors, mature 

osteoblasts, and osteocytes, myocytes, and many other cell types as well (Haussler 

et al. 2013). While early research highlighted the preventative effects of adequate 

vitamin D status on conditions such as rickets and osteomalacia, more recently 

vitamin D supplementation has been associated with a reduced fall risk, particularly 

in elderly populations (Bischoff-Ferrari et al. 2009). However, this reduction in fall 

risk within elderly and other high-risk populations is due to the likely improvement 

of a multitude of compounding factors such as increased muscle mass (Simpson, 

Thomas, and Arnold 1985; Bischoff et al. 2001), decreased postural sway, improved 
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muscle strength and ultimately leading to a reduced in fall risk (Bischoff-Ferrari, 

Dawson-Hughes, et al. 2004; Pfeifer et al. 2009). Moreover, secondary 

hyperparathyroidism, which is associated with vitamin D deficiency can result in 

hypophosphatemia and may result in muscle weakness (Hoogendoorn et al. 2003; 

Ward et al. 2009). Furthermore, high levels of PTH itself have been shown to affect 

skeletal muscle protein metabolism in animal models (Garber 1983), and has been 

associated with poor muscle function in some studies (Visser, Deeg, and Lips 2003).  

Early associations between vitamin D deficiency and clinical observations of muscle 

weakness in osteomalacia highlighted the effects vitamin D had on muscular 

function. In infants, this myopathy is characterised by muscular weakness and 

hypotonia (Prineas, Mason, and Henson 1965), while proximal muscle weakness and 

reduced coordinated muscular function was more prevalent in adults (Chalmers et 

al. 1967; Irani 1976; Russell 1994). Motor pattern abnormalities are also a common 

ŎƭƛƴƛŎŀƭ ŦŜŀǘǳǊŜ ƻŦ ǾƛǘŀƳƛƴ 5 ŘŜŦƛŎƛŜƴŎȅ ǿƛǘƘ ƻōǎŜǊǾŀǘƛƻƴǎ ƻŦ ΨǿŀŘŘƭƛƴƎ ƎŀƛǘΩ ŀƭƻƴƎǎƛŘŜ 

generalised muscle wasting being present within deficient adults (Schott and Wills 

1976). The VDR knockout mouse model has provided strong evidence for the direct 

effect of vitamin D and its receptor on skeletal muscle tissue, particularly as VDR null 

mutant mice are characterised by alopecia, reductions in both body size and weight, 

and impaired motor coordination (Burne et al. 2005). Moreover, VDR null mutant 

mice display normal growth until weaning at which point various metabolic 

abnormalities develop including hypocalcaemia, hypophosphatemia, secondary 

hyperparathyroidism, and bone deformity, which are all indicative of the typical 

features of rickets (Song, Kato, and Fleet 2003). Interestingly, this bone and muscle 
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phenotype displayed by the VDR null mice is congruous with humans with the same 

congenital disease or severe vitamin D deficiency.  

1.4.1. Vitamin D and calcium signalling 

 

The mechanisms by which these interactions occur are via genomic and non-genomic 

pathways (Zhou, Nemere, and Norman 1992; Burne et al. 2005) . 1,25[OH]2D 

treatment is capable of influencing processes too rapid to involve a genomic action. 

This process has led some to speculate that vitamin D is capable of interacting with a 

cell surface receptor which mediates 1,25[OH]25Ωǎ ǊŀǇƛŘ ŜŦŦŜŎǘǎ ƻƴ ǘŀǊƎŜǘ ǘƛǎǎǳŜǎΦ Lǘ 

is proposed that the initiation of the fast 1,25[OH]2D signal is instigated via an initial 

binding to a novel membrane receptor (Nemere et al. 1994), and/or the VDR itself 

which is translocated from the nucleus to the cell surface (Capiati, Benassati, and 

Boland 2002). Upon interacting with the membrane receptor, 1,25[OH]2D then 

activates several interacting second-messenger pathways resulting in cellular effects 

within seconds to minutes. Processes mediated via non genomic vitamin D 

mechanisms include skeletal muscle calcium handling, whereby the release of 

calcium ions (Ca2+) from the sarcoplasmic reticulum into the cytosol leads to a 

subsequent binding in a fast reaction to one of the troponin subunits (troponin C) on 

the thin filament causing muscular contraction (Wakabayashi 2015). Treatment with 

1,25[OH]2D has been shown to elicit rapid uptake of calcium within the muscles both 

in vitro and in vivo (Giuliani and Boland 1984; Fernandez, Massheimer, and de Boland 

1990). Furthermore, analogs of 1,25[OH]2D with little genomic activity (AT [25-OH-

16-ene-23-yne-D3] and Y [25-OH-23-yne-D3]) were comparable in function to 

1,25[OH]2D in respects to transcaltachia (the rapid stimulation of intestinal Ca2+ 



 

47 
 

transport by 1,25[OH]2D in vitamin D replete chickens) (Zhou, Nemere, and Norman 

1992). However, analogs which bind well to the VDR but do not activate Ca2+ channels 

(BT [1h ,24S-(OH)2-22-en-26,27-dehydroxyvitamin D3] and V [1,25-(OH)2-16-ene-23-

yne-D3]) were inefficient in stimulating Ca2+ indicating a non-genomic Ca2+ handling 

effect (Zhou, Nemere, and Norman 1992).  

1.4.2. Vitamin D and bone metabolism 

 

Dietary intake is one of the largest modifiable factors in the development and 

maintenance of bone mass and the treatment of bone health. This is primarily due 

to calcium (Ca) and phosphorus (P) composing roughly 80-90% of the mineral content 

of bone. Furthermore, the importance of these nutrients is highlighted through 

skeletal Ca accretion occurring only when Ca is increased from the deficiency level to 

its replete threshold (Matkovic et al. 2005). Moreover, osteoblasts, which are 

responsible for laying down the collagen and protein matrix of the skeleton, possess 

receptors for the VDR.  Vitamin D however, does not directly play a part in the bone 

mineralisation process, it instead serves to ensure that serum and extracellular 

calcium and phosphorus concentrations are adequate for the deposition of calcium 

hydroxyapatite in the bone matrix (Holick 1996). This is supported through 

normalisation of the reduced bone mass phenotype seen in VDR null mice following 

the provision of calcium and phosphate supplements (Masuyama et al. 2003). 

Moreover, selective knockout of the VDR in enterocytes reproduces the skeletal 

phenotype seen in VDR null mice (Lieben et al. 2012), and the selective replacement 

of the VDR in enterocytes is enough to correct the skeletal abnormalities seen in the 

receptor global knockout mouse (Marks, Fleet, and Peleg 2007; Xue and Fleet 2009). 
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Therefore, the expression of the VDR in enterocytes is necessary for normal bone 

mineralisation, by facilitating calcium transport across the intestinal epithelial cell 

and into the circulation. Additionally, selective loss of the VDR in bone increases bone 

mass through a VDR mediated receptor activator of nuclear factor-kappa B (NF-ˁ.ύ 

ligand (RANKL) and osteoprotegrin increase, which stimulates osteoclastogenesis 

(Tanaka and Seino 2004; Haussler et al. 2010). During periods of calcium 

malabsorption, vitamin D directly inhibits mineralisation of bone, through an 

increase in local pyrophosphate concentrations in order to maintain normocalcemia 

(Lieben et al. 2012). 1,25[OH]2D and PTH have been shown to increase during periods 

of negative calcium balance causing a downstream increase in renal calcium 

absorption and a promotion in the transfer of calcium from bone to serum. To that 

end, vitamin D is not primarily responsible for the maintenance of bone homeostasis 

through the mediation of bone calcium content, but rather for the maintenance of 

serum calcium concentrations, which are required for cardiac and contractile 

function. Bone can then be accurately described aǎ ŀ ΨǊŜǎŜǊǾƻƛǊΩ ǘƻ ŀƭƭƻǿ ŦƻǊ ŎŀƭŎƛǳƳ 

storage, and to be drawn on and delivered to target tissues when required (Reid, 

Bolland, and Grey 2014).  

1.5. Skeletal muscle  

 

Skeletal muscle is one of the most abundant and metabolically active tissues in 

mammals and represents approximately ~40%ς50% of total body mass (Pérez-

Schindler and Handschin 2019). Moreover, skeletal muscle also accounts for about 

30% of whole-body energy expenditure in humans at rest (Pérez-Schindler and 

Handschin 2019; Vainshtein and Sandri 2020). Therefore, the regulation of skeletal 



 

49 
 

muscle mass can directly impact health status and can increase morbidity and 

mortality following skeletal muscle atrophy in conditions such as cancer and type 2 

diabetes (Wolfe 2006; Ruiz et al. 2008; McLeod et al. 2016). Despite being a highly 

metabolically active tissue, skeletal muscle protein mass remains essentially 

unchanged during the week if an individual does not exercise above normal daily 

activity and consumes adequate daily meals (Burd et al. 2009). This is caused via the 

normal counterbalanced fluctuations in muscle protein synthesis (MPS) and muscle 

protein breakdown (MPB) that contribute to defining the overall net protein balance 

(NPB= MPS minus MPB) (see Figure 1.5A) (Phillips, Hartman, and Wilkinson 2005; 

Phillips 2006). MPS can be augmented, following feeding and resistance training. 

These transient increases in MPS following resistance training over time can lead to 

an increase in overall NPB which induces muscle hypertrophy.  
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Figure 1.5. A representative image of changes in muscle protein synthesis (MPS) and muscle protein breakdown 
(MPB). A) Responses to feeding (i.e., amino acids) leads to transient increases in MPS. Periods of fasting causes 
MPS rates to decrease alongside a concurrent increase in MPB. B) Changes in MPS and MPB in response to 
resistance exercise and feeding. Resistance training augments the feeding induced increases in MPS. Chronic 
application of these anabolic stimuli (as in B) results in muscle hypertrophy. Image created using BioRender 
(BioRender, Canada).  

 

The anabolic response to resistance training is well documented having been 

reported to stimulate MPS between ~40 and 150% above rested levels following a 

single acute bout of training (Chesley et al. 1992; Biolo et al. 1995; Phillips et al. 1997; 

Phillips et al. 1999). However, despite MPS rates increasing in the post-exercise 

period, muscle NPB remains negative due to the concomitant rise in MPB. This 

increase in MPB is likely due to a rise in one or all of the major proteolytic pathways 

(calpains, caspases, autophagy lysosome, and ubiquitin-proteasome) present in 

A 

B 
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skeletal muscle (Lecker et al. 1999; Tipton, Hamilton, and Gallagher 2018). The rise 

in fasted MPB (in both the rested and post-exercise state) can be attenuated 

following the ingestion of exogenous essential amino acids (EAA), which when 

preceded by resistance training can subsequently increases muscle NPB leading to 

hypertrophy (see Figure 1.5B) (Tipton et al. 1999). The post-exercise induced 

increase in MPS is elevated for up to 48 hrs, even in the absence of feeding, which 

suggests that EAA ingestion at any point during this window will stimulate a greater 

MPS response when compared to a resting state (Phillips et al. 1997). Moreover, 

changes in MPS in response to exercise and nutrition have a much greater influence 

on muscle NPB than do changes in MPB (Biolo et al. 1995; Biolo et al. 1997).  

1.6. Molecular regulation of skeletal muscle protein synthesis 

 

1.6.1. Mammalian target of rapamycin (mTOR)  

 

The regulation of skeletal muscle mass is facilitated through the interplay between 

multiple signalling pathways which together regulate MPS and MPB. One of the most 

widely recognised factors in regulating skeletal muscle mass is mammalian target of 

rapamycin (mTOR) (Yoon 2017) (see Figure 1.6 for skeletal muscle hypertrophy 

pathways). mTOR is a serine/threonine kinase which senses various environmental 

and intracellular changes including nutrient availability and energy status, and 

coordinates diverse cellular processes including cell growth, differentiation, 

autophagy, survival, and metabolism (Laplante and Sabatini 2012). mTOR exists in 

two distinct complexes, the rapamycin-sensitive mTORC1 characterised by the 

presence of Raptor, and the rapamycin resistant mTORC2 characterised by the 
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presence of Rictor (Laplante and Sabatini 2012). While mTORC2 is known to regulate 

glucose and lipid homeostasis, it is mTORC1 which regulates anabolic processes such 

as protein synthesis and organelle biosynthesis (Vainshtein and Sandri 2020). 

Moreover, mTORC1 is activated in response to hypertrophic stimuli such as increased 

mechanical loading, feeding, and growth factors (Kline et al. 2007; Drummond et al. 

2009). mTOR controls protein synthesis through enhancing both translational 

efficiency and capacity. mTOR modulates S6 kinase 1 (S6K1) which is upstream of 

ribosomal protein S6 alongside inhibiting 4E-binding protein 1 (4E-BP1), a negative 

regulator of ribosomal eukaryotic translation initiator factor 4E (eIF4E) (Liu and 

Sabatini 2020). mTOR has also been demonstrated to regulate cellular translational 

capacity by directly binding rDNA and enhancing ribosomal biogenesis (von Walden 

et al. 2016). mTOR is also capable of inhibiting muscle catabolism via the inhibition 

of the main proteolytic pathways, the ubiquitin proteasome, and the autophagy-

lysosome systems, further contributing to anabolism (Zhao et al. 2015). However, 

while mTOR activation is required for muscle protein synthesis, excessive activation 

of mTOR has also shown to be detrimental. Genetic deletion of the mTOR inhibitor 

TSC1 in mice (leading to mTOR hyperactivation) results in a late-onset myopathy, 

which is related to impaired autophagy (Bentzinger et al. 2013). In this model, there 

is an inhibition in constitutive and starvation induced autophagy due to an increase 

in mTORC1-mediated inhibition of Unc-51-like autophagy-activating kinases (ULK)1 

(Bentzinger et al. 2013). Moreover, this phenotype was improved following 

treatment with both rapamycin and also Raptor depletion, which increased cellular 

autophagy and restored muscle function (Castets et al. 2013). Additionally, the 

dysfunctional activation of mTOR is also observed in ageing skeletal muscle where 
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mTORC1 signalling is hyperactivated in the muscle of sarcopenic mice and humans 

(Joseph et al. 2019; Tang et al. 2019). The chronic activation of mTOR in TSC1 

knockout muscle results in mitochondrial dysfunction and increased oxidative stress, 

which can lead to muscle fibre atrophy (Ebrahimi-Fakhari et al. 2016). The 

mechanisms behind this mTOR mediated mitochondrial dysfunction appear to be at 

least in part due to increased expression of growth and differentiation factor 15 

(GDF15) by Stat3 (Tang et al. 2019). However, ǘƘƛǎ ŜŦŦŜŎǘ ŎƻǳƭŘ ŀƭǎƻ ōŜ ŘǳŜ ǘƻ Ƴ¢hwΩǎ 

role in blocking autophagy, which is closely associated with muscle senescence 

(Carnio et al. 2014). This is further reinforced following mTORC1 inhibition in ageing 

mice which reversed the senescent phenotype, resulting in the sparing of muscle 

mass (Joseph et al. 2019; Tang et al. 2019).  
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Figure 1.6. Pathways involved in regulating muscle protein synthesis. During muscle hypertrophy, the binding of 
insulin/insulin-like growth factors 1 to their respective receptors activates the IRS-PI3K-Akt-mTOR signalling 
pathway. This pathway is further stimulated by the presence of amino acids (in particular the BCAAs Leucine, 
Isoleucine and Valine). The mTORC1 complex then acts to enhance protein synthesis by activating Ribosomal 
protein S6 kinase beta-1 (p70S6K) (and subsequently S6K) alongside inhibiting 4E-binding protein 1 (4E-BP1) which 
is an inhibitor of the eukaryotic translation initiator factor 4E (eIF4E). mTOR also blocks proteolysis by inhibiting 
autophagy through an inhibition of autophagy activating kinases (ULK) 1/2. ¢ƘŜ ʲн-adrenergic agonists 
clenbuterol and formoterol Ŏŀƴ ǇǊƻƳƻǘŜ ƘȅǇŜǊǘǊƻǇƘȅ ōȅ ōƛƴŘƛƴƎ ǘƻ ʲн-adrenergic receptors which activate 
adenylate cyclase which increases cAMP production leading to the activation of PKA and its downstream target 
Akt. Akt then serves to activate mTOR alongside blocking proteolysis by phosphorylating and inhibiting members 
of the forkhead box O family of transcription factors (FOXO) as well as activating ƎƭȅŎƻƎŜƴ ǎȅƴǘƘŀǎŜ ƪƛƴŀǎŜ оʲ 
όD{Yоʲύ and ATP citrate lyase (ACL). FGF19 enhances protein synthesis ōȅ ōƛƴŘƛƴƎ ǘƻ ǘƘŜ ʲYƭƻǘƘƻ ǊŜŎŜǇǘƻǊ ŀƴŘ 
phosphorylating the extracellular-signal-regulated protein kinase 1/2 (ERK1/2) and activating the ribosomal 
p70S6K via mTOR. The binding of bone morphogenetic protein (BMP) 7/13/14 to the BMPR receptor promotes 
hypertrophy through the phosphorylation of BMP-responsive mothers against decapentaplegic (SMAD) proteins 
(SMAD1/5/8) which form a transcriptional complex with SMAD4. This leads to a repression of MUSA1 and 
subsequent activation of mTOR signalling. Calcium signalling also contributes to hypertrophy through the 
activation of calmodulin-dependent kinase (CaMK) and phosphatase calcineurin, which stimulates the pro-growth 
transcription factor nuclear factor of activated T-cell (NFAT). Blue shapes indicate positive regulators of muscle 
mass and red shapes indicate negative regulators of muscle mass. Adapted from (Vainshtein and Sandri 2020). 
Image created using BioRender (BioRender, Canada). 

 

1.6.2. Insulin/IGF-1/Akt  

 

The role of insulin in augmenting skeletal muscle hypertrophy is well documented 

(Fujita et al. 2006). Additionally, muscle specific insulin-like growth factor 1 (IGF-1) 

overexpression has been demonstrated to induce skeletal muscle growth and 
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regeneration (Hennebry et al. 2017). Accumulating evidence has implicated the 

serine/threonine kinase Akt (protein kinase B) as a central regulator of insulin action 

(Whiteman, Cho, and Birnbaum 2002). Upon the binding of insulin or IGF-1 to their 

receptors, there is a resulting trans-auto phosphorylation and activation of insulin 

receptor substrate (IRS) proteins. Additionally, the desmosomal component 

plakoglobin was also found to bind the insulin receptor and p85 subunit of 

phosphoinositide-3-kinase (PI3K), with plakoglobin overexpression promoting PI3Kς

Aktςforkhead box O family of transcription factors (FOXO) signalling (Cohen et al. 

2014). Following binding, these IRS proteins then recruit PI3K, which phosphorylates 

phosphoinositide-4,5-biphosphate (PIP2) to phosphoinositide-3,4,5-triphosphate 

(PIP3). PIP3 acts in turn as a docking site for two kinases, phosphoinositide-

dependent kinase 1 (PDK1) and Akt, and the subsequent phosphorylation of Akt at 

serine 308 by PDK1, leading to Akt activation (Whiteman, Cho, and Birnbaum 2002). 

Akt is then able to mediate cell growth via enhancing protein synthesis through the 

inhibition of ƎƭȅŎƻƎŜƴ ǎȅƴǘƘŀǎŜ ƪƛƴŀǎŜ оʲ όD{Yоʲύ ŀƴŘ ǘƘŜ ŀŎǘƛǾŀǘƛƻƴ ƻŦ Ƴ¢hwΣ 

alongside repression protein breakdown via inhibition of the FOXO family of 

transcription factors (Vainshtein and Sandri 2020). FOXO transcription factors are 

required for the transcriptional regulation of the ubiquitin ligases atrogin-1, also 

called muscle atrophy F-box (MAFbx) and muscle ring finger 1 (MuRF1), which cause 

ubiquitylation of myosin and other muscle proteins followed by their degradation via 

the proteasome (Schiaffino and Mammucari 2011). aƻǊŜƻǾŜǊΣ D{Yоʲ also impairs 

protein synthesis by inhibiting Eukaryotic initiation factor 2B ŎŀǘŀƭȅǘƛŎ ʶ-subunit 

(ŜLCн.ʶ) and promotes atrophy through increasing the expression of atrophic E3 

ligases, MuRF1 and Atrogin-1, alongside impairing muscle oxidative capacity by 
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inhibiting mitochondrial biogenesis (Verhees et al. 2011; Pansters et al. 2015; 

Theeuwes et al. 2017).  

1.6.3. ʲн-adrenergic signalling 

¢ƘŜ ʲн-adrenergic receptors belong to the guanine nucleotide-binding G-protein-

coupled receptor (GPCR) family and are activated by epinephrine (adrenaline) to 

ƳŜŘƛŀǘŜǎ ǘƘŜ ŀƴŀōƻƭƛŎ ŜŦŦŜŎǘǎ ƻŦ ʲн-adrenergic agonists such as clenbuterol or 

formoterol (Sato et al. 2011). Skeletal muscle contains however a significant 

ǇǊƻǇƻǊǘƛƻƴ ƻŦ ʲ-adrenergic receptors. Of these adrenergic receptors, ǘƘŜ ʲн ǎǳōǘȅǇŜ 

is the most abundant, while ~7ς10% of adrenergic receptors ŀǊŜ ǘƘŜ ʲм ǎǳōǘȅǇŜ 

(Williams, Caron, and Daniel 1984; Kim et al. 1991)Φ CǳǊǘƘŜǊƳƻǊŜΣ ʲн-Adrenergic 

receptor is denser in slow-twitch muscles compared to fast-twitch muscles (Ryall et 

al. 2004; Ryall et al. 2002)Φ IƻǿŜǾŜǊΣ ǘƘŜ ƳŀƎƴƛǘǳŘŜ ƻŦ ŀƴŀōƻƭƛŎ ǊŜǎǇƻƴǎŜǎ ǘƻ ʲн-

adrenergic agonists is greater in fast-twitch muscles than in slow-twitch muscles 

(Burniston et al. 2006; Ryall, Sillence, and Lynch 2006; Sato et al. 2008, 2010). The 

ʲн-adrenergic signalling pathway involves the ŎƻǳǇƭƛƴƎ ƻŦ ǘƘŜ ʲн-adrenergic receptor 

with a stimulatory guanine nucleotide-ōƛƴŘƛƴƎ ǇǊƻǘŜƛƴΣ Dʰs ƻǊ Dʰi-ƭƛƴƪŜŘ Dʲʴ 

subunits. The agonist-ŘŜǇŜƴŘŜƴǘ ŀŎǘƛǾŀǘƛƻƴ ƻŦ Dʰs activates adenylyl cyclase which 

in turn increases cyclic AMP (cAMP) production (Sato et al. 2011). CAMP-activated 

PKA initiates the transcription of many target genes via the phosphorylation of CREB 

or adaptor proteins such as CBP and p300, subsequently promoting protein synthesis 

(Sato et al. 2011). Moreover, D ih-ƭƛƴƪŜŘ Dʲʴ ǎǳōǳƴƛǘǎ ōƛƴŘƛƴƎ ƛƴǘŜǊŀŎǘǎ ǿƛǘƘ ǘƘŜ 

PI3K/Akt/mTOR/p70S6K and PI3K/Akt/FOXO pathways and can induce skeletal 

muscle hypertrophy (Lynch and Ryall 2008).  



 

57 
 

1.6.4. Fibroblast growth factors (FGFs) 

FGFs make up a large family of polypeptide growth factors that are found in 

organisms ranging from nematodes to humans. FGFs have diverse roles in regulating 

cell proliferation, survival, migration, and differentiation (Ornitz and Itoh 2001). 

Despite there being 22 members of the FGF family, only a handful have been 

documented to influence muscle mass and satellite cell function including FGF2, 

FGF6, FGF19 and FGF21 (Benoit et al. 2017; Oost et al. 2019; Mathes et al. 2021; Xu 

et al. 2021). FGF19 has recently shown to play a key role in regulative skeletal muscle 

mass. Benoit et al. (2017) demonstrated that treatment with FGF19 caused skeletal 

muscle hypertrophy in mice and physiological and pharmacological doses of FGF19 

substantially increased myotube area in differentiated primary human myotubes. 

Moreover, these effects were mediated via the phosphorylation of the extracellular-

signal-regulated protein kinase 1/2 (ERK1/2) and the ribosomal S6K1 via mTOR 

(Benoit et al. 2017). ¢Ƙƛǎ ŜŦŦŜŎǘ ǊŜǉǳƛǊŜŘ ǘƘŜ CDCмф ǊŜŎŜǇǘƻǊ ʲ-Klotho, as mice with a 

skeletal-muscle-ǎǇŜŎƛŦƛŎ ƎŜƴŜǘƛŎ ŘŜŦƛŎƛŜƴŎȅ ƻŦ ʲ-Klotho were unresponsive to the 

effects of FGF19 (Benoit et al. 2017). However, the closely related family member 

FGF21 has shown to have an opposite effect as it is released by atrophic muscle and 

mediates muscle atrophy and weakness through stimulation of B-cell lymphoma 3-

encoded protein (BCL)2/adenovirus E1B 19 kDa protein-interacting protein (BNIP) 3 

(Oost et al. 2019). Moreover, the ablation of FGF21 in muscle prevents the fasting 

induced decrease in muscle mass and strength in mice indicating its role in inducing 

muscle atrophy (Oost et al. 2019).  
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1.6.5. Calcium signalling 

Ca2+ is a ubiquitous intracellular signalling molecule that regulates a plethora of 

cellular signalling processes (Tu et al. 2016). Calcium levels regulate calmodulin, 

which activates calcium/CaM-dependent kinases (CaMK) and phosphatases such as 

calcineurin. These work to stimulate the activity of Ca2+-sensitive transcription factors 

including nuclear factor of activated T-cell (NFAT). NFAT proteins comprise a family 

of five transcription factors (NFATc1, NFATc2, NFATc3, NFATc4, and NFAT5) with 

NFATc1 being the predominant NFAT isoform expressed in adult skeletal muscle 

(Hogan et al. 2003; Rana, Gundersen, and Buonanno 2008). NFAT is a transcription 

factor involved in regulating muscle oxidative capacity and is also required in vivo for 

the proper balance of slow type I and fast type II fibres and for fast-to-slow fibre 

switching in response to exercise (Ehlers, Celona, and Black 2014). Additionally, 

cytosolic calcium enters the mitochondrial matrix through the mitochondrial calcium 

uniporter (MCU) and the complete complex of the MCU subunits is now referred to 

as the mitochondrial calcium uniporter holocomplex (MCUcx) (Boyman and Lederer 

2020). Ca2+ are trafficked into the mitochondria and are required as a signal to 

maintain mitochondrial ATP production, metabolic fuel selection and (if excessive 

high) can promote cell death (Kwong et al. 2018; Altamimi et al. 2019; Wescott et al. 

2019; Carraro et al. 2020). Mitochondrial dysfunction and impaired proteostatic 

mechanisms are important contributors to the complex aetiology of conditions such 

as sarcopenia and consequently maintaining calcium homeostasis is necessary to 

regulate mitochondrial capacity (Pivovarova and Andrews 2010; Coen et al. 2018). 
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1.6.6. Transforming growth ŦŀŎǘƻǊ ʲ ό¢DCʲύ ǎƛƎƴŀƭƭƛƴƎ 

The ¢ǊŀƴǎŦƻǊƳƛƴƎ ƎǊƻǿǘƘ ŦŀŎǘƻǊ ʲ (TGF- )̡ superfamily is a large and continuously 

expanded family of regulatory polypeptides. This super family can be subdivided into 

different subclasses including the TGF-ʲ family, bone morphogenetic proteins 

(BMPs), GDFs, activins, inhibins, and glial-derived neurotrophic factors (GDNFs) 

(Javelaud and Mauviel 2004). In regard to skeletal muscle signalling, the most well-

known TGF-ʲ ŦŀƳƛƭȅ ƳŜƳōŜǊ ƛǎ Ƴȅƻǎǘŀǘƛƴ (growth and differentiation factor 8, 

GDF8), a potent negative regulator of skeletal muscle mass (McPherron, Lawler, and 

Lee 1997; Lee 2004). Myostatin knockdown has long been shown to result in extreme 

hypermuscularity within mice, dogs, sheep, cattle (McPherron and Lee 1997; 

McPherron, Lawler, and Lee 1997). Myostatin binds to plasma membrane receptors 

ŀŎǘƛǾƛƴ ǘȅǇŜ LL! ŀƴŘ ǘȅǇŜ LL. ό!ŎǘwLL!κ.ύΣ ŀǎ ǿŜƭƭ ŀǎ ¢DCʲ ǊŜŎŜǇǘƻǊǎ ό¢DCʲwLLύΣ ŀƴŘ 

negatively regulate muscle mass by activating activin receptor-like kinase (ALK)-4, -7, 

and -5, which in turn phosphorylate mothers against decapentaplegic (SMAD) 2/3 

and promote the formation of a heterotrimeric complex with SMAD4 (Taylor et al. 

2001; Sartori et al. 2009; Trendelenburg et al. 2009). SMAD 2/3 can inhibit the 

transcription factor JunB, which normally promotes muscle growth and inhibits 

atrophy by blocking FOXO3, subsequently leading to an ablation in skeletal muscle 

hypertrophy (Sartori et al. 2009; Raffaello et al. 2010).  

Conversely, BMPs bind to dedicated BMP receptors (e.g., ALK3) that in turn 

phosphorylate BMP-responsive SMAD proteins (SMAD1/5/8) (Walsh et al. 2010). The 

BMP-dependent SMAD1/5/8 also forms a transcriptional complex with SMAD4 that 

translocates to the nucleus and regulates the transcription of target genes. In 
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particular, it leads to the repression of MUSA1, a novel E3 ligase downstream of 

¢DCʲΣ ŀƴŘ ǎǳōǎŜǉǳŜƴǘ ŀŎǘƛǾŀǘƛƻƴ ƻŦ Ƴ¢hw ǎƛƎƴŀƭƭƛƴƎ (Miyazono and Miyazawa 2002; 

Sartori et al. 2013; Winbanks et al. 2013; Sartori, Gregorevic, and Sandri 2014). 

Therefore, BMP signalling is indispensable for the regulation of adult muscle mass as 

normal homeostatic regulation of muscle mass involves balancing the competing 

actions of SMAD2/3 (atrophy) and SMAD1/5/8 (hypertrophy) for SMAD4 (Sartori et 

al. 2013). 

1.7. Proteolysis pathways 

 

1.7.1. UbiquitinςProteasome System 

 

The ubiquitin-proteasomal system (UPS) is responsible for degrading the majority of 

cellular proteins (Lecker et al. 1999; Lecker et al. 2004) and plays a key role in skeletal 

muscle atrophy. Components of the UPS are some of the most up-regulated genes in 

conditions such as diabetes, denervation, cancer cachexia and fasting (Bodine, 

Latres, et al. 2001; Cai et al. 2004; Lecker et al. 2004; Sandri et al. 2004; Stitt et al. 

2004). Proteins designated for degradation are enzymatically tagged with by the 

addition of polyubiquitin chains, in a process that involves 3 distinct components- 

Ubiquitin-activating enzymes (E1), Ubiquitin-conjugating enzymes (E2), and ubiquitin 

ligases (E3). These enzymatically tagged proteins are then recognised by the 26S 

proteasome, which comprises a central barrel-shaped 20S core particle associated 

with two 19S regulatory subunits (Voges, Zwickl, and Baumeister 1999; Glickman and 

Ciechanover 2002). The 19S regulatory subunits recognise and bind ubiquitinated 

proteins and begin their ATP-dependent destruction within the catalytic core (see 
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figure 1.7) (Voges, Zwickl, and Baumeister 1999). This process is reversable however, 

and the polyubiquitin chain can be removed by ubiquitin-specific hydrolases, of 

which only ubiquitin carboxyl-terminal hydrolase (USP)14 and USP19 are upregulated 

in atrophic muscle (Borodovsky et al. 2001; Combaret et al. 2005). There are over 650 

E3 ubiquitin ligases identified within the genome, but the muscle specific E3 ligases 

MuRF1 and MAFbx are highly upregulated during various types of atrophy (Bodine, 

Latres, et al. 2001; Gomes et al. 2001; Lecker et al. 2004; Aniort et al. 2019). These 

E3 ligases seem to have distinct roles in protein degradation, with MuRF1 appearing 

to tag muscle structural proteins for degradation (troponin I, myosin heavy chains 

(MyHC), actin, myosin-binding protein C, and myosin light chains 1 and 2), whereas 

MAFbx targets proteins involved in growth and survival (MyoD and eIF3-f) (Kedar et 

al. 2004; Tintignac et al. 2005; Clarke et al. 2007; Cohen et al. 2009; Csibi et al. 2010; 

Polge et al. 2011). However, both of which are heavily involved in skeletal muscle 

regulation as mice deficient in MuRF1 and MAFbx are partially protected against 

disuse atrophy (Bodine, Latres, et al. 2001). Interestingly, the mechanisms which 

induce skeletal muscle atrophy seem to have vastly different molecular responses in 

regard to which E3 ligase is indispensable. MuRF1 knockout animals are protected 

from glucocorticoid treatment and the ageing-relating decline in muscle mass but 

demonstrate no protective effects against fasting or microgravity induced atrophy 

(Bodine, Latres, et al. 2001; Baehr, Furlow, and Bodine 2011; Sandri et al. 2013; Hwee 

et al. 2014; Cadena et al. 2019). MAFbx knockout animals, however, are partially 

protected against starvation induced atrophy but are still susceptible to 

glucocorticoid, denervation, and ageing-induced muscle wasting (see figure 1.8 for 
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overview of UPS) (Baehr, Furlow, and Bodine 2011; Cong et al. 2011; Gomes et al. 

2012; Sandri et al. 2013; Sartori et al. 2013).  

 

Figure 1.7. Schematic diagram of the 26S proteasome. The 26S proteasome consists of one proteolytically active 
cyclinder-shaped particle (20S proteosome) and ATPase-containing complexes (19S cap complexes). The 20S 
proteaǎƻƳŜ ƛǎ ƳŀŘŜ ǳǇ ƻŦ ŦƻǳǊ ŦƻǳǊ ƘŜǇǘŀƳŜǊƛŎ ǊƛƴƎǎΥ ǘǿƻ ƻǳǘŜǊ ƛŘŜƴǘƛŎŀƭ Ω-ǊƛƴƎǎ ŀƴŘ ǘǿƻ ƛŘŜƴǘƛŎŀƭ ƛƴƴŜǊ ά-rings. 
Each ring is made of seven distinct homologous subunits. The 19S regulatory particles on the ends of the 20S 
proteasome are composed of at least 18 subunits, and are divided into two subcomplexes: the lid and the base. 
The 19S complex contains the two largest subunits of the proteasome RPN1 and RPN2, the ubiquitin receptors 
RPN10 and RPN13, and the six ATPases (RPT1-RPT6). Image created using BioRender (BioRender, Canada). 

 

TNF receptor-associated factor 6 (TRAF6) is another E3 ligase which plays an 

important role during muscle atrophy and is upstream of NF-ˁ. (Paul et al. 2010). 

TRAF6 mediates the conjugation of Lys63-linked polyubiquitin chains to target 

proteins (Paul et al. 2010). Lys48-linked polyubiquitin chains are a signal for 

proteasome-dependent degradation, but Lys63-linked polyubiquitin involves the 

interaction with the scaffold protein p62 and subsequently is also involved in 
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regulating autophagy-dependent cargo recognition(Komatsu et al. 2007; Pankiv et al. 

2007; Kirkin, Lamark, et al. 2009). TRAF6-dependent Lys63 polyubiquitination 

stabilizes and enhances ULK1 activity, which is required for autophagy induction 

(Nazio et al. 2013). Moreover, muscle specific knockdown of TRAF6 in mice offers 

resistance to muscle loss caused by denervation, cancer, or starvation (Paul et al. 

2010). The reduction in TRAF6 in these transgenic mice reduces the expression of 

polyubiquitinated proteins, with almost no Lys63-polyubiquitinated proteins present 

in starved muscle (Paul et al. 2012). Moreover, there is also a reduction in the E3 

ligases MuRF1 and MAFbx offering further protection against muscle atrophy 

(Vainshtein and Sandri 2020). Interestingly, TRAF6 is also required for the optimal 

activation of AMPK, NF-ˁ.Σ c-Jun N-terminal kinase (JNK) and FOXO3 pathways, 

highlighting the importance of TRAF6 in coordinating proteolytic pathways (Paul et 

al. 2010; Paul et al. 2012). 
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Figure 1.8. Ubiquitin-proteasomal system (UPS) mediated protein degradation. Free ubiquitin is trafficked to 
targetted proteins following activation by ubiquitin-activating enzymes (E1) before being passed onto ubiquitin-
conjugating enzymes (E2) in the conjugation step. Finally E2 enzymes complex with ubiquitin ligases (E3) which 
recognise the target protein and catalyse the transfer of ubiquitin. These ubiquitinated proteins then enter and 
are subsequently degraded by the 26S proteasome. Ubiquitin chains are subsequently recycled via the action of 
the deubiquitinating enzymes. Image created using BioRender (BioRender, Canada). 

 

1.7.2. Autophagy-Lysosomal System 

 

¢ƘŜ ǘŜǊƳ άŀǳǘƻǇƘŀƎȅέ ǿƘƛŎƘ ƳŜŀƴǎ άǎŜƭŦ-ŜŀǘƛƴƎέ, is a highly conserved process 

present from yeast to plants to animals (Yorimitsu and Klionsky 2005). The 

autophagy-lysosomal system (also known as the autophagolysosomal system) is a 

cellular quality control network which maintains cellular health and homeostasis 

through the removal of intracellular macromolecules (Yorimitsu and Klionsky 2005; 

Nakatogawa 2020). Tagged portions of the cytoplasm, dysfunctional organelles and 

protein aggregates are sequestered into double membrane vesicles called 

autophagosomes, which are subsequently delivered to lysosomes for proteolysis 



 

65 
 

(Nakatogawa 2020). The process of autophagy involves the participation and 

interaction autophagy related (ATG) proteins which together form the ULK/ATG 

complex in mammals (Mizushima, Yoshimori, and Ohsumi 2011). This complex 

contains 5 members in yeast; Atg1, Atg13, Atg17, Atg29, and Atg31) and 4 members 

in mammals; ULK1/2, ATG13, RB1 inducible coiled-coil 1 (RB1CC1/FIP200), and 

ATG101 (Papinski and Kraft 2016). ULK1/2 is the only core protein within the 

autophagy system with serine/threonine kinase activity (Xia et al. 2021). The 

ULK/ATG complex mediates autophagic signalling and acts as a bridge between 

autophagy and upstream nutrient/energy signalling, as ULK1/2 are inhibited by 

MTORC1 and activated by AMPK (Xia et al. 2021).  

Following the initiation of autophagy, the formation of class III phosphatidylinositol-

3 kinase complexes I (PI3KC3-C1) is an essential step at the nucleation stage, after 

which the precursor membrane forms a cistern-like structure called a phagophore 

(Kihara, Noda, et al. 2001; Itakura et al. 2008; Levine and Kroemer 2008). The PI3KC3-

C1 complex is composed of 4 main components including phosphatidylinositol 3-

kinase catalytic subunit type 3 (PIK3C3 also known as VPS34), BECLIN 1 (mammalian 

homolog of yeast Atg6), phosphoinositide-3-kinase regulatory subunit 4 (PIK3R4 also 

known as VSP15), and Atg14/Autophagy-Related Protein 14-Like Protein (ATG14L) 

(Kihara, Noda, et al. 2001; Itakura et al. 2008; Matsunaga et al. 2009; Levine and 

Kroemer 2019). The PI3KC3-C1 complex is then able to convert phosphatidylinositol 

(PI) into phosphatidylinositol 3-phosphate (PI3P) following its recruitment to the sites 

of phagophore nucleation on the endoplasmic reticulum (ER) and mitochondria 

(Funderburk, Wang, and Yue 2010; Fan, Nassiri, and Zhong 2011; Hamasaki et al. 

2013). The synthesis of PI3P is one of the hallmarks of autophagy initiation, and PI3P 
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is required for autophagosome biogenesis and autophagosomeςlysosome 

membrane fusion (Nascimbeni, Codogno, and Morel 2017).  

The next stage of autophagy is associated with the elongation and expansion of the 

phagophore into a double membrane structure which begins to surround the 

cytoplasmic material (Lamb, Yoshimori, and Tooze 2013). This process of membrane 

elongation is mediated through the actions of numerous proteins including ATG12 

and microtubule-associated protein 1 light chain 3 alpha/beta 

(LC3/MAP1LC3A/MAP1LC3B), which are ubiquitin-like proteins and play an essential 

role in the expansion of phagocytic membranes (Ohsumi and Mizushima 2004; 

Nakatogawa 2013). ATG12 is able to interact with ATG16 non-covalently following its 

conjugation to ATG5 which is mediated by E1 ubiquitin ligase-like conjugating 

enzyme ATG7 and E2 ubiquitin ligase like conjugating enzyme ATG10 (Romanov et al. 

2012; Walczak and Martens 2013). LC3 is cleaved by ATG4 cysteine peptidase at the 

C-terminal end to produce cytoplasmic LC3-I (Xia et al. 2021). This proteolytic 

reaction hydrolyses a peptide bond within LC3 using the thiol group of a cysteine 

residue as a nucleophile. ATG7 and ATG3 then link LC3-I to 

phosphatidylethanolamine (PE) in a ubiquitin-like reaction to form LC3-

phosphatidylethanolamine conjugate (LC3-II) (Ye et al. 2023). PE is a major 

component of the cellular membrane across all domains of life and consequently 

LC3-II in this lipid form is able to be incorporated into the autophagosomal 

membrane (Cho, Lee, and Kim 2021).  

The closure of the phagophore during the maturation phase results in the 

sequestration of the cytoplasmic component and the formation of the 
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autophagosome (Nakatogawa 2020). The autophagosome is able to merge with 

endosomes and vacuoles (in yeast and plants) or lysosomes (in animals) forming the 

autophagolysosome. This then allows for the degradation of the components within 

the inner membrane after which the autophagolysosome becomes a residual body 

(Xia et al. 2021). Products derived from this process (e.g., amino acids and fatty acids) 

can then be trafficked back into the cytoplasm and recycled as components for 

cellular metabolism (see figure 1.9 for overview of autophagy-lysosomal system)  

(Ohsumi 2014; Sakakibara et al. 2015). 

Figure 1.9. Autophagy-lysosomal system. The process of autophagy is regulated by upstream nutrient/energy 
signalling via mTORC1 and activated by AMPK. Autophagy initiation is mediated through autophagy related 
protein (ATG) proteins which together form the ULK/ATG complex. Further activation of ATG proteins leads to the 
formation of the PI3KC3-C1 complex, which is essential during the nucleation stage, forming a cistern-like 
structure known as a phagophore. The autophagosome then elongates and matures into a double membrane 
structure which sequesters the cytosolic material. The autophagosome then fuses with lysosomes forming an 
autophagolysosome which allows for the degradation of intracellular macromolecules. Products derived from this 
process (e.g., amino acids and fatty acids) can be shuttled back into the cytoplasm and recycled as components 
for cellular metabolism. Image created using BioRender (BioRender, Canada). 
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1.8. Molecular regulation of skeletal muscle protein 

degradation  

 

1.8.1. Forkhead box O family (FOXOs) 

 

There are numerous transcriptional regulators of skeletal muscle protein 

degradation (Lecker et al. 2004; Tang and Goldman 2006; Judge et al. 2007; Ebert et 

al. 2012). These genes which regulate skeletal muscle atrophy are collectively termed 

ΨŀǘǊƻƎŜƴŜǎΩ and include genes which regulate both the UPS and the autophagy-

lysosomal system. The FOXO family of transcription factors are involved in a wide 

range of biological processes including cell cycle (Dijkers, Medema, Pals, et al. 2000; 

Medema et al. 2000), DNA damage repair (Tran et al. 2002), oxidative stress 

resistance (Furukawa-Hibi et al. 2002; Kops et al. 2002; Nemoto and Finkel 2002), 

metabolism (Ogg et al. 1997), and apoptosis (Brunet et al. 1999; Dijkers, Medema, 

Lammers, et al. 2000). The FOXO family of transcriptional regulators consists of 

FOXO1, 3, 4, and 6 in mammals (all 4 of which are expressed in skeletal muscle) (Du 

and Zheng 2021). However, while FOXO1, 3 and 4 are expressed ubiquitously, FOXO6 

is primarily present within the central nervous system (Salih et al. 2012; Du and Zheng 

2021). Interestingly, both FOXO1 and 3 have been shown to induce skeletal muscle 

atrophy in response to disuse and metabolic dysfunction (Lecker et al. 2004; Sandri 

et al. 2004; Mammucari et al. 2007). However, FOXO1 null mice die early during 

embryonic development due to impaired vasculogenesis (Hosaka et al. 2004). While 

FOXO3, 4, and 6 null mice are viable, they present numerous pathological 

phenotypes including downregulation of MyoD transcription, increased NF-ˁ. 
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activity and impaired synaptic function (Hosaka et al. 2004; Ni et al. 2006; Hu et al. 

2008; Salih et al. 2012).  

The FOXO family are regulated by the IGF-1/PI3K/Akt signalling pathway, which is the 

canonical pathway of skeletal muscle hypertrophy (see section 1.6.2). The activation 

of the serine/threonine kinase Akt can lead to a phosphorylation of FOXO on residues 

Thr32, Ser253, and Ser315 leading to its inhibition (Brunet et al. 1999). The 

phosphorylation of FOXO at residues Thr32, Ser253 prevent it from entering the 

nucleus leading to cytoplasmic retention due to 14-3-3 chaperone protein binding 

(Brunet et al. 1999). FOXO3 can also be targeted by the HAT p300 which results in its 

cytosolic relocalisation and proteasomal degradation through the E3 ligase murine 

double minute 2 (Mdm2) (Bertaggia, Coletto, and Sandri 2012). However, FOXO 

phosphorylation at the residues Thr179, Ser399, Ser413, Ser355, Ser588, and Ser626 by the 

energy sensor AMPK actually leads to an increase in FOXO activation (Greer et al. 

2007). Administration of the AMPK activator 5-Aminoimidazole-4-carboxamide 

ribonucleotide (AICAR) demonstrated AMPK dependent phosphorylation of FOXO at 

Ser413 and Ser588, suggesting these two sites in particular regulate muscle FOXO 

activity (Tong et al. 2009; Sanchez et al. 2012). Moreover, AMPK also activates the 

histone deacetylase (HDAC) sirtuin (SIRT)1 through an increase in cellular NAD+ 

concentrations (Cantó et al. 2009). This increase in SIRT1 results in post-translational 

modification of FOXO, with the subsequent deacetylation activating both FOXO1 and 

3 in skeletal muscle (Cantó et al. 2009). This AMPK mediated activation in SIRT1 also 

leads to modulations in mitochondrial and lipid utilisation genes through an 

additional deacetylation of Peroxisome proliferator-ŀŎǘƛǾŀǘŜŘ ǊŜŎŜǇǘƻǊ ʴ ŎƻŀŎǘƛǾŀǘƻǊ-

1 (PGC-1 )h (Cantó et al. 2010). Therefore, FOXO is positively regulated by AMPK 
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mediated SIRT1 activity under periods of low energy availability and negatively 

regulated by the IGF-1/PI3K/Akt pathway following stimuli such as feeding or 

resistance exercise (see figure 1.10) (Brunet et al. 1999; Cantó et al. 2009).  

 

Figure 1.10. Forkhead box O family (FOXOs) pathway. 1) FOXOs are negatively regulated by the IGF-1/PI3K/Akt 
axis. insulin/insulin-like growth factors 1 to their respective receptors recruits PI3K, which phosphorylates PIP2 to 
PIP3. PIP3 acts in turn as a docking site for two kinases, PDK1 and Akt, and the subsequent phosphorylation of Akt 
at serine 308 by PDK1, leads to Akt activation. Akt can phosphorylate FOXOs at Thr32, Ser253, and Ser315 leading 
to its inhibition as FOXOs are prevented from entering the nucleus due to chaperone 14-3-3 binding. FOXOs can 
also be targeted by the HAT p300 which results in cytoplasmic translocation. FOXOs are then degraded by the E3 
ligase Mdm2 via ubiquitination at the 26S proteasome. 2) Low energy availability leads to an activation of AMPK 
which can act antagonistically to the IGF-1/PI3K/Akt axis. AMPK can phosphorylate FOXOs at Ser413 and Ser588 

leading to its activation. Moreover, increased AMPK activity also cause a concomitant increase in cellular NAD+ 
concentrations which activates the histone deacetylase SIRT1 resulting in deacetylation of FOXOs further 
promoting its activity. Image created using BioRender (BioRender, Canada). 

 

FOXO can act on both the major skeletal muscle degradation pathways UPS and 

autophagy-lysosomal system (Sandri et al. 2004; Mammucari et al. 2007). FOXO1 and 

3 are both required for the transcription of the E3 ubiquitin ligases MAFbx and 

MuRF1 (Kamei et al. 2004; Sandri et al. 2004). This therefore induces the breakdown 
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of proteins in a 26S proteasome dependent manner through the addition of a 

ubiquitin tag (see section 1.7.1). FOXO is also able to regulate the autophagy-

lysosomal system as FOXO mediated the activity of LC3B and BNIP3 in starvation 

induced atrophy (Mammucari et al. 2007). The mechanisms by which FOXO can 

mediate the two proteasomal pathways are independent, with BNIP3 specifically 

mediating the FOXO interaction with the autophagy pathway (Mammucari et al. 

2007). FOXO can also regulate other transcription factors involved in the autophagy-

lysosomal pathway including those involved in the formation of the ULK-ATG 

complex and the PI3KC3-C1 complex which are required for the initiation and 

nucleation of the phagophore (Matsuura et al. 1997; Kamada et al. 2000; Kihara, 

Kabeya, et al. 2001; Suzuki et al. 2001).  

1.8.2. Nuclear Factor-kappa B (NF-ˁ.ύ 

 

NF-ˁ. is a nuclear transcription factor involved in a diverse array of different 

signalling pathways including innate and adaptive immune system responses, cell 

growth and survival (Ghosh and Karin 2002). Mammalian NF-ˁ. is comprised of 

protein subunits which can be further divided into 2 sub-groups. One group is 

characterised by the presence of an N-terminal Rel homology domain (RHD) which is 

essential for dimerisation and a C-terminus transcriptional activation domain (Li, 

Malhotra, and Kumar 2008). These are synthesised as mature protein and include 

p65 (RelA), c-Rel and RelB (Hayden and Ghosh 2004). The other group contains the 

precursor proteins p105 and p100 which undergo proteolytic processing at the C-

terminus to form p50 and p52 which contain the N-terminal RHD but lack the 

transcriptional activation domains at the C-terminus end (Hayden and Ghosh 2004). 
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NF-ˁ. dimers resides in the cytosol tightly bound to inhibitors of nuclear factor kappa 

B όLˁ.ǎύ (Ghosh and Karin 2002). There exists several ǎǳōǳƴƛǘǎ ƻŦ ƳŀƳƳŀƭƛŀƴ Lˁ.ǎΣ 

including Lˁ.ʰΣ Lˁ.ʲΣ Lˁ.ʶ ŀƴŘ Lˁ.ʴΣ ./[-3 and the precursor proteins, p100 and p105 

(Li, Malhotra, and Kumar 2008)Φ Lˁ.ǎ ŦƻǊƳ ŎƻǾŀƭŜƴǘ ōƻƴŘǎ ǿƛǘƘ bC-ˁ. masking the 

nuclear localisation sequence in the NF-ˁ. ŎƻƳǇƭŜȄ ǿƘƛŎƘ ǇǊŜǾŜƴǘǎ ƴǳŎƭŜŀǊ ōƛƴŘƛƴƎ 

(Ashall et al. 2009). While the NF-ˁ.-Lˁ. ŎƻƳǇƭŜȄ ŘƻŜǎ ƛƴ ŦŀŎǘ ŎȅŎƭƛŎŀƭƭȅ ƳƛƎǊŀǘŜ ŦǊƻƳ 

ǘƘŜ Ŏȅǘƻǎƻƭ ǘƻ ǘƘŜ ƴǳŎƭŜǳǎΣ ǘƘŜ Lˁ. ǇǊŜǾŜƴǘǎ ƴǳŎƭŜŀǊ ōƛƴŘƛƴƎ ŀƴŘ promotes the export 

of NF-ˁ. ƻǳǘ ƻŦ ǘƘŜ ƴǳŎƭŜǳǎ ŀƴŘ ƛƴǘƻ ǘƘŜ ŎȅǘƻǇƭŀǎƳƛŎ ŎƻƳǇŀǊǘƳŜƴǘ (Ashall et al. 

2009). NF-ˁ. Ŏŀƴ ōŜ ŀŎǘƛǾŀǘŜŘ ǘƘǊƻǳƎƘ ǘƘŜ ŀŎǘƛƻƴ ƻŦ ǘƘŜ Lˁ. ƪƛƴŀǎŜ όLYYύ ǿƘƛŎƘ 

phosphorylates Lˁ. ǿƘƛŎƘ ǎǳōǎŜǉǳŜƴǘƭȅ ƭŜŀŘǎ ǘƻ ƛǘǎ ŘŜƎǊŀŘŀǘƛƻƴ Ǿƛŀ ǘƘŜ ¦t{ (Hayden 

and Ghosh 2004). This results in NF-ˁ. ōŜƛƴƎ ƭƛōŜǊŀǘŜŘ ǿƘŜǊŜ ƛǘ Ŏŀƴ ǘǊŀƴǎƭƻŎŀǘŜ ǘƻ ǘƘŜ 

ƴǳŎƭŜǳǎ ŀƴŘ ōƛƴŘ ǘƻ ǊŜǉǳƛǎƛǘŜ ǇǊƻƳƻǘŜǊ ǎŜǉǳŜƴŎŜǎ ŀǘ ǘƘŜ ˁ. ŘƻƳŀƛƴǎ (Hayden and 

Ghosh 2004).  

NF-ˁ. Ŏŀƴ ōŜ ŀŎǘƛǾŀǘŜŘ Ǿƛŀ ŀ ǾŀǊƛŜǘȅ ƻŦ ǎǘƛƳǳƭƛ ƛƴŎƭǳŘƛƴƎ bacterial toxins (i.e., 

lipopolysaccharide [LPS]) and pro-inflammatory cytokines (i.e., interleukin-1 [IL-1] 

and tumour necrosis factor h [TNF-ʰϐύ (Greten et al. 2007; Sharif et al. 2007; Hayden 

and Ghosh 2014). The activation of NF-ˁ. via TNF-ʰ ƛǎ ǿŜƭƭ ŘƻŎǳƳŜƴǘŜŘ ŀƴŘ 

represents a classical NF-ˁ. signalling pathway (Ashall et al. 2009). TNF-ʰ Ŏŀƴ ōƛƴŘ ǘƻ 

the TNF receptor 1 (TNF-R1) complex which leads to a translocation of IKK̡  by the 

chaperone proteins HSP90 co-chaperone Cdc37 (CDC37) and HSP90 (Chen, Cao, and 

Goeddel 2002). Two components of the TNF-R1 complex, TNF receptor-associated 

factor 2 (TRAF2) and the death domain kinase receptor-interacting protein (RIP) are 

required for IKK activation (Devin et al. 2000). LYYʲ ǘƘŜƴ ǇƘƻǎǇƘƻǊȅƭŀǘŜǎ ǘƘŜ LY.ʰ ŀƴŘ 

LY.ʲ ǎǳōǳƴƛǘǎ ǿƘƛŎƘ ōƛƴŘ ǘƻ ŀƴŘ inactivate NF-ˁ., allowing it to translocate to the 
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nucleus (see figure 1.11) (Adli et al. 2010). Consequently, the activation of NF-ˁ. can 

then cause an increase in protein degradation via the UPS system through the 

increased activation of the E3 ligases MuRF1 and MAFbx (Cai et al. 2004) (see section 

1.7.1). Mice expressing muscle-ǎǇŜŎƛŦƛŎ ǘǊŀƴǎƎŜƴƛŎ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ŀŎǘƛǾŀǘŜŘ LYYʲ had 

profound muscle wasting which resembled a cancer cachexia phenotype (Cai et al. 

2004). Moreover, this increase in muscle atrophy was attributed to the increased 

expression of MuRF1 (Cai et al. 2004). Additionally, NF-ˁ. Ŏontrols the expression of 

genes encoding cytokines and chemokines including IL-1, IL-6 and TNF-ʰ (Liu et al. 

2017). Therefore, the activation of NF-ˁ. Ŏŀƴ generate an inflammatory cascade 

through the production of pro-inflammatory cytokines and chemokines which can 

further increase NF-ˁ. ŀŎǘƛǾƛǘȅ (Liu et al. 2017).  

Figure 1.11. ¢ǳƳƻǳǊ ƴŜŎǊƻǎƛǎ ŦŀŎǘƻǊ ʰ ό¢bC-ʰύ ƳŜŘƛŀǘŜŘ ƴǳŎƭŜŀǊ CŀŎǘƻǊ-kappa B (NF-ˁ.ύ ŀŎǘƛǾŀǘƛƻƴΦ The binding 
of TNF-ʰ ǘƻ ǘƘŜ ¢bC ǊŜŎŜǇǘƻǊ м ό¢bC-wмύ ŎƻƳǇƭŜȄ ƭŜŀŘǎ ǘƻ ǘƘŜ ǘǊŀƴǎƭƻŎŀǘƛƻƴ ƻŦ Lˁ. ƪƛƴŀǎŜ όLYYύ ̡via the chaperone 
proteins HSP90 and HSP90 co-chaperone Cdc37 (CDC37). The activation of IKK ̡is dependent on two components 
of the TNF-R1 complex: TNF receptor-associated factor 2 (TRAF2) and the death domain kinase receptor-
interacting protein (RIP). Once activated, IKKʲ ǘƘŜƴ ǇƘƻǎǇƘƻǊȅƭŀǘŜǎ ƛƴƘƛōƛǘƻǊǎ ƻŦ ƴǳŎƭŜŀǊ ŦŀŎǘƻǊ ƪŀǇǇŀ . όLˁ.ύʰ ŀƴŘ 
Lˁ.ʲ ǿƘƛŎƘ ŀǊŜ ǘƛƎƘǘƭȅ ōƻǳƴŘ ǘƻ NF-ˁ. ǇǊŜǾŜƴǘƛƴƎ ƴǳŎƭŜŀǊ ōƛƴŘƛƴƎΦ CƻƭƭƻǿƛƴƎ ǇƘƻǎǇƘƻǊȅƭŀǘƛƻƴ ƻŦ Lˁ.ʰ ŀƴŘ Lˁ.ʲΣ 
NF-ˁ. ƛǎ ƭƛōŜǊŀǘŜŘ ǿƘŜǊŜ ƛǘ Ŏŀƴ ōƛƴŘ ǘƻ ǘƘŜ ƴǳŎƭŜǳǎ ŀƴŘ promote the transcription of E3 ligases MuRF1/MAFbx and 
also promote the activity of other inflammatory proteins including IL-1, IL-6 and TNF-ʰΦ Image created using 
BioRender (BioRender, Canada). 



 

74 
 

1.9. Vitamin D and skeletal muscle 

 

Despite early evidence of skeletal muscle abnormalities associated with vitamin D 

deficiency, attempts to identify an independent role of vitamin D on skeletal muscle 

progressed with the discovery that 25[OH]D was capable of directly stimulating the 

synthesis of protein, ATP, and inorganic phosphate (Pi) in the rat diaphragm muscle 

(Birge and Haddad 1975). While rickets and osteomalacia have been associated with 

muscle weakness and hypotonia for centuries, recent evidence has suggested that 

this pathology extends to changes in posture/gait, proximal myalgia (muscle pain), 

associated conditions such as fibromyalgia and increased fall risks (Ronin et al. 1991; 

Lamberg-Allardt et al. 2013; Karras et al. 2016). Moreover, early biopsy studies and 

subsequent case reports of the muscle weakness associated with osteomalacia 

revealed non-specific or type II muscle atrophy (Floyd et al. 1974; Irani 1976; Russell 

1994). Previously, the exact mechanism for these seemingly related pathologies was 

difficult to elucidate, however with the generation of VDR null mice, a greater insight 

has been obtained surrounding the causal effects of vitamin D on skeletal muscle 

morphology (Yoshizawa et al. 1997). VDR null mice grow normally until weaning (~3-

4 weeks old) and thereafter develop a plethora of deleterious conditions including 

hypocalcaemia, hypophosphatemia, secondary hyperparathyroidism and bone 

deformities, with these conditions worsening throughout adulthood (Li et al. 1997; 

Yoshizawa et al. 1997; Erben et al. 2002). Moreover, VDR null mutant mice have been 

shown to demonstrate a deregulated expression of myogenic transcription factors, 

which control muscle phenotype, including increased expression of myf5, E2A and 

myogenin, which play a major role in muscle differentiation. These increased 
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myogenic transcription factors were also associated with an increase in embryonic 

and neonatal type MyHC when compared to wild type mice (Endo et al. 2003). 

Treatment of C2C12 myoblast cells with 1,25[OH]2D3 for 48 hrs did cause a decrease 

in the steady state levels of myf5, myogenin and neonatal MyHC (Endo et al. 2003). 

Furthermore, early evidence suggested the presence of receptor-like proteins that 

possessed high affinity for 1,25[OH]2D3 within cultured rat myoblast cells, which 

suggested a direct mechanism for vitamin D action (Simpson, Thomas, and Arnold 

1985). Despite this, the presence of the VDR within skeletal muscles cells has been a 

point of contention within the literature. Girgis et al. (2014) determined that C2C12, 

and C57BL/6 primary myotubes and whole muscle displayed VDR and CYP27B1 

mRNA, however the VDR expression differed substantially between whole muscle 

and in vitro models, with primary and C2C12 myoblasts displaying significantly higher 

levels of VDR mRNA than whole muscle (~8- and ~300-fold respectively). These 

results were then extended to human skeletal muscle as 18 hr incubation with 1 

nmol.L-1 of 1,25[OH]2D3  was capable of increasing intramuscular VDR mRNA 

expression, while 16 weeks treatment of 4,000 IU vitamin D3 resulted in a persistent 

increase in VDR gene expression in muscle tissue biopsies (Pojednic et al. 2015). 

Moreover, the generation of  the myocyte-specific VDR (mVDR) null mouse has 

demonstrated that unlike whole-body VDR KO mice, mVDR mice displayed normal 

body size, alongside a distinct phenotype featuring reduced proportional lean mass, 

reduced voluntary wheel-running distance, reduced average running speed, and 

reduced grip strength (Girgis et al. 2019). mVDR mice also displayed morphological 

differences compared to wild-type mice with an enlargement of muscle fibre 

diameter, the presence of angular fibres and central nuclei (indicators of ongoing 
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remodelling). Moreover, changes in myogenic gene expression (decreased 

expression of cell cycle genes cyclin D1, D2 and D3 and cyclin-dependant kinases CDK-

2 and CDK-4) and calcium handling genes (sarcoplasmic/endoplasmic reticulum 

calcium ATPases [SERCA] serca2b and serca3) were decreased and calbindin mRNA 

was lower (Girgis et al. 2019). More recently, Srikuea, Hirunsai, and Charoenphandhu 

(2020) suggested that skeletal muscle VDR protein expression gradually increased 

throughout the murine life cycle from development through to maturation and 

ageing in a fibre type specific manner, with more pronounced increases occurring in 

the fast-glycolytic plantaris than the slow-oxidative soleus. The substantial increase 

in VDR expression in aged muscle was related to a reduced phosphorylation of the 

downstream mTOR signalling proteins 4E-BP1 and p70 S6K1. Furthermore, VDR 

protein expression correlated with the number of centrally nucleated fibres, which is 

indicative of satellite cell activation and skeletal muscle regeneration (Srikuea, 

Hirunsai, and Charoenphandhu 2020).  However, these findings contradict previous 

research including the observed age-related decline in VDR expression in human 

subjects (Bischoff-Ferrari, Borchers, et al. 2004). Moreover, the ageing phenotype 

has also previously been associated with an increase in mTOR activity, with mTORC1 

hyperactivity having shown to inhibit homeostatic autophagy pathways in rat 

models, leading to the decline in muscle mass associated with sarcopenia (Joseph et 

al. 2019). The cause of the discrepancy between vitamin D studies may be down to a 

larger methodological issue within vitamin D research regarding inter-species 

differences within the vitamin D system (Toell et al. 2001; Ishizuka et al. 2005; Prosser 

et al. 2007). 3-Epi-25[OH]D is an epimer of vitamin D whereby the hydroxyl group at 

the C3 position is oriented differently from the alpha to the beta position in space. 
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This form of vitamin D is present within human adults in low concentrations but can 

contribute up to 61% of total vitamin D in infants up to 1 y of age (Ooms et al. 2016). 

Interestingly, this form of vitamin D is undetectable in infant mice, with 25(OH)D3 

being the major circulating metabolite (Srikuea, Hirunsai, and Charoenphandhu 

2020). Furthermore, the primary vitamin D catabolic pathway can also vary 

substantially between species with 24-hydroxylation resulting in the rapidly cleared 

and biologically inert calcitroic acid, which is the primary catabolic metabolite in rats 

and humans (Esvelt, Schnoes, and DeLuca 1979; Reddy and Tserng 1989; Jones, 

Strugnell, and DeLuca 1998). Whereas other species such as the guinea pig primarily 

catabolise vitamin D via 23-hydroxylation which results in the more biologically active 

vitamin D antagonist 1,25[OH]2D3-26,23-lactone (Toell et al. 2001; Ishizuka et al. 

2005; Prosser et al. 2007). This disparity between species is likely due to evolutionary 

differences such as chronobiology and geographical location, however research 

surrounding these differences are currently limited therefore further research is 

warranted before recommendations can be made. Overall, this highlights the role 

vitamin D plays in the maintenance of skeletal muscle and the development of a 

normal muscle phenotype. Recent studies have helped document that vitamin D 

exerts its effects on skeletal muscle in both a direct and indirect manner as both SM 

localised and whole-body KO of the VDR is capable of impacting skeletal muscle 

morphology and function (Girgis et al. 2014; Bass et al. 2021). Moreover, this 

research may be impacted by physiological differences between animal species and 

the extent of these biological differences is currently unknown.  

Epidemiological studies have helped document the effect vitamin D status has on 

skeletal muscle morphology and function. In a study of 237 postmenopausal women 
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with osteoporosis, significant associations were found between serum vitamin D 

concentrations and trunk body sway and fall/fracture risk (Pfeifer et al. 2001). 

Furthermore, circulating 25[OH]D concentrations were directly correlated to 

neuromuscular reaction time and postural sway in elderly fall clinic patients (Dhesi 

et al. 2002). Additionally, PTH was also an independent variable for overall muscular 

strength. The severity of the neuromuscular dysfunction seems to be negatively 

correlated with vitamin D concentrations as elderly individuals with 25[OH]D levels 

<25 nmol.L-1 and 25-50 nmol.L-1 displayed a reduced physical performance (sum 

score of walking test, chair stands and tandem stand) compared to those with 

25[OH]D levels >75 nmol.L-1. After a 3 yr follow up, individuals with the lower 

25[OH]D scores had a greater risk of physical performance decline compared to 

individuals who had 25[OH]D levels >75 nmol.L-1 (Wicherts et al. 2007). Moreover, 

25[OH]D levels >50 nmol.L-1 were also reported to correlate with lower extremity 

strength and function in postmenopausal women (Mastaglia et al. 2011). While the 

pathological effects of vitamin D deficiency become easily apparent in elderly 

populations, the evidence surrounding the beneficial effect of vitamin D on skeletal 

muscle strength and performance are limited. Vitamin D status has been shown to 

correlate with vertical jump height, velocity, and power in athletic and non-athletic 

populations ό²ŀǊŘ Ŝǘ ŀƭΦ нллфΤ /ƭƻǎŜ Ŝǘ ŀƭΦ нлмоΤ YƻǳƴŘƻǳǊŀƪƛǎ Ŝǘ ŀƭΦ нлмпΤ YǎƛŊȍŜƪ Ŝǘ 

al. 2018). However, due to the suboptimal vitamin D status in a large percentage of 

the study population, it is more reflective of the detrimental effects of sub-optimal 

vitamin D intake on performance rather than supplementation of supra-optimal 

dosages. Overall vitamin D status seems to vary between populations and is heavily 

affected by seasonal variations with summer vitamin D concentrations being 
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profoundly higher than winter (Hamilton et al. 2010; Klingberg et al. 2015; Papadakis 

et al. 2015).  

1.10. Mitochondria  

 

Mitochondria ǇǊƻǾƛŘŜ ǘƘŜ ƳŀƧƻǊƛǘȅ ƻŦ ǘƘŜ ŎŜƭƭΩǎ ŎƘŜƳƛŎŀƭ ŜƴŜǊƎȅ ŎǳǊǊŜƴŎȅ adenosine 

triphosphate (ATP). However, this simplistic definition ignores the many other critical 

roles mitochondria play in maintaining cellular homeostasis including heat 

production, calcium uptake and extrusion, ironςsulphur (Fe/S) cluster synthesis, 

steroidogenesis, antiviral and apoptotic signalling, and vesicle formation (Monzel, 

Enríquez, and Picard 2023). Mitochondria are comprised of 4 different regions, which 

include the outer mitochondrial membrane (OMM), intermembrane space, inner 

mitochondrial membrane (IMM) and mitochondrial matrix. The mitochondrial cristae 

are a fold in the IMM and gives the IMM its characteristic wrinkled shape, which 

serves to create a greater surface area on the IMM. The mitochondrial cristae contain 

many proteins including mitochondrial contact site and cristae organizing system 

(MICOS), optic atrophy 1 (OPA1) and the mitochondrial respiratory chain (MRC) (see 

figure 1.12 for mitochondrial morphology). Despite often being depicted as stand-

alone organelles, mitochondria exist as an interconnected network that is highly 

dynamic (Picard et al. 2013; Monzel, Enríquez, and Picard 2023). Moreover, the 

morphology of the mitochondria can vastly differ from tubular and branched versus 

rounded and fragmented, depending on the cell type or subcellular compartment 

(Monzel, Enríquez, and Picard 2023).  
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Figure 1.12. Mitochondrial morphology. Mitochondria consist of 4 main regions which include the outer 
membrane, intermembrane space, inner membrane, and the mitochondrial matrix. Mitochondrial cristae are folds 
within the inner membrane ŀƴŘ ŀǊŜ ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ƎƛǾƛƴƎ ƳƛǘƻŎƘƻƴŘǊƛŀ ǘƘŜƛǊ ΨŎǊƛƴƪƭŜŘΩ ǎƘŀǇŜΦ The cristae 
themselves are studded with proteins and are the location of the mitochondrial respiratory chain (MRC). Within 
the mitochondrial matrix exists mitochondrial DNA (mtDNA), mitochondrial matrix granules (which contain 
phospholipids, proteins, and calcium) and ribosomes for the synthesis of mitochondrial proteins. Image created 
using BioRender (BioRender, Canada). 

 

 

1.10.1. Mitochondrial respiratory chain (MRC) 

 

Cellular energy requirements are met by the energy released in the oxidation of 

electron donors derived from reduced substrates (such as carbohydrates, fatty acids, 

and amino acids). The MRC situated within the mitochondrial cristae forms the 

structure required for oxidative phosphorylation (OXPHOS), and consequently plays 

an essential role in energy metabolism (Vercellino and Sazanov 2022). The MRC 

involves the entry of electrons into the system and their subsequent movement 

down >20 reduction-oxidation (redox) couples to molecular O2, which serves as the 

final electron acceptor. The MRC consists of four enzyme complexes, including 

NADH-Ubiquinone oxidoreductase (Complex I), succinate:ubiquinone 

oxidoreductase (Complex II), cytochrome c oxidoreductase (Complex III), and 
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cytochrome c oxidase (Complex IV), as well as two mobile electron carriers, 

ubiquinone (CoQ10) and cytochrome c (Ernster and Dallner 1995; Crane 2001). CoQ10 

plays a complex role in the homeostasis of the cell, with various functions from 

energy production to its role as an antioxidant (Crane 2001). However, it also accepts 

electrons derived from complex I and II and transports them to complex III (Crane 

2001). Similarly, cytochrome c also serves multiple functions as it performs a key role 

in cellular apoptosis alongside accepting electrons from complex III and delivering 

them to complex IV (Ow et al. 2008). The multi-protein complexes which form the 

backbone of the MRC are encoded by both nuclear and mitochondrial DNA (mtDNA) 

and are embedded within the IMM to form a continuous reaction system (see figure 

1.14 for overview of MRC).   
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Figure 1.13. Schematic of the MRC. Electron (e-) transfer along the electron transport chain (comprising complex 
I, II, II and IV embedded in the IMM) drives protons (H+) from the mitochondrial matrix into the inner membrane 
space (IMS). Complex I facilitate the oxidation of NADH to NAD+ resulting in the transfer of 2 e- to ubiquinone 
(CoQ10) reducing it to ubiquinol. The energy released by this exchange allows complex I to translocate 4 H+ through 
the membrane, creating a proton gradient. Complex II oxidises flavin adenine dinucleotide (FAD)H2 to FAD also 
reducing CoQ10, however it does not translocate H+ across the membrane. Complex III catalyses the transfer of 
electrons from ubiquinol to cytochrome c. Meanwhile, the protons (H+) from CoQ10 are released into the IMS. 
Complex IV accepts electrons from cytochrome c and completes the final step in the MRC through the reduction 
of molecular oxygen (O2) forming water (H2O). The electrochemical gradient created as a result of the protons 
within the IMS causes them to passively diffuse back into the mitochondrial matrix where they are used to 
generate ATP from complex V. Image created using BioRender (BioRender, Canada). 

 

Originally it was hypothesised that all the components of the MRC were arranged in 

a fluid mosaic model, whereby all the enzyme complexes where randomly distributed 

across the mitochondrial inner membrane and were themselves mobile (Green and 

Tzagoloff 1966).  As a result of this it was presumed that electron transfer would 

ensue through random collisions between the complexes (Hackenbrock, Chazotte, 

and Gupte 1986). However, Kröger and Klingenberg (1973) quantified the two-

enzyme oxidation-reduction of CoQ10 in beef bovine heart mitochondria, which 

suggested the existence of the CoQ10 pool in this organelle. Consequently, it was 
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discovered that CoQ10 is able to behave kinetically as a freely defusing pool, ferrying 

electrons amongst Complexes I, II and III (Kröger and Klingenberg 1973). More recent 

evidence has emerged however, suggesting that the MRC are not randomly 

distributed within the IMM, but instead assemble into multi-complex super 

structures in a multitude of different organisms such as yeast, bacteria, and 

mammals (Schägger and Pfeiffer 2000). These pioneering studies using Blue native 

(BN) PAGE demonstrated that complexes I, II and IV commonly form super-

complexes in various stoichiometry, allowing for the direct transfer of electrons 

between them (Schägger and Pfeiffer 2000). These studies revealed that 80% of 

complex I, 65% of complex III, and 15% of complex IV are involved in super complexes 

(Schägger and Pfeiffer 2000, 2001). The main super complex which consists of 

complex I, III and IV ό{/ /LƴҌ/LLLнҌ/L±ƴύ ƛǎ ǘŜǊƳŜŘ ǘƘŜ ΨǊŜǎǇƛǊŀǎƻƳŜΩ ōŜŎŀǳǎŜ ǘƻƎŜǘƘŜǊ 

with the mobile electron carriers CoQ10 and cytochrome c it can operate as a single 

functional unit that transfers electrons through the ETC to oxygen while 

simultaneously developing the electrochemical gradient across the IMM (Schägger 

and Pfeiffer 2000, 2001; Javadov et al. 2021). Therefore, super-complexes likely 

function to facilitate substrate channelling, maintain the integrity of individual ETC 

complexes, reduce electron leakage and production of reactive oxygen species, and 

prevent excessive and random aggregation of proteins in the IMM (Javadov et al. 

2021).  

The MRC converts reducing equivalents such as nicotinamide adenine dinucleotide 

(NAD)H and flavin adenine dinucleotide (FAD)H2 (which are produced as a 

consequence of substrate metabolism) into free electrons which are pumped into 

the intermembrane space and then passively diffuse back into the matrix to be 
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converted into ATP through the actions of ATP synthase (Complex V). This process 

termed the chemiosmotic hypothesis was proposed by Peter D. Mitchell in 1978 and 

demonstrates that the passage of H+ cations into the intermembrane space creates 

a proton rich environment, which is in contrast to the negatively charged 

mitochondrial matrix (Mitchell 1961). Through this mechanism, a proton-motive 

force is generated, consisting of an electrical gradient (as cations like H+ tend to 

diffuse down the electrical potential, from the positive side of the membrane to the 

negative side) termed membrane potential (ҟ̞ ύΣ ŀƴŘ ŀ ǎƳŀƭƭ ŎƘŜƳƛŎŀƭ ƎǊŀŘƛŜƴǘ όҟǇIύ 

as particles tend to diffuse from higher concentration to lower. The resultant proton-

motive force drives protons back into the matrix through Complex V, resulting in ATP 

synthesis.  

Mitochondrial complex V, while not strictly part of the MRC, is essential for the 

process of OXPHOS as it allows the passage of H+ from the IMM into the 

mitochondrial matrix and subsequently produce ATP. Complex V consists of 2 

different protein subunits: the F1 component which is a soluble portion situated in 

the mitochondrial matrix, and the F0 component which is bound to the IMM 

(Jonckheere, Smeitink, and Rodenburg 2012). F1 is composed of three copies of each 

ƻŦ ǎǳōǳƴƛǘǎ ʰ ŀƴŘ ʲΣ ŀƴŘ ƻƴŜ ŜŀŎƘ ƻŦ ǎǳōǳƴƛǘǎ ʴΣ ʵ ŀƴŘ ʶΦ {ǳōǳƴƛǘǎ ʴΣ ʵ ŀƴŘ ʶ ƳŀƪŜ ǳǇ 

the central stalk of complex V. F0 consists of a subunit c-ring bound to the IMM (see 

figure 1.15 for structure of complex V). 
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Figure 1.14. Mitochondrial ATP synthase (Complex V). Human complex V consists of 2 functional domains: the F1 

component and the F0 component. The F1 domain consists of р ŘƛŦŦŜǊŜƴǘ ǎǳōǳƴƛǘǎ όǘƘǊŜŜ ʰΣ ǘƘǊŜŜ ʲΣ ŀƴŘ ƻƴŜ ʴΣ ʵ 
ŀƴŘ ʶύ ŀƴŘ ƛǎ ƭƻŎŀǘŜŘ ǿƛǘƘƛƴ ǘƘŜ ƳƛǘƻŎƘƻƴŘǊƛŀƭ ƳŀǘǊƛȄΦ The F0 domain contains subunits c, a (hidden in image), b, 
d, F6, oligomycin sensitivity-conferring protein (OSCP) and accessory subunits. F1 ǎǳōǳƴƛǘǎ ʴΣ ʵ ŀƴŘ ʶ ŎƻƴǎǘƛǘǳǘŜ ǘƘŜ 
central stalk of complex V whereas subunits b, d, F6 and OSCP form the peripheral stalk. Protons pass through the 
F0 functional domain from the intermembrane space, which then transfers energy generated from the proton 
electrochemical gradient to the F1 domain, where ADP is phosphorylated to ATP. Image created using BioRender 
(BioRender, Canada). 

 

Paul Boyer won the 1997 Nobel Prize in Chemistry for the proposal of the Binding 

Change Model as the mechanism for the synthesis of ATP (Boyer 1997). It was 

suggested that ATP synthesis and ATP hydrolysis occur at the catalytic sites within 

complex V, located ƛƴ ŜŀŎƘ ƻŦ ǘƘŜ ǘƘǊŜŜ ʲ ǎǳōǳƴƛǘǎΣ ŀǘ ǘƘŜ ƛƴǘŜǊŦŀŎŜ ǿƛǘƘ ŀƴ ŀŘƧŀŎŜƴǘ 

ʰ ǎǳōǳƴƛǘ (Boyer 1997). During ATP synthesis, each site switches cooperatively 

between conformations: open (betaO), loose (betaL) and tight (betaT). During this 

process, ADP and Pi bind, ATP is formed, and then released (see figure 1.16 for 

overview of the Binding Change model). ATP hydrolysis uses the same pathway but 

in reverse (Adachi et al. 2007). ¢ƘŜǎŜ ǎƛǘŜ ǘǊŀƴǎƛǘƛƻƴǎ ŀǊŜ ŎŀǳǎŜŘ ōȅ Ǌƻǘŀǘƛƻƴ ƻŦ ǘƘŜ ʴ 
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ǎǳōǳƴƛǘΦ IƻǿŜǾŜǊΣ ǘƘŜ ʰ3 3̡ hexamer must remain fixed relative to the subunit a 

during catalysis, and this occurs through the peripheral stalk. Complex V can 

therefore mechanically be divided into άǊƻǘƻǊέ όŎ-ǊƛƴƎΣ ʴΣ ʵΣ ʶύ ŀƴŘ άǎǘŀǘƻǊέ όʰоʲоΣ ŀΣ 

b, d, F6, oligomycin sensitivity-conferring protein [OSCP]) components (Devenish, 

Prescott, and Rodgers 2008).  

 

Figure 1.15. Binding Change Model. The Binding Change Model proposed that complex V is like a cylinder with 
alternative h  and ̡  subunits. !ƴ ŀǎȅƳƳŜǘǊƛŎŀƭ ʴ ǎǳōǳƴƛǘ ǿƛǘƘƛƴ ǘƘŜ ŎŜƴǘǊŜ leads to conformational changes within 
the ̡  subunits when it rotates. These  ̡structures were termed open (̡O), loose (̡L) and tight (̡T). (1) A molecule 
of ATP is bound to ̡T. (2) ADP and Pi bind to ̡L. (3) ¢ƘŜ ʴ ǎǳōǳƴƛǘ ǊƻǘŀǘŜǎ ƭŜŀŘƛƴƎ ǘƻ ŀ ŎƻƴŦƻǊƳŀǘƛƻƴŀƭ ŎƘŀƴƎŜ 
within the complex V structure. ̡T becomes open and the stored ATP is released. L̡ becomes tight and ̡O 
becomes loose. (4) Pi interacts with ADP leading to the formation of a new ATP molecule so the process can be 
undertaken again. Image created using BioRender (BioRender, Canada). 

 

1.10.2. Mitochondrial turnover and quality control 

 

Due to their endosymbiotic origins, mammalian mitochondria maintain their own 

individual 16.5-kb genome which works together with nuclear DNA in synthesising 

mitochondrial proteins (Calvo, Clauser, and Mootha 2016). Despite there being 

nearly ~1500 proteins which make up mitochondria, mtDNA is only responsible for 

the transcription of 13 proteins, 2 rRNAΩǎ ŀƴŘ нн ǘRNAΩǎ (Anderson et al. 1981; Zhao, 

Lendahl, and Nistér 2013; Habbane et al. 2021). However, these 13 proteins all play 

an essential role in cellular respiration, with 7 proteins in complex I, 1 protein in 

complex III, 3 proteins in complex IV and 2 proteins in complex V. However, the vast 
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majority of mitochondrial proteins (<99%) require transcription in the nucleus and 

therefore require trafficking into their appropriate compartments via mitochondrial 

chaperones and protein import channels (Schwarz and Neupert 1994; Takahashi and 

Hood 1996).  

The transcription of nuclear encoded mitochondrial proteins is highly regulated, and 

it is now well established that the transcriptional coactivator PGC-мʰ ƛǎ ŀ ΨƳŀǎǘŜǊ-

ǊŜƎǳƭŀǘƻǊΩ ƻŦ ǘƘƛǎ ǇǊƻŎŜǎǎ (Diaz and Moraes 2008; Chen et al. 2022). PGC-мʰ ǿŀǎ 

originally identified as a coactivator of nuclear receptors in brown fat (Puigserver et 

al. 1998), and belongs to a small family of transcriptional coactivators which include 

proliferator-ŀŎǘƛǾŀǘŜŘ ǊŜŎŜǇǘƻǊ ʴ ŎƻŀŎǘƛǾŀǘƻǊ м ʲ όtD/-мʲύ ŀƴŘ tD/-1 related 

coactivator (PRC) (Puigserver and Spiegelman 2003). Interestingly, PGC-мʰ ƛǘǎŜƭŦ ƭŀŎƪǎ 

a lacks intrinsic enzymatic activity or a DNA binding domain, and instead docks with 

transcription factors and additional proteins on DNA promoters to regulate nuclear 

genes which encode mitochondrial proteins (Puigserver et al. 1999; Scarpulla 2011; 

Scarpulla, Vega, and Kelly 2012). PGC-мʰ can interact with the transcription factor 

nuclear respiratory factor (NRF) 1, which in turn can induce the expression of 

mitochondrial transcription factor A (TFAM). TFAM can subsequently be transported 

into the mitochondria where it can upregulate the transcription of mtDNA-derived 

proteins, subsequently modulating mitochondrial biogenesis and energy metabolism 

(Gordon et al. 2001; Scarpulla 2011). PGC-мʰ Ŏŀƴ ŀƭǎƻ Ǉƭŀȅ ŀ ǊƻƭŜ ƛƴ ǊŜƎǳƭŀǘƛƴƎ 

mitochondrial fission/fusion by modulating mitofusin 2 (MFN2) and Dynamin-related 

protein 1 (DRP1) (Dabrowska et al. 2015; Zechner et al. 2010).  
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Mitochondrial morphology relies on the dynamic interplay between fission and 

fusion proteins which dictate mitochondrial size and oxidative capacity (Liu et al. 

2009; Monzel, Enríquez, and Picard 2023). In mammalian cells, mitochondrial fusion 

is dictated by MFN 1/2 (located on the OMM) and OPA1 (located on the IMM) (Malka 

et al. 2005; Song et al. 2009). MFNs are dynamin-like GTPases that contain conserved 

catalytic GTP-binding domains at the N termini and are anchored to the OMM by C-

terminal transmembrane domains (Wai and Langer 2016). They are able to interact 

with adjacent mitochondria during fusion due to their two hydrophobic heptad 

repeats (Koshiba et al. 2004). GTP hydrolysis drives the fusion of the OMM, inducing 

a conformation change bringing the opposing membranes in contact with each other 

(Qi et al. 2016; Cao et al. 2017). MFN2 is also able to assist in the constriction process 

during mitochondrial fission as it is also present in the ER and controls tethering of 

the ER to the mitochondria (de Brito and Scorrano 2008; Naon et al. 2016; Basso et 

al. 2018). OPA1 is a dynamin-like GTPase anchored to the IMM by an N-terminal 

transmembrane domain and plays a similar role to MFN1/2 but is responsible for the 

fusion of IMM (Delettre et al. 2000). Mitochondrial fission begins following the 

replication of mtDNA in the matrix, which marks the site for recruitment of the ER 

(Friedman et al. 2011; Lewis, Uchiyama, and Nunnari 2016). The OMM then 

undergoes constriction at the mitochondria-ER contact sites before the 

oligomerisation of DRP1 (Ji et al. 2017). The recruitment and association of DRP1 to 

the mitochondria is facilitated by other mitochondrial bound proteins including 

Mitochondrial fission 1 protein (FIS1), Mitochondrial fission factor (MFF), MiD49 and 

MiD51 (Losón et al. 2013). GTP hydrolysis then causes conformation changes in the 

mitochondria which enhance the ER mediated constriction (Labrousse et al. 1999; 
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Smirnova et al. 2001) (see figure 1.13 for overview of mitochondrial fission and 

fusion). Mitochondrial fission and fusion occur continuously in many cell types and 

are required to maintain mitochondrial health and regulate mitochondrial content 

(Scott and Youle 2010). One of the main roles of mitochondrial fission and fusion is 

the sharing of organelle contents which become damaged during mitochondrial 

activity (Detmer and Chan 2007). Given the highly bioenergetic nature of 

mitochondria, there is a large release of ROS which can damage mitochondria leading 

to mtDNA mutations, lipid peroxidation and protein carbonylation (Girotti 1998; 

Requena et al. 2001; Shields, Traa, and Van Raamsdonk 2021). Mitochondrial fusion 

of a healthy organelle may then transport components which can compensate for 

the damaged contents and/or repair its function (Detmer and Chan 2007). 

Additionally, mitochondria cannot be formed de novo and therefore there must be a 

partitioning of the mitochondria population prior to cell division, so that each 

daughter cell can receive a usable complement of organelles (Scott and Youle 2010).  

 



 

90 
 

 

Figure 1.16. Simplistic schematic of mitochondrial fission and fusion. Mitochondrial fusion is coordinated on the 

OMM by the mitofusin proteins (MFN1 and MFN2) and on the IMM by optic atrophy 1 (OPA1). The fusion of the 

OMM is driven by GTP hydrolysis which induces a conformation change in the mitochondria, resulting in the 

opposing membranes being driven together. OPA1 similarly fuses the IMMs together through GTP hydrolysis. 

Mitochondrial fission begins with the recruitment of the ER to the mitochondria and the oligomerisation of 

Dynamin-related protein 1 (DRP1). Additional mitochondria proteins including Mitochondrial fission 1 protein 

(FIS1), MiD49, Mid51 and Mitochondrial fission factor (MFF) aid in the recruitment of DRP1 to the mitochondria. 

GTP hydrolysis then leads to conformation change within the mitochondria which aids the ER mediated 

constriction. Image created using BioRender (BioRender, Canada). 

 

Another mechanism by which PGC-мʰ Ŏŀƴ ǊŜƎǳƭŀǘŜ ƳƛǘƻŎƘƻƴŘǊƛŀƭ ŘȅƴŀƳƛŎǎ ƛǎ 

through mitophagy. While autophagy typically refers to the non-selective bulk 

degradation of macromolecules to recycle nutrients, it is now well established that 

selective autophagy occurs in which damaged or over-abundant organelles are 

specifically removed, even in nutrient-rich conditions. So far, there are several 

purported cargo-specific autophagy processes in organisms from yeast to mammals, 

including the specific removal of peroxisomes (pexophagy) (Komatsu et al. 2006), ER 

(erphagy) (Reef et al. 2006), ribosomes (ribophagy) (Kraft et al. 2008), lipid droplets 
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(lipophagy) (Singh et al. 2009), and mitochondria (mitophagy) (Rodriguez-Enriquez et 

al. 2006). Priming of mitophagy is said to be either Parkin dependent or Parkin 

independent (Ding and Yin 2012). Mitochondrial depolarisation results in Parkin 

dependent mitophagy in which impaired PINK1/PGAM5-associated rhomboid-like 

protease (PARL) mediated PTEN-induced kinase 1 (PINK1) cleavage leads to PINK1 

stabilisation (Matsuda et al. 2010). PINK1 is rapidly and constitutively degraded 

under steady-state conditions in a mitochondrial membrane potential (ɲʌƳ)-

dependent manner and a loss in ɲʌƳ stabilizes PINK1 mitochondrial accumulation 

(Matsuda et al. 2010). PINK1 stabilisation leads to the recruitment of the E3 ligase 

Parkin, which upon phosphorylation, can target membrane proteins (such as MFN 

1/2) for degradation through the addition of a ubiquitin tag (Kirkin, McEwan, et al. 

2009; Matsuda et al. 2010). Targeted proteins can also directly interact with adapter 

molecules such as p62, which can directly interact with LC3 leading to the 

recruitment of autophagosomal membranes to the mitochondria (Ding and Yin 

2012). In Parkin independent mitophagy, damaged mitochondria (particularly under 

hypoxic conditions) can increase FUN14 domain containing 1 (FUNDC1) and NIX 

expression, which may interact with LC3 through their LIR domains, directly 

recruiting autophagosomes to the mitochondria (Ding and Yin 2012; Liu et al. 2012). 

FUNDC1 is constantly phosphorylated by the Src kinase under normoxia conditions 

(Liu et al. 2012; Chen et al. 2014). However, hypoxia leads to an inactivation of Src 

kinase and the subsequent dephosphorylation of FUNDC1, which has a higher 

binding affinity for LC3 (Liu et al. 2012). Moreover, other E3 ligases such as SMAD 

ubiquitination regulatory factor 1 (SMURF1) can also induce mitophagy in a Parkin 

independent manner, as its C2 domain is required for the engulfment of damaged 
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mitochondria by autophagosomes (Orvedahl et al. 2011) (see figure 1.17 for 

overview of mitophagy). 

Figure 1.17. Basic overview of Mitophagy. Simplistically, mitochondria can be primed for mitophagy through 
either Parkin dependent or independent mechanisms. During Parkin dependent mitophagy, there is an impairment 
in PINK1/PGAM5-associated rhomboid-like protease (PARL) mediated PTEN-induced kinase 1 (PINK1) cleavage. 
This allows for the stabilisation of PINK1 within the mitochondria, allowing for E3 ligase Parkin to bind. Parkin 
localisation to the mitochondrial results in the ubiquitination of mitochondrial proteins, and they can either be 
degraded in the proteosome or bind to P62. P62 can directly interact with LC3 resulting in autophagosomal 
recruitment. Parkin can also interact with Ambra1, which in turn activates the PI3K complex around mitochondria 
to facilitate selective mitophagy. Parkin independent mitophagy involves the actions of FUN14 domain containing 
1 (FUNDC1) and NIX which can directly interact with LC3 through their LIR domains, recruiting autophagosomes 
to the mitochondria. Additionally, the E3 ligase Smurf1 can also promote mitophagy through ubiquitination of 
mitochondrial proteins. Finally, Heat shock protein 90 (HSP90)-Cdc37 can stabilise and activate ULK1, which 
further phosphorylates ATG13. Phosphorylated ATG13 can then be recruited to the mitochondria to stimulate 
mitophagy. Image created using BioRender (BioRender, Canada). 

 

1.10.3. Skeletal Muscle Mitochondria 

 

Skeletal muscle stem cells (SMSC) undergo dynamic metabolic remodelling 

throughout the differentiation process, from predominantly OXPHOS during 

quiescence, to the up regulation of glycolysis during activation and proliferation and 

a return to OXPHOS during terminal differentiation (Bhattacharya and Scimè 2020). 
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During quiescence, SMSCs have very little mitochondria and mtDNA (Latil et al. 2012). 

Moreover, their mitochondria are densely packed around the nucleus and their 

metabolic rates are very low (Latil et al. 2012). Consequently, they rely primarily on 

mitochondria to meet energy demands (ǘƘǊƻǳƎƘ ʲ-oxidation of fatty acids and 

OXPHOS) (Ryall et al. 2015). SMSCs with low Pax7 expression (a sign of early 

myogenic differentiation) have a greater mitochondrial density, mtDNA and 

myogenic commitment markers compared to SMSC subpopulations with higher Pax7 

(Bhattacharya and Scimè 2020). Skeletal muscle myoblasts display an immature 

mitochondria phenotype, whereby mitochondrial cristae remain undeveloped and 

overall respiration is maintained at a low level (Sin et al. 2016; Robinson et al. 2019). 

The glycolysis-dependent myoblasts energy demands are supplemented by low 

levels of MRC complexes III, IV and V, mitochondrial proteins, and enzymes that 

maintain the reduced OXPHOS capacity within these cells (Folmes et al. 2012; 

Hoffmann et al. 2018). Upon differentiation however, myoblasts must increase ATP 

production in order to fuel the intracellular remodelling accompanying 

differentiation, leading to a return to a more oxidative phenotype (Le Moal et al. 

2017; Rahman and Quadrilatero 2021). The absence of adequate mitochondrial 

remodelling has been proven to impair the ability for SMSCs to differentiate and also 

attenuates the capacity of skeletal muscle tissue regeneration (Wagatsuma, Kotake, 

and Yamada 2011; Baechler, Bloemberg, and Quadrilatero 2019; Nichenko et al. 

2020; Rahman and Quadrilatero 2021). Therefore, the coupling of mitochondrial 

remodelling and myogenic differentiation leads to an increased mitochondrial 

OXPHOS which subsequently serves to support the increased energy demands of 
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differentiated myotubes (see figure 1.18 for OXPHOS and glycolysis rates during 

myogenic differentiation).  

Figure 1.18. Oxidative Phosphorylation (OXPHOS) and glycolysis during myogenic differentiation. Skeletal muscle 
stem cells (SMSCs) undergo dynamic remodelling during differentiation. Quiescent SMSC have little metabolic 
activity and this low energetic demand is met primarily via OXPHOS. Following SMSC activation, glycolysis is 
upregulated but starts to gradually decrease following differentiation. As the myoblasts start to differentiate, the 
mitochondrial network becomes more developed and consequently cellular energetic demand is met via OXPHOS. 
Image created using BioRender (BioRender, Canada). 

 

Within adult myofibers there exist distinct mitochondrial subpopulations that are 

characterised according to their localisation and have different biochemical and 

functional properties: subsarcolemmal (SS) (about 20%) and intermyofibrillar (IMF) 

(about 80%) (Romanello and Sandri 2021). SS mitochondria have a globular shape 

and are located just beneath the plasma membrane (sarcolemma). A fraction of 

these SS mitochondria surrounds capillaries and nuclei (perivascular and perinuclear 

mitochondria, respectively), the function of which is not well established (Vincent et 

al. 2019). IMF mitochondria are elongated with a tubular shape and are inserted 

among myofibrils arranged in pairs at the z-line of each sarcomere (Vendelin et al. 
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2005; Vincent et al. 2019). While morphologically distinct, the SS and IMF 

mitochondria form a highly interconnected mitochondrial network that serves to 

rapidly transfer energy from the oxygen source (the capillary) to the contractile 

apparatus (Glancy et al. 2015). This dynamic interplay within the mitochondrial 

network enables the distribution of the membrane potential from the SS region, 

where respiration happens, to the IMF region whereby the ATP synthase complex 

uses the proton gradient to generate ATP for myosinςactin interaction (Glancy et al. 

2015).  

1.10.4. Mitochondria and sarcopenia 

 

While mitochondria play an important role in governing skeletal muscle maturation 

and function, dysfunctions in mitochondrial activity can contribute to the aetiology 

of many common musculoskeletal disorders (Norat et al. 2020; Zhunina et al. 2021; 

Amorim et al. 2022). Sarcopenia is an age-related loss of muscle myofiber size, 

number, and function (Pan et al. 2021). Moreover, surgically induced hypertrophy of 

rat plantaris muscle fails to rescue the age-related decline in muscle mass and 

maximal tetanic force indicating impairments in overall muscle health as a 

consequence of advanced age (Degens and Alway 2003). A hallmark of ageing is 

impairments in the cellular proteolysis pathways UPS and the autophagy-lysosomal 

pathway (Hughes et al. 2022). Due to this impairment in proteostasis there is a 

decline in the quality and quantity of contractile proteins due to accumulation of 

damage and non-enzymatic modifications of these proteins (Levine and Stadtman 

2001; Ayyadevara et al. 2016). Advanced glycation end-products (AGEs) are an 

example of a non-enzymatic modification of proteins that occurs with ageing (Haus 
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et al. 2007; Semba, Nicklett, and Ferrucci 2010). These proteins are more resistant to 

breakdown due to an increased cross-bridge formation and subsequently 

accumulate throughout ageing, contributing to tissue dysfunction (Barreiro and 

Hussain 2010; Drenth et al. 2016). Moreover, there is an age-related inability to 

repair damaged proteins and consequently protein turnover is then essential to 

maintain the skeletal muscle proteome (Coen et al. 2018). Protein turnover, 

however, is an energetically expensive process, with the bulk of this energetic 

demand coming from protein translation (Lynch and Marinov 2015). Protein 

synthesis requires 12ς72 ATP molecules per amino acid synthesised, an additional 

four phosphates (either ATP or GTP) per bond, and an additional 1ς2 ATPs per fold 

(Lynch and Marinov 2015). Lysosomal degradation requires 4 ATPs per amino acid 

and protein ubiquitination requires 2 ATPs per ubiquitin tag with subsequent 

proteasome-mediated degradation of them requiring between 100 and 200 ATPs per 

protein (Lynch and Marinov 2015). Consequently, a reliable source of energy is then 

required to maintain adequate protein turnover to maintain skeletal muscle mass.  

Both excessive autophagy (increased catabolism) and insufficient autophagy (protein 

accumulation, oxidative stress, and apoptosis) can also lead to muscle atrophy 

(Bilodeau, Coyne, and Wing 2016). Emerging evidence suggests that ageing is 

associated with impairments in mitophagy leading to inefficient mitochondrial 

quality control (Hughes et al. 2022). Yeo et al. (2019) found that expression of 

mitophagy proteins PINK1, Parkin, LC3II, and Beclin-1 were significantly increased in 

the skeletal muscle of aged C57BL/6J compared to young. However, citrate synthase 

(CS) activity (a proxy marker for mitochondrial content) and cytochrome c oxidase 

subunit 4 (COX4) protein content are also considerably reduced (Yeo et al. 2019). 
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Interestingly, the overexpression of Parkin has been shown to cause an increase in 

lifespan and a prolonged healthspan in Drosophila melanogaster (Rana, Rera, and 

Walker 2013). Moreover, Leduc-Gaudet et al. (2019) also found that Parkin 

overexpression in mice resulted in increases in mitochondrial content and activity, 

alongside a subsequent increase in increase in hypertrophy, highlighting the 

importance in mitophagy in maintaining skeletal muscle health. These age-related 

impairments in autophagy can also result in the accumulation of abnormal 

mitochondria (Masiero et al. 2009). This is evidenced by abnormal mitochondrial 

phenotype, sarcoplasmic reticulum distension, and sarcomere disorganisation 

present following muscle specific ATG7 knockdown in mice (Masiero et al. 2009). 

Moreover, mitochondria in aged skeletal muscle appearing larger, rounder in shape, 

vacuolated in matrix, and shorter in cristae compared with young skeletal muscle 

mitochondria (Seo et al. 2016). The expression and activation of mitochondrial 

respiratory complexes, OXPHOS, and protein homeostasis genes are also 

downregulated in aged skeletal muscle, leading to an inability to adequately meet 

energy demands (Migliavacca et al. 2019). Overall, this increased energy expenditure 

because of increased protein synthesis coupled with an impaired respiratory capacity 

culminates in the age-related decline in muscle mass and function.  

1.11. Vitamin D and mitochondria  

Interest into the relationship between vitamin D and mitochondria was reported by  

Dickens (1941) who discovered that rachitic animals displayed lower bone citric acid 

concentrations compared to their healthy littermates. Citrate is the salt form of citric 

acid and is an important TCA cycle intermediate and is created following the transfer 
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of an acetyl group from acetyl-CoA to the acceptor compound oxaloacetate. CS 

facilitates this reaction and is localised within the mitochondrial matrix. Therefore, 

decreases in citric acid concentrations would be indicative of a decrease in 

mitochondrial oxidative capacity. Early work by Harrison and Harrison (1952) 

determined that an intramuscular injection of vitamin D was capable of raising serum 

citrate concentrations in rachitic infants. The increase in serum citrate concentration 

was later reported to increase within other tissues including bone, kidney, heart and 

the small intestines in both healthy and rachitic rats, following vitamin D 

supplementation (Steenbock and Bellin 1953). In an attempt to determine a 

mechanistic explanation for the citrate increase following vitamin D intake, De Luca, 

Gran, and Steenbock (1957) supplemented vitamin D in both normal chow and 

rachitic diets for Sprague-Dawley rats. They determined that following vitamin D 

supplementation, citrate oxidation was reduced alongside a reduction in the 

resulting accumulation of the downstream TCA cycle intermediate -hketoglutarate. 

Furthermore, there was a subsequent reduction in the oxidation of pyruvate formed 

Ǿƛŀ ƎƭȅŎƻƭȅǎƛǎ όŀƭǎƻ ƪƴƻǿƴ ŀǎ ǘƘŜ ΨƭƛƴƪΩ ǊŜŀŎǘƛƻƴΩύ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ƻȄŀƭƻŀŎŜǘŀǘŜ 

alongside an increase in the resulting accumulation of citrate in rat kidney 

homogenates. Vitamin D added to a rachitic and non-rachitic diet of rats also greatly 

reduced the oxidation of citrate by kidney mitochondria in the presence of a 

phosphate inhibitor (hexokinase-glucose), and that these effects extended onto 

isocitrate (De Luca et al. 1957). The authors attributed this to a physical inhibition of 

citrate penetration of the mitochondria as opposed to enzymatic inhibition. Later, 

Deluca et al. (1960) performed an electron microscopic examination of vitamin D 

replete and deficient, male Holtzman rats, and found that vitamin D deficiency 
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caused large inter-cristal spaces or vacuoles to form, alongside a withdrawal of the 

cristae from the OMM and fragmentation or disruption of the cristae organisation. 

Therefore, these experiments helped highlight that vitamin D is able to interact with 

the mitochondria and influence its functions and morphology. 

1.11.1. Vitamin D and Mitochondrial health  

 

More recently, in vitro studies have helped to develop a greater understanding of the 

interaction between vitamin D and mitochondrial health. Ryan et al. (2016) found 

that following 10-8 M 1ʰΣнрώhIϐ2D3, basal (standard), coupled (associated with the 

generation of ATP), maximal (uncoupled respiration) oxygen consumption rate (OCR) 

was increased, while the expression of phosphorylated pyruvate dehydrogenase 

(PDH) and PDH kinase was decreased. This indicates an increased mitochondrial 

respiratory capacity likely due to an increase in mitochondrial biogenesis due to 

increase in pro-fusion mitochondrial protein OPA1 (GTPase responsible for fusion 

of the IMM) and reduction in the pro-fission proteins FIS1 and DRP1. This effect was 

determined to be VDR dependant as cells which were treated with a VDR-specific 

antisense silencing RNA (siRNA) (which decreased cellular VDR mRNA by >80%) 

ŀƭƻƴƎǎƛŘŜ мʰΣнрώhIϐ2D3, demonstrated a decrease in basal OCR, maximal respiration, 

coupled OCR and respiratory reserve OCR (Ryan et al. 2016).  

Paradoxically, lower serum 25[OH]D concentrations (<50 nmol.L-1) have been 

associated with significantly higher basal respiration, non-mitochondrial respiration, 

ATP production, background glycolysis and glycolytic reserve than moderate (50-75 

nmol.L-1ύ ŀƴŘ ƘƛƎƘ όҗтр ƴƳƻƭΦ[-1) on circulating peripheral blood mononuclear cells 

όt.a/Ωǎύ (Calton et al. 2016). However, the observed increased in mitochondrial and 
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glycolytic output may be attributed to an increase in immune response due to 

energetic dysfunction and an inability to mediate the subsequent enhanced 

production of intracellular reactive oxygen species (ROS). 

The respiratory chain is a major source of ROS production; in particular, the 

complexes I, II and IV are all involved in radical biosynthesis (Arnold 2012; Dröse and 

Brandt 2012). ROS production can be beneficial as ROS can influence the presence 

ŀƴŘ ŀŎǘƛǾƛǘȅ ƻŦ ŎȅŎƭƛƴǎ ŀƴŘ /5YΩǎ ǘƘŜǊŜōȅ ǊŜƎǳƭŀǘƛƴƎ ŎŜƭƭ ŎȅŎƭŜ ǇǊƻƎǊŜǎǎƛƻƴ ŀƴŘ 

promoting cellular proliferation (Verbon, Post, and Boonstra 2012). However, an 

excessive boost in ROS formation by dysregulated mitochondria leads to a pathologic 

oxidative stress cycle, a key cause of toxin-induced and age-related cell death 

(Petrosillo et al. 2011; Ureshino et al. 2014; Petersen and Verkhratsky 2016). Despite 

its ability to increase aerobic activity through augmenting mitochondrial capacity, 

мʰΣнрώhIϐ2D3 is also capable of reducing the oxidative stress associated with an 

increased aerobic flux.  Following the dimerisation of the 1,25[OH]2D-VDR-RXR 

complex, the nuclear factor, erythroid-2(Nf-E2)-related factor 2 (NRF2) translocates 

from the cytoplasm to the nucleus. NRF2 is considered a master regulator of a diverse 

array of more than 200 cytoprotective genes, encoding proteins that neutralize and 

detoxify both endogenous and environmental toxins, regulate factors in cell cycle 

and growth, and facilitates the maintenance of a high-quality proteome (Lee et al. 

2003; Liu et al. 2007). Moreover, a physiologic 25[OH]D concentration enhances 

Klotho, a phosphate regulating hormone and anti-ageing protein (Forster et al. 2011; 

Berridge 2015). Klotho regulates cell signalling mechanisms, including stimulating the 

formation of antioxidants (Razzaque 2012). Subsequently, Klotho-KO mice, or mice 

present with functional abnormalities in the Klotho gene have induced premature-
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ageing syndrome (Kuro-o 2009). Therefore, it is apparent that мʰΣнрώhIϐ2D3 not only 

augments mitochondrial oxidation capacity but provides protective mechanisms for 

the subsequent increased respiratory burst. 

Emerging evidence suggests that the VDR itself plays a role in cellular maintenance 

of respiratory machinery (Ryan et al. 2016; Ashcroft et al. 2020). Mitochondrial 

potential is sustained by the proton gradient that is created by respiratory exchange 

activity and both nuclear- and mitochondrial encoded proteins are required for the 

formation of active respiratory complexes. Cytochrome c oxidase subunits 2 and 4, 

whose transcripts are of mitochondrial and nuclear origin, respectively, are useful 

indices of mitochondrial potential (Clarkson and Poyton 1989; Li et al. 2006). 

Following lentiviral-mediated delivery of shRNA in the human proliferating 

keritanocyte cell line (HaCat), the transcription of cytochrome c oxidase 2 (COX2) and 

mitochondrially encoded ATP synthase 6 (MT-ATP6) (markers of mitochondrial 

transcription activity), and COX4 and ATP synthase F1 subunit beta (ATP5B) (markers 

of nuclear contribution to respiratory chain modulation) were increased (Consiglio et 

al. 2014; Ricca et al. 2018). The subsequent increased ROS production as a 

consequence of VDR ablation leads to a variation in mitochondrial membrane 

permeability that results in cytochrome C release and apoptotic death (Hüttemann 

et al. 2011). It is speculated that the VDR balances electron chain activity, resulting 

in oxidative stress protective and biosynthetic intermediates required for cellular 

proliferation (Consiglio et al. 2014). 

Murine models demonstrate that vitamin D deficiency or impaired VDR signalling 

(through VDR-KO), result in increased energy expenditure (Bouillon et al. 2008). 
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Additionally, VDR-null mice fed a high-fat diet displayed reduced lipid accumulation 

in the liver through increased fatty acid oxidation and increased expression of 

uncoupling proteins (UCPs) UCP-1, UCP-2 which increase energy expenditure (Wong 

et al. 2009). UCP-1 is an important regulator of proton flux and allows dissipation of 

the proton gradient across the mitochondrial inner membrane in specialised tissue 

such as brown adipose tissue (Wong et al. 2009). Furthermore, glycolytic and citric 

acid metabolic flux were decreased in Harvey-ras transfected MCF10A human breast 

epithelial cells following 1,25[OH]2D treatment, which was mediated through a 

reduction in phosphoglycerate kinase 1 (PGK1) (catalyses the seventh step of 

glycolysis), PDH (regulates the flux of pyruvate to the TCA cycle) and succinate (TCA 

cycle intermediate) (Zheng, Tayyari, et al. 2013). While vitamin D deficiency seems to 

impair both mitochondrial morphology and function, vitamin D supplementation 

beyond replete levels may be able to improve mitochondrial biogenesis. 

tƘƻǎǇƘƻŎǊŜŀǘƛƴŜ ƘŀƭŦ ǘƛƳŜ όˍ1/2t/Ǌύ ŀƴŘ !5t ƘŀƭŦ ǘƛƳŜ όˍ1/2ADP), which are both 

markers of mitochondrial function, were significantly reduced following vitamin D3 

supplementation (20,000 IU on alternate days for 10-12 weeks), however there was 

no change in phosphate metabolites at rest suggesting the improvement in 

mitochondrial capacity may manifest more during exercise (Sinha et al. 2013). 

However, high-dose vitamin D supplementation (20,000 IU.kg-1) despite increasing 

CS activity, decreased force output in slow-twitch soleus muscle (Debruin et al. 2020). 

Interestingly, when high-dose vitamin D supplementation was combined with 

exercise, the decrease in force output was abolished and a noticeable improvement 

in force output and fatigability was found. Therefore, vitamin D seems to play an 
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important role in mitochondrial bioenergetics and seems to function by regulating 

metabolic flux under normal physiological conditions and during aerobic exercise. 

1.12. Reactive oxygen and nitrogen species (RONS) 

 

Reactive oxygen and nitrogen species (RONS) include two classes of chemically 

reactive molecules that either contain oxygen (ROS) or nitrogen (RNS). The majority 

ƻŦ whb{ ŎŀǊǊȅ ŀƴ ǳƴǇŀƛǊŜŘ ŜƭŜŎǘǊƻƴ ƛƴ ǘƘŜƛǊ ƻǳǘŜǊ ǎƘŜƭƭ ŀƴŘ ŀǊŜ ǘŜǊƳŜŘ ΨŦǊŜŜ ǊŀŘƛŎŀƭǎΩΦ 

Free radicals are formed from molecules via the breakage of a chemical bond such 

that each fragment retains one electron (unpaired) (Weidinger and Kozlov 2015). 

These molecules are subsequently highly reactive and form bonds with other 

molecules using their electrons. This process can consequently lead to the generation 

of more free radicals potentially causing damage to cell structures. RONS can be 

broadly subdivided into radical and non-radical species based on their chemical 

properties. While non-radical species do not possess an unpaired electron, they are 

oxidising agents and can also be easily converted into free radicals (Weidinger and 

Kozlov 2015). Early work by Haber, Weiss, and Pope (1934) demonstrated that free 

radicals could give rise to another secondary radicals. It was demonstrated that 

superoxide (O2ωҍ) can be converted into hydrogen peroxide (H2O2) and then into 

ƘȅŘǊƻȄȅƭ ǊŀŘƛŎŀƭ όωhIύΣ ƪƴƻǿƴ ŀǎ ǘƘŜ IŀōŜǊ-Weiss reaction (Haber, Weiss, and Pope 

1934).  RONS reactions are typically classified as either an initiation (start of the free 

radical reaction leading to a net increase in 2 radicals), propagation (reaction where 

an electron is taken from a substrate leading to a new radical formation with no net 

change in radicals), or termination reaction (reaction where no radicals are produced, 
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ending the cascade, and leading to a net decrease in 2 radicals) (see figure 1.19 for 

example overview of RONS reactions) (Juan et al. 2021). 

 

Figure 1.19. Example overview of RONS reactions. 1) Methane and molecular chlorine are stable compounds but 
following the addition of heat/UV stress, the bond on the molecular chlorine can break which will cause the 
chlorine atoms to retain an unpaired electron. Consequently, this causes them to become free radicals. This is 
known as the initiation step. 2) The chlorine atoms can then react with methane forming a bond with a hydrogen 
using the hydrogens electron. This causes the hydrogen to break away from the methane molecule forming 
hydrogen chloride. The remaining methane molecule then becomes a methyl radical in what is known as the 
propagation step. 3) Finally, if two methyl radicals both contribute an electron to form a bond together, they will 
form the non-reactive ethane as there is now no unpaired electron. This reaction is known as the termination step 
as it ends the free radical cascade. Image created using BioRender (BioRender, Canada). 

 

1.12.1. Mitochondrial ROS 

 

In mammalian cells, almost all oxygen consumption (around 90%) can be associated 

with mitochondrial ATP production (Pizzorno 2014). Consequently, the 

mitochondrion was shown to be the main contributor of cellular ROS production at 

rest (around 1-2% of mitochondrial oxygen consumption) (Rolfe and Brown 1997; 

Skulachev 1998).  Mitochondrial O2ωҍ production is generated from electrons leaking 
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from the MRC, which are then captured by molecular water (Murphy 2009). These 

O2ωҍ anions can be converted into other ROS included H2O2 and hydroxyl ions (OHҍ) 

(Pham-Huy, He, and Pham-Huy 2008). The human body is estimated to utilise 3.5 ml 

O2/kg/minute or 352.8 L/day (assuming 70 kg body mass) or 14.7 mol/day, which at 

1% O2ωҍ production would result in 1.72 kg/year or 53.66 moles/year (Halliwell 1994). 

However, recent contemporary estimates have suggested that 1-2% may be an 

overestimation of mitochondrial O2ωҍ production and instead puts production at 

~0.15% (Powers, Nelson, and Hudson 2011). This lower rate of O2ωҍ production takes 

into consideration the role of UCPs, specifically UCP3 in skeletal muscle, which 

regulates mitochondrial ROS production to limit oxidative damage (Brand et al. 2004; 

Brand and Esteves 2005). However, considering the respiratory capacity present in 

mitochondria, it is unsurprising that they have been shown to have a 5-10 fold 

concentration of free radicals within the matrix than any other organelle (Cadenas 

and Davies 2000).  

The flavin mononucleotide (FMN) site in complex I and the Q cycle of complex III are 

the main sites of mitochondrial ROS production (Hirst, King, and Pryde 2008; Tahara, 

Navarete, and Kowaltowski 2009; Li et al. 2013; Nickel, Kohlhaas, and Maack 2014). 

A FMN which is located at the hydrophilic section of complex I can form FMNH2 by 

accepting 2 electrons derived from NADH oxidation (Zhao et al. 2019). These 

electrons are then passed via a series of iron-sulphur clusters that are arranged from 

low to high potential to CoQ10, which is reduced to ubiquinol at the Q binding site 

(Hirst 2009; Zhao et al. 2019). The Q binding site is located at the junction of the 

membrane arm and the matrix arm, in a tunnel like structure that provides access for 

the hydrophobic substrate (Hirst 2009; Galemou Yoga, Schiller, and Zickermann 
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2021). ROS can be produced at both the FMN site and the Q binding site within 

complex I (Hirst 2009; Zhao et al. 2019).  

Complex III is responsible for trafficking electrons from complex I and II onto complex 

IV. This requires the synchronised movement of electrons from ubiquinol through 2 

pathways (Mitchell 1975). Complex III has an inner (Qi) and outer (Qo) pool of CoQ 

orientated towards the matrix and intermembrane space respectively (Han, 

Williams, and Cadenas 2001; Chen et al. 2003). Ubiquinol binds to the Qo site and 

CoQ10 subsequently binds to the Qi site. Ubiquinol is the divergently oxidised (gives 

one electron each), one of which involves iron cluster (2Fe-2S) which is located on 

the Rieske iron sulphur protein (ISP) (Mitchell 1975; Ahmad, Wolberg, and Kahwaji 

2023). This oxidation reaction produces a transient semiquinone before complete 

oxidation to CoQ10, which then leaves the Qo site of complex III. The ISP is then freed 

from its electron donor and the electrons are then transported through a fixed 

cytochrome c1 protein onto the peripatetic cytochrome c2 whereby electrons can 

move onto complex IV (Crofts 2004). The other electron in the initial divergent 

oxidation step is transferred to the bL heme, which in turn reduces the bH heme and 

eventually transfers the electron to CoQ10 at the Qi site (Mitchell 1975; Ahmad, 

Wolberg, and Kahwaji 2023)Φ ¢ƘŜ ƛǎ ƪƴƻǿƴ ŀǎ ǘƘŜ ΨƳƻŘƛŦƛŜŘ v ŎȅŎƭŜΩ ŀƴŘ ōŜŎŀǳǎŜ 

each cycle donates 1 electron to CoQ10, it creates the unstable intermediary 

compound ubisemiquinone at the Qi site and requires a second Q cycle to complete 

the reaction (Trumpower 1990; Turrens 2003). The ubisemiquinone at the Qo site has 

been demonstrated to move freely within complex III and be the primary direct 

electron donor capable of reducing molecular water to O2
ωҍ (Zhao et al. 2019). This 

generated O2ωҍ can then be released into the mitochondrial matrix via the Qi site, or 
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towards the intermembrane space via the Qo site (see figure 1.20 for schematic of 

the Q cycle) (Chen et al. 2003). Complex II can also produce mitochondrial ROS, albeit 

to a much lesser extent when compared to complex I and III. The FAD site of complex 

II can produce O2ωҍ towards the mitochondrial matrix, but the production rates in 

mammalian mitochondria are very low (Lambert and Brand 2009; Brand 2010).  

 

Figure 1.20. Q Cycle. Complex III has an inner (Qi) and outer (Qo) pool of CoQ orientated towards the matrix and 
intermembrane space respectively. Ubiquinol (reduced CoQ10) binds to the Qo site and CoQ10 subsequently binds 
to the Qi site. Ubiquinol is divergently oxidised with 1 electron being passed to the iron cluster (FeS) and 1 is passed 
to bL heme. This oxidation reaction produces a transient semiquinone before complete oxidation to CoQ10, which 
then leaves the Qo site of complex III. The electron transported to FeS can then be delivered to C1 before finally 
reducing the electron transporter cytochrome c. The electron delivered to the bL heme can reduce the bH heme 
before eventually reducing CoQ10 at the Qi site. This cycle is repeated twice as each cycle donates 1 electron leading 
to the temporary production of semiubiquinone before complete reduction to CoQ10. Semiubiquinone can move 
freely through complex III and is the main electron donor capable of reducing molecular water to O2ωҍ. Image 
created using BioRender (BioRender, Canada). 
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1.12.2. Non mitochondrial ROS 

 

There also exists non-mitochondrial sources of ROS production, with 2 of the main 

sources being nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and 

xanthine oxidase (XO). The NADPH oxidase family (NOX) are a group of 

transmembrane proteins that can transport electrons from NADPH to O2 generating 

O2
ωҍ or H2O2 (Bedard and Krause 2007). Prior to the discovery of NOX, it was well 

established that phagocytes could deliver what was known as a respiratory burst 

(Baldridge and Gerard 1932). This mechanism involved the rapid production of large 

amounts of ROS which could be released into the extracellular space in order to kill 

pathogens (Thomas 2017). Upon the discovery that the ROS generation by these 

phagocytes was cyanide insensitive and was selective for NADPH over NADH by a 

factor of 100, it was determined that it was independent of mitochondrial ROS 

production (Babior, Curnutte, and Kipnes 1975). In mammals several proteins with 

NOX activity exist, NOX1-5 (NOX2/gp91 being the original phagocyte NOX) and dual 

oxidase (DUOX) 1 and 2, however mice and rats lack NOX5 (Holterman et al. 2014). 

The assembled phagocytotic oxidase (phox) consists of NOX2 (gp91phox), p22phox, 

p47phox, p67phox, p40phox, and RAC (Bedard and Krause 2007). NOX can be found 

throughout the intracellular environment including within the plasma membrane 

(NOX1-5 and DUOX1-2), the ER (NOX2, 4 and 5), mitochondrial membrane (NOX4), 

nuclear membrane (NOX4-5), lipid rafts (NOX1) and focal adhesions (NOX4) (Hilenski 

et al. 2004; Van Buul et al. 2005; BelAiba et al. 2007; Diaz et al. 2009; Graham et al. 

2010; Block and Gorin 2012; Ahmarani et al. 2013). However, each NOX family 

member is anchored to their respective membrane through 6 transmembrane 
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helices which bind 2 haem cofactors (Meitzler, Brandman, and Ortiz de Montellano 

2010). The C-terminal domain binds FAD/NADPH and allows electron transfer to the 

haem and further across the membrane to molecular oxygen. Moreover, the 

presence of calcium-binding regions at the N-terminus distinguishes DUOX1-2 and 

NOX5 from other NOX family members (Brown and Griendling 2009; Jackson et al. 

2010; Block and Gorin 2012). NOX1, NOX2, NOX3, and NOX5 produce O2
ωҍ while 

NOX4, DUOX1, and DUOX2 generate H2O2 (see figure 1.21 for representative image 

of NOX) (Brown and Griendling 2009).  

 

 

Figure 1.21. Representative image of NOX 2 and NOX4. NADPH oxidase (NOX)2 and 4 are important sources of 
ROS production within skeletal muscle. NOX can be found throughout the intracellular space with NOX2 being 
located at the plasma membrane, ER and NOX 4 being located at the plasma membrane, ER, mitochondrial 
membrane, nuclear membrane, and focal adhesions. NOX binds FAD/NADPH allowing electron transfer to the 
haem and across the membrane to molecular oxygen. NOX2 consists of the gp91phox ̡  subunit, p22phox h  subunit, 
p47phox, p67phox, p40phox, and RAC. NOX4 only has the gp91phox  ̡subunit, p22phox h  subunit and POLDIP2. NOX2 
leads to the production of O2ωҍ whereas NOX4 leads to the production of H2O2. Image created using BioRender 
(BioRender, Canada). 

 

Purines and pyrimidines are the 2 main classes of nitrogenous bases used for DNA 

and RNA biosynthesis. Purines contain a larger ring structure than pyrimidine and 

consist of adenine and guanine, whereas pyrimidines are cytosine, uracil (RNA only) 

and thymine (DNA only). XO is an enzyme that catalyses the breakdown of purine 
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nucleotides to produce uric acid, which can be subsequently converted to allantoin, 

a water-soluble molecule excreted in urine (Aziz and Jamil 2023). Hypoxanthine can 

be derived from inosine by the enzyme nucleoside phosphorylase (Kline and 

Schramm 1992). XO is then able to convert hypoxanthine into xanthine and can also 

catalyse the reaction converting xanthine into uric acid (Aziz and Jamil 2023). 

Xanthine is also able to be produced from guanine by the enzyme guanine deaminase 

(Shek et al. 2019). The reactions carried out by XO use O2 as a cofactor and 

subsequently produce O2ωҍ (see figure 1.22 for XO pathway) (Chung et al. 1997). 

Interestingly, another enzyme xanthine dehydrogenase (XDH) acts similarly to XO 

and is able to convert hypoxanthine and xanthine to uric acid but uses NAD as a 

cofactor to produce NADH instead (Wang, Zhang, and Xing 2016).  
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Figure 1.22. Xanthine oxidase (XO) pathway. Inosine is an inert purine nucleoside that can be formed by the 
deamination of adenosine and the ŀŎǘƛƻƴ ƻŦ р-nucleotidase on inosine monophosphate (IMP). The enzyme 
nucleoside phosphorylase can then convert inosine into hypoxanthine by removing a ribose ring. The enzyme 
xanthine oxidase (XO) can convert hypoxanthine into xanthine and can subsequently convert xanthine into uric 
acid. These reactions use O2 as a cofactor and subsequently produce O2ωҍ. Xanthine can also be created by guanine 
via the enzyme guanine deaminase. Image created using BioRender (BioRender, Canada). 

 

1.12.3. Oxidative stress  

 

RONS are important signalling molecules at low levels and are important secondary 

messengers that can relay signals received from cell surface receptors to effector 

proteins (Sies and Jones 2020). The main RONS which act as cellular signalling 

molecules are O2ωҍ and H2O2 (Buetler, Krauskopf, and Ruegg 2004; Zhang et al. 2016). 

However, because H2O2 is more stable than O2ωҍ, and is highly diffusible (Buetler, 

Krauskopf, and Ruegg 2004). Moreover, the half-life of O2
ωҍ in tissue is brief (10-6 -10-

3 s), as a result of spontaneous dismutation or dismutation catalysed by superoxide 
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dismutase (SOD) (Yu 1994; Hempel and Trebak 2017). However, the half-life of H2O2 

in aqueous solutions in a few seconds making it is more suitable for biological 

signalling (Hempel and Trebak 2017). RONS are also able to induce posttranslational 

modifications in redox-sensitive residues such as cysteine, methionine, lysine, 

histidine, arginine, proline, tyrosine, and threonine (Wong et al. 2008; Anand and 

Stamler 2012; Holmström and Finkel 2014). Cysteine and methionine contain sulphur 

groups on the side chains, which makes them the most prone to oxidation and 

therefore the most physiologically relevant (Hoshi and Heinemann 2001). The 

oxidation of thiol groups can modulate the activity of proteins in which cysteine 

fragments are critical for substrate binding e.g., glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), tropomyosin and p38 mitogen-activated protein kinase 

(MAPK) (Canton et al. 2006; Heusch et al. 2010; Finkel 2011). Moreover, ROS 

mediated oxidation is involved in a variety of different signalling pathways including 

Ca2+/calmodulin-dependent Kinase II (CaMKII), PI3K/Akt, Protein Kinase C (PKC) and 

NF-ˁ. (Schoonbroodt et al. 2000; Kim et al. 2008; Nitti et al. 2008; Santos, Raza, and 

Shah 2016).  

The normal physiological production of RONS can control a variety of cellular process 

from proliferation, differentiation, and stress signalling (Sies and Jones 2020). 

However, if an imbalance in redox homeostasis occurs whereby RONS production 

ŜȄŎŜŜŘǎ ǘƘŜ ŎŜƭƭǎΩ ŀōƛƭƛǘȅ ǘƻ ŜƭƛƳƛƴŀǘŜ ŜȄŎŜǎǎ whb{ ǘƘŜƴ ƻȄƛŘŀǘƛǾŜ ǎǘǊŜǎǎ Ŏŀƴ ƻŎŎǳǊΦ 

This excessive production of free radicals can lead to damage in the surrounding 

tissue structures including DNA, lipids, and proteins (Pizzino et al. 2017). When DNA 

is exposed to ROS all four bases (purines- adenine, guanine; pyrimidines- cytosine, 

thymine) and the respective deoxynucleosides are highly susceptible to oxidative 
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damage. However, guanine is the most readily oxidised base and can be modified to 

8-oxoguanine following ROS exposure, which can then improperly pair with 

adenosine (Shields, Traa, and Van Raamsdonk 2021). This DNA mutation can occur in 

both nuclear and mtDNA, giving rise to double stranded DNA breaks and genomic 

instability (Kregel and Zhang 2007). It has been reported that mtDNA damage is 10 

to 20 -fold higher and more persistent than nuclear DNA damage (Yakes and Van 

Houten 1997; Stowe and Camara 2009). The increased susceptibility of mtDNA to 

oxidative stress is likely due to the lack of protective histones alongside the proximity 

of mtDNA to the MRC machinery (Santos et al. 2013; Kowald and Kirkwood 2018).  

While ROS can target the redox sensitive cysteine and methionine residues, it also 

capable of inducing damage by targeting other amino acids (Requena et al. 2001; 

Møller, Rogowska-Wrzesinska, and Rao 2011). Protein carbonylation is an 

irreversible protein oxidation reaction caused by ROS directly oxidising arginine, 

lysine, threonine, proline, and other residues of protein side chains (Requena et al. 

2001; Møller, Rogowska-Wrzesinska, and Rao 2011). This process yields a reactive 

carbonyl moiety in a protein such as an aldehyde, ketone, or lactam under the 

catalysis of the transitional metal ion system. Historically, the metal-catalysed 

oxidation (MCO) was first identified as a source of protein-bound carbonyls 

(Stadtman and Oliver 1991). MCO results from the Fenton reaction, where transition 

metal ions are reduced in the presence of H2O2 ǘƻ ƎŜƴŜǊŀǘŜ ƘƛƎƘƭȅ ǊŜŀŎǘƛǾŜ Ihω 

(Stadtman and Berlett 1991)Φ Ihω Ŏŀƴ ǘƘŜƴ ƻȄƛŘƛǎŜ ŀƳƛƴƻ ŀŎƛŘ ǎƛŘŜ ŎƘŀƛƴǎ ƻǊ ŎƭŜŀǾŜ 

the protein backbone, leading to numerous protein modifications including reactive 

carbonyls (Stadtman and Levine 2003). The direct oxidation of other amino acid 

residues can also lead to the formation of protein bound carbonyls. The oxidation of 
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tryptophan by ROS generates at least seven oxidation products including kynurenine 

and N-formyl kynurenine, as well as their hydroxylated analogues (Rexroth et al. 

2012). These are all characterised by aldehyde or keto groups formed by oxidative 

cleavage of the indole ring (Bellmaine, Schnellbaecher, and Zimmer 2020). Carbonyl 

proteins cannot be repaired however, and therefore must under proteolysis in a 20S-

proteosomal dependent manner (Li et al. 2022). If these proteins cannot be 

adequately eliminated, then it can lead to cell damage and ultimately apoptosis 

(Yamaguchi, Taneike, and Otsu 2012; Griesser et al. 2017; Chen et al. 2018).  

Lipid peroxidation is the process whereby oxidants attack the carbon-carbon double 

bond(s), especially within polyunsaturated fatty acids (PUFAs) (Girotti 1998; Yin, Xu, 

and Porter 2011). However, glycolipids, phospholipids, and cholesterol are also 

targets of lipid peroxidation (Ayala, Muñoz, and Argüelles 2014). The two ROS that 

ƘŀǾŜ ǘƘŜ ƎǊŜŀǘŜǎǘ ƛƴŦƭǳŜƴŎŜ ƻƴ ƭƛǇƛŘǎ ŀǊŜ Ihω ŀƴŘ ƘȅŘǊƻǇŜǊƻȄȅƭ όIhω2) (Ayala, 

Muñoz, and Argüelles 2014)Φ Ihω ƛǎ ŎƘŜƳƛŎŀƭƭȅ ƻƴŜ ƻŦ ǘƘŜ Ƴƻǎǘ ǊŜŀŎǘƛǾŜ ǎǇŜŎƛŜǎ ƻŦ 

ŀŎǘƛǾŀǘŜŘ ƻȄȅƎŜƴ ŀƴŘ Ŏŀƴ ƛƴŘƛǎŎǊƛƳƛƴŀǘŜƭȅ ǘŀǊƎŜǘ ōƛƻƳƻƭŜŎǳƭŜǎΦ Ihω ƛƴ ōƛƻƭƻƎƛŎŀƭ 

systems is formed through redox cycling by the Fenton reaction (where free Fe2+ 

reacts with H2O2) or the Haber-Weiss reaction (production of Fe2+ when O2
ωҍ reacts 

with ferric iron Fe3+) (Kehrer 2000; Thomas et al. 2009). The process of lipid 

peroxidation consists of 3 stages: initiation, propagation, and termination (Kanner, 

German, and Kinsella 1987; Girotti 1998; Yin, Xu, and Porter 2011). During initiation, 

ǇǊƻƻȄƛŘŀƴǘǎ ǎǳŎƘ ŀǎ Ihω ŀōǎǘǊŀŎǘ ǘƘŜ ŀƭƭȅƭƛŎ ƘȅŘǊƻƎŜƴ ŦƻǊƳƛƴƎ ǘƘŜ ŎŀǊōƻƴ-centred 

ƭƛǇƛŘ ǊŀŘƛŎŀƭ ό[ωύ (Ayala, Muñoz, and Argüelles 2014). Allylic hydrogen is the name of 

a hydrogen atom connected to an allylic carbon (carbon next to a carbon-carbon 

double bond). The allylic C-H bond is weaker than a typical C-H bond due to the 
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carbon-carbon double bond displacing the electron surrounding this carbon (Ayala, 

Muñoz, and Argüelles 2014)Φ ¢ƘŜ ǇǊƻǇŀƎŀǘƛƻƴ ǎǘŜǇ ƛƴǾƻƭǾŜǎ [ω ǊŀǇƛŘƭȅ ǊŜŀŎǘƛƴƎ ǿƛǘƘ 

O2 ǘƻ ŦƻǊƳ ŀ ƭƛǇƛŘ ǇŜǊƻȄȅƭ ǊŀŘƛŎŀƭ ό[hhωύΣ ǿƘƛŎƘ ŀōǎǘǊŀŎǘǎ ŀ ƘȅŘǊƻƎŜƴ ŦǊƻƳ ŀƴƻǘƘŜǊ 

ƭƛǇƛŘ ƳƻƭŜŎǳƭŜ ƎŜƴŜǊŀǘƛƴƎ ŀ ƴŜǿ [ω όǘƘŀǘ ŎƻƴǘƛƴǳŜǎ ǘƘŜ ƭƛǇƛŘ ǇŜǊƻȄƛŘŀǘƛƻƴ ŎƘŀƛƴ 

reaction) and lipid hydroperoxide (LOOH) (Ayala, Muñoz, and Argüelles 2014). The 

reaction can be terminated by antioxidants such as vitamin E, which can donate a 

ƘȅŘǊƻƎŜƴ ŀǘƻƳ ǘƻ ǘƘŜ [hhω ǎǇŜŎƛŜǎ ŀƴŘ ŦƻǊƳ ŀ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǾƛǘŀƳƛƴ 9 ǊŀŘƛŎŀƭ ǘƘŀǘ 

ǊŜŀŎǘǎ ǿƛǘƘ ŀƴƻǘƘŜǊ [hhω ŦƻǊƳƛƴƎ ƴƻƴǊŀŘƛŎŀƭ ǇǊƻŘǳŎǘǎ (see figure 1.23 for lipid 

peroxidation overview) (Yin, Xu, and Porter 2011).  

 

Figure 1.23. Lipid peroxidation pathway. 1) The initiation step involves oxidants abstracting the allylic hydrogen 
(hydrogen atom connected to an allylic carbon) forming a carbon centred unsaturated lipid radical. The carbon 
radical then tends to be stabilised via a molecular rearrangement to form a conjugated diene. 2) The propagation 
steps involve unsaturated lipid radical ό[ωύ reacting with O2 forming a lipid peroxyl radical. 3) The lipid peroxyl 
ǊŀŘƛŎŀƭ ό[hhωύ can then abstract another hydrogen from an unsaturated lipid, forming a new unsaturated [ω and 
lipid hydroperoxide. 4) Finally, the free radical cascade can be terminated through the actions of antioxidants 
which donate a hydrogen atom to the [hhω resulting in the formation of non-radical products. Image created 
using BioRender (BioRender, Canada). 
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1.12.4. Antioxidants 

 

The term antioxidant refers to any compound that can successfully delay or prevent 

the oxidation of a substrate (Godic et al. 2014). Antioxidants are therefore able to 

attenuate RONS within a biological system and subsequently can reduce RONS 

induced damage to DNA, proteins, and lipids (Cruz-Gregorio, Manzo-Merino, and 

Lizano 2018). Antioxidants can be subdivided into enzymatic antioxidants; SOD, 

catalase and glutathione peroxidase (GPx), and non-enzymatic; lipoic acid, 

glutathione, L-arginine and CoQ10 (Irato and Santovito 2021). All of these antioxidants 

are endogenously produced, and exogenous antioxidants exist (e.g., polyphenols) 

that are mainly introduced via diet or nutritional supplementation (Panova and 

Tatikolov 2023). SODs are a group of metalloenzymes that serve as a front-line 

defence against oxidative stress through the dismutation of O2
ωҍ into O2 and H2O2 

(see figure 1.24) (Maritim, Sanders, and Watkins 2003). This reaction is accompanied 

by the concurrent alternate oxidation-reduction of metal ions present in the active 

site of SODs (McCord and Fridovich 1969; Tainer et al. 1983). There are 4 distinct SOD 

groups which can be determined by the metal cofactors present at the active sites: 

copper-zinc-SOD (Cu, Zn-SOD), iron SOD (Fe-SOD), manganese SOD (Mn-SOD), and 

nickel SOD (Ni-SOD) (Youn et al. 1996; Younus 2018). These different SOD forms differ 

in their concentrations and are located in different subcellular compartments 

(Younus 2018).  
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Figure 1.24. Superoxide dismutase. Manganese-SOD (Mg-SOD) serves to limit oxidative stress through the 
dismutation of O2ωҍ. This involves the alternate reduction and reoxidation of the catalytic metal (i.e., manganese, 
copper) at the active site of the enzyme. SOD gains an electron from O2ωҍ oxidising it to O2. The reduced SOD then 
catalyses the reaction in which H2O2 is formed from O2ωҍ and 2 H+ becoming re-oxidised in the process. Image 
created using BioRender (BioRender, Canada). 

 

Catalase is an enzyme present within almost all aerobic organisms and uses the non-

radical oxidant H2O2 as a substrate. Catalase breaks down 2 H2O2 molecules into 2 

molecules of H2O and 1 molecule of O2 in a two-step reaction (Deisseroth and Dounce 

1970; von Ossowski, Hausner, and Loewen 1993). The first part of the reaction 

involves the formation of spectroscopically distinct intermediate compound I (which 

ƛǎ ŀ ŎƻǾŀƭŜƴǘ ƻȄȅŦŜǊǊȅƭ ǎǇŜŎƛŜǎ ώCŜL±hϐ ƘŀǾƛƴƎ ŀ ǇƻǊǇƘȅǊƛƴ ˉ-cation radical) through 

the reduction of 1 H2O2 molecule subsequently producing H2O  (Ivancich et al. 1997). 

The second step of the reaction involves the reduction of compound I via a two-

electron transfer from an electron donor (the second molecule of H2O2) to produce 

the free enzyme, O2, and H2O (see figure 1.25) (Deisseroth and Dounce 1970).  
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Figure 1.25. Catalase. Catalase serves to limit oxidative stress through the breakdown of H2O2 into H2O and O2. 
This occurs over 2 reactions, the first involves the formation of the distinct compound I which is a covalent oxyferryl 
species (FeIVO) having a porphyrin ̄-cation radical, through the reduction of one hydrogen peroxide molecule. 
This first reaction produces one H2O. The second reaction compound I is then reduced by a two-electron transfer 
from H2O2 to produce a second H2O and O2. Image created using BioRender (BioRender, Canada). 

 

GPx are a family of enzymes homologous to the selenocysteine (Sec)- (because it 

binds 4 atoms of selenium) containing mammalian GPx-1 that uses reduced 

glutathione (GSH) as an obligate co-substrate in the reduction of H2O2 to H2O (Lubos, 

Loscalzo, and Handy 2011). Glutathione is a tripeptide which is composed of cysteine, 

glutamic acid, and glycine. It also belongs to the group of low molecular weight thiols 

όǎǳƭǇƘǳǊ ŀƴŀƭƻƎǳŜǎ ƻŦ ŀƭŎƻƘƻƭ ǿƘŜǊŜōȅ ǎǳƭǇƘǳǊ ǊŜǇƭŀŎŜǎ ƻȄȅƎŜƴ ƛƴ ǘƘŜ ҍhI ƎǊƻǳǇύΦ 

The enzymatic reactions of GPx with H2O2 involves the formation of intermediate 

compounds to the Sec active site (Flohé et al. 1972; Flohe, Günzler, and Schock 1973; 

Kraus, Prohaska, and Ganther 1980; Ursini et al. 1995; Takebe et al. 2002). Following 

the reaction with H2O2, a selenenic acid (Se-OH) forms at the selenol (Se-H) active 

site. One molecule of GSH reduces the selenenic acid, leading to the formation of a 

glutathiolated selenol (Se-SG) intermediate (Flohe, Günzler, and Schock 1973; Kraus, 

Prohaska, and Ganther 1980; Martínez, García, and Galarza 1982). An additional GSH 
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allows for the further reduction of the Se-SG bond resulting in the restoration of the 

active site with the formation of oxidised glutathione (GSSG) (see figure 1.26). GSSG 

can then be restored via the actions of the NADPH-dependent glutathione reductase 

(Lubos, Loscalzo, and Handy 2011). Therefore, recycling of NADP+/NADPH links the 

GSH pathway to glycolysis via glucose-6-phosphate dehydrogenase (G6PD) and the 

pentose-phosphate shunt (Lubos, Loscalzo, and Handy 2011).  

 

Figure 1.26. Glutathione peroxidase. Another mechanism by which H2O2 is regulated is through glutathione 
peroxidase (GPx). This is achieved through several stable modifications to the GPx active site selenocysteine (Sec). 
1) After reacting with peroxides, the selenol (SeH) of GPx-SeH forms a selenenic acid (SeOH). 2) One molecule of 
reduced glutathione (GSH) reduces the selenenic acid generating a glutathiolated selenol (Se-SG) intermediate. 3) 
This Se-SG intermediate is reduced by a second GSH resulting in the formation of oxidised glutathione (GSSG) 
completing the reaction. Image created using BioRender (BioRender, Canada). 

  

1.12.5. Skeletal muscle and RONS 

 

The discovery that contracting skeletal muscle produced free radicals was >40 years 

ago (Davies, Packer, and Brooks 1982). Moreover, it was demonstrated that 

exhaustive exercise resulted in both oxidative stress alongside mitochondrial 

dysfunction within the muscle fibres (Davies, Packer, and Brooks 1982). 
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Paradoxically, chronic inactivity (i.e., limb immobilisation) also results in the 

increased production of ROS (Kondo, Miura, and Itokawa 1991). This amplified ROS 

production has been identified as a contributor to skeletal muscle atrophy that 

comes as a consequence of prolonged disuse (Kondo, Miura, and Itokawa 1991). It is 

well established that mitochondrial derived O2
ωҍ is a major contributor to skeletal 

muscle ROS production (Davies, Packer, and Brooks 1982; Koren et al. 1983). 

Therefore, it was assumed that an increase in OXPHOS as a consequence of muscle 

contraction would lead to a concomitant increase in mitochondrial derived ROS 

production. However, skeletal muscle produces 13-27 times more ROS during state 

4 respiration than in state 3 (Kavazis et al. 2009; Powers et al. 2011). State 4 

respiration can be defined roughly as a resting state as it is the respiratory state 

obtained in isolated mitochondria after State 3, when added ADP is phosphorylated 

maximally to ATP driven by electron transfer from defined respiratory substrates to 

O2 (Chance and Williams 1955). State 3 on the other hand is an exercising state as it 

is the maximal OCR observed after the addition of saturating amounts of ADP in 

presence of the substrates (Chance and Williams 1955). Furthermore, the electrical 

stimulation of muscle fibres did not increase mitochondrial ROS production 

altogether suggesting mitochondria are not a dominant source of ROS in contracting 

muscles (Powers and Jackson 2008; Sakellariou, Jackson, and Vasilaki 2014; Jackson, 

Vasilaki, and McArdle 2016).  

Given the reduced role of the mitochondria in contraction induced ROS production, 

extracellular sources of ROS including NOX were suspected to play a key role in 

muscle redox homeostasis (Xia et al. 2003; Espinosa et al. 2006; Michaelson et al. 

2010; Sakellariou et al. 2013; Díaz-Vegas et al. 2015). Skeletal muscle expresses 3 
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isoforms of NOX including NOX1, 2 and 4 (Ferreira and Laitano 2016). Moreover, the 

NOX2 homologues DUOX1 and 2 are also expressed in C2C12 cells but their functional 

role is not yet fully understood (Sandiford et al. 2014). Of these NOX isoforms, it is 

suggested that NOX2 is a major source of ROS production in contracting skeletal 

muscle (Ferreira and Laitano 2016).  In skeletal muscle, NOX2 and p22phox are present 

in membrane-enriched protein fractions and co-localize with membrane proteins but 

is not present within the sarcoplasmic reticulum (Javeshghani et al. 2002; Sakellariou 

et al. 2013). The localisation of NOX2 suggests that it produces O2
ωҍ outside the cell 

which undergo dismutation by SOD to H2O2 (Okutsu et al. 2014). The stability of H2O2 

means that it can freely diffuse across membranes using aquaporins and can exert its 

effects in the intracellular space (Bienert and Chaumont 2014). Interestingly, while 

NOX preferentially utilises NADPH in non-muscle cells, NADH seems to elicit a 3-5-

fold higher NOX activity than NADPH in adult skeletal muscle suggesting NADH is the 

primary substrate (Javeshghani et al. 2002; Bedard and Krause 2007). Interestingly, 

the source of skeletal muscle ROS production seems to differ during periods of 

chronic inactivity (Powers et al. 2011). Mitochondrial derived ROS production has 

shown to be the greatest contributor to overall ROS production in both immobilised 

hind limb muscles and in diaphragm muscle fibres during prolonged mechanical 

ventilation (Falk et al. 2006; McClung et al. 2009; Falk et al. 2011; Min et al. 2011; 

Powers et al. 2011; Talbert et al. 2013). While both NOX and XO contribute to the 

cellular ROS production during prolonged periods of inactivity, these likely play a 

smaller role in the total ROS production (McClung et al. 2009; Whidden et al. 2009; 

Powers et al. 2011). This seemingly paradoxical relationship between the different 

sources of ROS production during both contraction and chronic inactivity can likely 
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be explained by the temporal pattern of ROS production during these conditions. The 

contraction induced increase in skeletal muscle ROS production is a transient, rapid 

increase in ROS followed by a rapid return to baseline once contractions are ceased 

(Reid et al. 1992; Michaelson et al. 2010). Contrastingly, chronic inactivity is 

associated with an imbalance in mitochondrial dynamics (i.e., fission and fusion), 

reduced efficiency and impairments in mitophagy (Kavazis et al. 2009; Min et al. 

2011; Talbert et al. 2013). Therefore, the distinction must be made between what is 

a normal physiological response to stress (i.e., contraction mediated NOX2 ROS 

production) and a pathophysiological response to chronic inactivity (i.e., 

mitochondrial dysfunction causing increased ROS production).  

ROS production is a key stimulus for the exercise-induced adaptations in skeletal 

muscle (Davies, Packer, and Brooks 1982). There is abundant evidence to suggest 

that skeletal muscle contains redox-sensitive genes, and that the expression of these 

genes can be increased in vitro following the exposure of myotubes to oxidants (e.g., 

H2O2) (Franco, Odom, and Rando 1999). Moreover, these genes not only include 

antioxidant enzymes (CuZn-SOD, Mn-SOD, GPx and catalase) but also PGC-мʰ 

(Franco, Odom, and Rando 1999; McArdle et al. 2004; Irrcher, Ljubicic, and Hood 

2009; McClung et al. 2009). Moreover, the acute contraction induced increase in 

PGC-1ʰ ŀƴŘ ¦/tо ǿŀǎ ŎƻƳǇƭŜǘŜƭȅ absent in the presence of antioxidants in primary 

rat skeletal muscle cells (Silveira et al. 2006). This diminished response to contraction 

also resulted in an ablation in the chronic increase in PGC-1  hobserved following 

multiple contractions (Silveira et al. 2006). These findings were also found following 

in vivo whereby antioxidant supplementation suppressed the exercise induced 

increase in heat shock protein 72 (HSP72) in rodent skeletal muscle (Hamilton et al. 
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2003). These findings extended to human exercise trials where high dosages of 

vitamin E (400 IU/day) and vitamin C (1 g/day) blunted the endurance exercise-

induced increases in both antioxidant enzymes and mitochondrial biogenesis 

(Gomez-Cabrera et al. 2008; Ristow et al. 2009; Paulsen et al. 2014; Morrison et al. 

2015). The diminished expression of PGC-1ʰ ŀƴŘ ŎƻƴǎŜǉǳŜƴǘƭȅ ƳƛǘƻŎƘƻƴŘǊƛŀƭ 

biogenesis following antioxidant intake is likely due to reductions in AMPK and p38 

MAPK, which sit upstream of PGC-1  h(Akimoto et al. 2005; Wu et al. 2006; Mason et 

al. 2020). These kinases are both redox sensitive, therefore the dampening of the 

ROS response to exercise is likely causing a reduction in the activity of these enzymes 

and subsequently reducing the downstream activation of PGC-1ʰΦ  

1.13. Exercise 

1.13.1. Endurance exercise 

 

Endurance exercise is typically defined as any prolonged steady-state exercise 

performed for durations between four minutes and four hours (Whyte 2006). While 

this modality of exercise encompasses a wide range of distances and events, 

ǳƭǘƛƳŀǘŜƭȅ ƛǘ ƛǎ ŘŜŜƳŜŘ Ψsteady stateΩ ŘǳŜ ǘƻ ǘƘŜ ƎŜƴŜǊŀƭ ǇǊƛƴŎƛǇƭŜ ƻŦ ƳŀƛƴǘŀƛƴƛƴƎ ǘƘŜ 

highest power output for as long as possible. The major molecular adaptation that 

occurs following endurance training is an increase in aerobic capacity. Early work by 

Holloszy (1967) found that the increase in muscle oxidative capacity following 

endurance training was likely to be a result of an increase in mitochondrial size or 

number (mitochondrial biogenesis) and/or a change in mitochondrial composition 

(see figure 1.27 for schematic overview of mechanisms surrounding exercise 

induced mitochondrial biogenesis). Mitochondrial biogenesis involves an 
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orchestrated expression of the mitochondrial and nuclear genes that together 

encode mitochondrial proteins. PGC-мʰ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ǘƘŜ ƳŀǎǘŜǊ ǊŜƎǳƭŀǘƻǊ ƻŦ 

mitochondrial biogenesis (Fernandez-Marcos and Auwerx 2011b). Following a bout 

of endurance exercise, PGC-мʰ ōƛƴŘǎ ǘƻ ŀƴŘ ŎƻŀŎǘƛǾŀǘŜǎ ŀ ƴǳƳōŜǊ ƻŦ ǘǊŀƴǎŎǊƛǇǘƛƻƴ 

factors, including NRF1 and 2, myocyte enhancer factor 2 (MEF2), and oestrogen-

related receptor, coordinating a transcriptional response which promotes an 

increase in mitochondrial content (Lin, Handschin, and Spiegelman 2005). The result 

of these repeated, transient increases in PGC-мʰ ŀƴŘ ǘƘŜ ǎǳōǎŜǉǳŜƴǘ ǘǊŀƴǎŎǊƛǇǘƛƻƴŀƭ 

modifications are increases in mitochondrial capacity, which facilitate the aerobic 

adaptations to endurance training. 
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Figure 1.27. Simplistic schematic describing molecular pathways that underpin adaptations to endurance exercise. 
Endurance exercise results in increases in Ca+2 release which activates CamKII and calcineurin. Additionally, 
endurance exercise also results in an increase AMP:ATP ratio as a result of an increased energy expenditure which 
leads to an activation in the energy sensor AMPK and sirtuins. Finally, increases in ROS as a result of energetic 
stress leads to the activation of stress proteins such as p38 MAPK, JNK and ERK 1/2. These signalling pathways 
converge to increase PGC-мʰ ŜȄǇǊŜǎǎƛƻƴΣ ǿƘƛŎƘ ǳǇǊŜƎǳƭŀǘŜǎ ŀ ƴǳƳber of genes involved in fatty acid oxidation, 
electron transport chain activity, and the mitochondrial transcription factor TFAM. TFAM activation leads to a 
subsequent increase in mtDNA transcription and replication which results in increased mitochondrial biogenesis. 
Image created using BioRender (BioRender, Canada). 

 

During muscular contraction, there is a release of intracellular calcium, which binds 

to troponin C and subsequently removes tropomyosin from the actin filament to 

allow for myosin binding (Wakabayashi 2015). While the majority of intracellular 

calcium is used to initiate contraction, there is also a calcium leak into the myofibrillar 

space where calcium binding proteins are located (Ojuka et al. 2003). CaMKII is a 

calcium binding protein and activator of PGC-мʰΦ CƻƭƭƻǿƛƴƎ /ŀMKII activation, there 

is a downstream activation of MEF2 through a detachment of their inhibitors; the 

class II HDAC proteins (McKinsey, Zhang, and Olson 2000). CaMKII phosphorylates 
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the class II HDAC and creates a binding site for the 14-3-3 chaperones, which 

subsequently traffic the class 11 HDAC out of the nucleus for degradation in the 

proteasome (McKinsey et al. 2000). The cessation of class II HDAC inhibition on MEF2 

allows it to bind to the MEF2 elements in the PGC-мʰ ǇǊƻƳƻǘƻǊ ŀƴŘ ŀŎǘƛǾŀǘŜǎ 

transcription. CaMKII, CaMKIV and calcineurin A can also increase PGC-мʰ 

transcription by regulating cAMP response element CREB phosphorylation 

(Fernandez-Marcos and Auwerx 2011b; Baar 2014). Once phosphorylated, CREB can 

bind to CREB-regulated transcription coactivator 2 and increase PGC-мʰ ǘǊŀƴǎŎǊƛǇǘƛƻƴ 

through the CRE site (Berdeaux and Stewart 2012). As contraction duration increases, 

the amount of calcium required for contraction decreases leading to an increase in 

intracellular calcium stores (Balnave and Allen 1995). This exercise-mediated 

increase in intracellular calcium stores quickly returns to basal levels upon 

completion of exercise (Balnave and Allen 1995). Therefore, the maintenance of 

intracellular calcium stores, through increased exercise contraction duration, 

provides a molecular rationale by which we increase mitochondrial biogenesis 

following endurance training. 

While intracellular elevation of Ca2+ causes increased mitochondrial gene activation, 

it does not explain all of the exercise-related changes in mitochondrial gene 

expression and likely forms part of a more complex signalling pathway (Freyssenet et 

al. 2004)Φ рΩ-AMP-activated protein kinase (AMPK) is often regarded as a cellular 

energy sensor and its cascade is affected by cellular stresses that reduce the ATP/ADP 

ratio and elevate AMP due to increases in adenylate kinase activity (Hardie, Ross, and 

Hawley 2012). When inactive, AMPK binds to ATP and is quickly dephosphorylated 

(Sanders et al. 2007). However, during periods of low-energy availability (such as 
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endurance or high intensity exercise when ATP turnover is high) ADP and AMP bind 

to AMPK, acting as allosteric activators and preventing dephosphorylation (Oakhill et 

al. 2011). AMPK is thereby capable of interacting with PGC-мʰ ŀƴŘ ŀƭǘŜǊƛƴƎ ƛǘǎ 

phosphorylation state alongside its transcription via the regulation of MEF2 (McGee 

2007). AMPK is capable of interacting with MEF2 in a similar fashion to CaMK, causing 

an inhibition in class II HDAC activity and facilitating their nuclear removal and 

degradation (McGee et al. 2008). 

Mammalian p38-mitogen-activated-protein kinases (MAPKs) are proteins which are 

highly responsive to cellular stressors such as cytokines, UV irradiation, heat/osmotic 

shock and are involved in mitochondrial biogenesis (Cuenda and Rousseau 2007; 

Zhang et al. 2017). Exercise is capable of augmenting p38 MAPK concentrations 

allowing it to interact with its downstream target PGC-мʰ (Combes et al. 2015). P38 

MAPK can phosphorylate PGC-мʰ ŀǘ ǘƘǊŜŜ ǎƛǘŜǎ ό¢ƘǊнсоΣ {ŜǊ нсс ŀƴŘ ¢ƘǊ нффύ ƛƴ 

response to cytokine stimulation in cells (Fan et al. 2004). This then leads to two 

major responses; an increase in PGC-мʰ ǎǘŀōƛƭƛǘȅ ǿƘƛŎƘ ƎƛǾŜƴ ƛǘǎ ǊŜƭŀǘƛǾŜƭȅ ǎƘƻǊǘ ƘŀƭŦ-

life (2 or 3 hr) constitutes an important mechanism of enhanced activity, alongside 

the repression of  p160 myb binding protein (p160MBP) enhancing the 

transactivation capacity of PGC-1  hwhich results in an increase in mitochondrial 

biogenesis (Knutti, Kressler, and Kralli 2001; Fan et al. 2004; Sano et al. 2007). 

Moreover, an inhibition of p38 MAPK, eliminates an exercise-induced increase in 

PGC-мʰ ŀƴŘ ƳƛǘƻŎƘƻƴŘǊƛŀƭ ƎŜƴŜ ŀŎǘƛǾŀǘƛƻƴΣ ƘƛƎƘƭƛƎƘǘƛƴƎ ƛǘǎ ƛƳǇƻǊǘŀƴŎŜ ƛƴ ǘƘŜ 

adaptive aerobic response (Ikeda et al. 2008). In this way, PGC-мʰ ƛǎ ŎŀǇŀōƭŜ ƻŦ ōŜƛƴƎ 

up-regulated following high-intensity exercise through the p38 MAPK and AMPK 

cascades and endurance exercise via the p38 MAPK, AMPK and Ca2+/CaMK cascades 
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in a similar fashion, leading to comparable increases in mitochondrial biogenesis 

between the two training modalities (Gibala et al. 2006; Burgomaster et al. 2008). 

1.13.2. Resistance exercise  

Resistance training can be loosely defined as exercise that is performed against an 

external resistance (Hughes, Ellefsen, and Baar 2018). In contrast to endurance 

exercise, the main adaptations following resistance training are increases in muscle 

size (cross-sectional area [CSA]), neural adaptations, and increased force production 

(Narici et al. 1989; Staron et al. 1991; Pyka et al. 1994; Häkkinen et al. 1998). While 

changes in skeletal muscle CSA can occur following prolonged, habitual resistance 

training, changes in muscle force production can occur much earlier (Moritani and 

deVries 1979). Early work by Davies et al. (1988) demonstrated that 6 weeks of 

isometric strength training in the elbow flexor muscles was enough to increase 

isometric force by 15% but only increased muscle CSA by 5%. Similarly, male subjects 

who undertook 60 days of strength training (6 sets of 10 maximal isokinetic knee 

extensions performed 4 times per week) increased their muscle CSA by 9% but 

demonstrated much larger increases in maximum voluntary contraction 21% (Narici 

et al. 1989). This short-term increase in muscle force production (<2-4 weeks 

following the onset of regular resistance training) are thought to primarily due to 

neuronal changes rather than modifications in muscle morphology (Moritani and 

deVries 1979). The existence of neural adaptations is purported due to several 

behavioural observations including task-specificity of strength in the absence of 

significant morphological adaptations (Ansdell et al. 2020), the disproportionate 

increase in muscle force relative to muscle size (Moritani and deVries 1979; Häkkinen 
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et al. 1998), and the increase in voluntary activation in the initial weeks of training 

(Lee, Gandevia, and Carroll 2009). 

It is well known that even a single bout of resistance exercise is sufficient to increase 

rate of muscle protein synthesis in humans (Kumar et al. 2009). The rate of protein 

synthesis within skeletal muscle is dictated by the coordinated activation of a 

multitude of different protein kinases including PI3K, AKT and finally mTOR 

(Schiaffino and Mammucari 2011) (see section 1.6.1 and 1.6.2). The idea that this 

pathway was instrumental in governing rates of muscle hypertrophy was suggested 

following findings that electrically induced resistance training in rats (10 sets of 100 

Hz in 3-s pulses with a 10-s rest period between repetitions) resulted in a 14% 

increase in extensor digitorum longus (EDL) and tibialis anterior (TA) muscles which 

was associated an increase in the protein expression of the mitogen-activated 

Ser/Thr ribosomal protein S6 kinase beta-1 p70S6K (downstream of mTOR) (Baar and 

Esser 1999). Additionally, the transfection of adult mouse muscle with a RAS mutant 

selectively activating Akt results in significant hypertrophy of the transfected fibres 

(Murgia et al. 2000). The activation of this pathway is endpoint inhibited following 

treatment with rapamycin, a potent selective inhibitor of mTOR, highlighting the 

importance of mTOR in governing the responsiveness to resistance exercise. (Bodine, 

Stitt, et al. 2001; Pallafacchina et al. 2002).  

The Raptor binding MTORC1 stimulates protein synthesis by phosphorylating 4E-BPs 

and S6K1 thereby facilitating protein translation (Liu and Sabatini 2020). mTOR can 

be activated via mechanical signals that are transmitted during muscle contraction 

or passive stretch (Schiaffino et al. 2021). These mechanical signals are transferred 
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through two multiprotein complexes spanning the plasma membrane and 

connecting extracellular matrix (ECM) with intracellular cytoskeleton: the dystrophin 

glycoprotein complex (DGC) and the integrin adhesion complex (Lapidos, Kakkar, and 

McNally 2004; Schiaffino et al. 2021). These proteins serve to act as shock absorbers 

stabilising the sarcolemma during contraction/stretch. Consequently, these proteins 

are especially abundant at sites of high longitudinal and lateral force transmission 

such as the myotendinous junction or costameres (Samitt and Bonilla 1990; 

Pasternak, Wong, and Elson 1995). The mdx mouse model for Duchenne muscular 

dystrophy (DMD) carries a naturally occurring point mutation in the dystrophin gene 

that results in a premature stop codon (Sicinski et al. 1989). Within the mdx model 

there is a complete loss of dystrophin protein expression with the exception of rare 

revertant fibres that arise from exon skipping to restore dystrophin and DGC protein 

expression (Pigozzo et al. 2013). Muscle hypertrophy induced by functional overload 

is inhibited within these mice, highlighting the importance of the dystrophin 

glycoprotein complex to growth promoting signalling pathways (Joanne et al. 2012). 

Syntrophin is a 58-KDa protein which is able to interact directly with the carboxyl-

terminus of both full-length and truncated forms of dystrophin and mediates its 

binding with neuronal nitric oxide synthase (nNOS) (Kramarcy et al. 1994; Peters et 

al. 1994; Adams et al. 2018). nNOS activation is rapidly increased following synergistic 

ablation and overload hypertrophy is impaired following nNOS knockout in mice (Ito 

et al. 2013). nNOS is purported to regulate load induced hypertrophy via the 

formation of peroxynitrite as a product of nitric oxide (NO) and NOX4 derived O2ως 

(Ito et al. 2013). NO and O2ως then activate transient receptor potential cation 

channel, subfamily V, member 1 (TRPV1) which results in an increase in intracellular 
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Ca2+ that is capable of increasing mTOR activation (Ito et al. 2013). Additionally, 

mTOR can also be regulated by phosphatidic acid which is synthesised following the 

phosphorylation of diacylglycerol by the enzyme diacylglycerol kinase-ȊŜǘŀ ό5DYʸύ 

(Abramovici et al. 2003)Φ ¢ƘŜ ƻǾŜǊŜȄǇǊŜǎǎƛƻƴ ƻŦ 5DYʸ Ƙŀǎ ŀƭǎƻ ōŜŜƴ ǎƘƻǿƴ ǘƻ ōŜ 

sufficient to induce muscle fibre hypertrophy, and that this occurs through an mTOR-

dependent mechanism (see figure 1.28 for mechanical stretch/load induced mTOR 

pathway)  (You et al. 2014).  

 

Figure 1.28. Mechanical stretch/load induced mTORC1 pathway. Mechanical signals generated by muscle 
contraction or passive stretch activate dystrophin glycoprotein complex (DGC) and f diacylglycerol kinase-zeta 
ό5DYʸύ ǿƘƛŎƘ ǇƘƻǎǇƘƻǊȅƭŀǘŜǎ ŘƛŀŎȅƭƎƭȅŎŜǊƻƭ ǘƻ ȅƛŜƭŘ ǇƘƻǎǇƘŀǘƛŘƛŎ ŀŎƛŘ όt!ύΦ t! ǊŜƎǳƭŀǘŜǎ ǘƘŜ ƳŜŎƘŀƴƛŎŀƭ ŀŎtivation 
of mTOR signalling and the subsequent activation of downstream mTORC1 targets including activating p70S6K 
(and subsequently S6K) alongside inhibiting 4E-BP1 which is an inhibitor of eIF4E resulting in protein translation. 
Image created using BioRender (BioRender, Canada). 

 

Muscle growth is accompanied by and dependant on ribosomal biogenesis (Wen, 

Alimov, and McCarthy 2016). The rRNA pool, which accounts for more than 80% of 
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total RNA, increases during muscle hypertrophy in response to the activity of 

different regulatory factors, including the ubiquitous transcription factor MYC and 

upstream binding factor (UBF), whose levels and activities are increased during 

resistance exercise (Figueiredo and McCarthy 2019). The biogenesis and translation 

of ribosomes is controlled by MYC activity by a variety of mechanisms including the 

transcriptional control of RNA and protein components of ribosomes, and of gene 

products required for the processing of ribosomal RNA, alongside the nuclear export 

of ribosomal subunits and the initiation of mRNA translation. (van Riggelen, Yetil, and 

Felsher 2010). While mRNA derived from protein coding including those coding for 

ǊƛōƻǎƻƳŀƭ ǇǊƻǘŜƛƴǎΣ ŀǊŜ ƎŜƴŜǊŀǘŜŘ ōȅ th[ LLΣ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ ǊƛōƻǎƻƳŀƭ wb!Ωǎ 

requires POL I, producing the 47 S ribosomal RNA (rRNA). This rRNA is subsequently 

processed to mature 5.8 S, 18 S and 28 S ribosomal components, and POL III, which 

synthesizes 5 S rRNA and the transfer RNAs (Schiaffino et al. 2021). Moreover, 

MTORC1 is also able to stimulate ribosomal biogenesis and translation through 

phosphorylating MAF1 (a key repressor of POL III) and transcription initiation factor 

1A (TIF-IA), which regulates POL I transcription (Mayer et al. 2004; Michels et al. 

2010; Shor et al. 2010). POL I is also regulated by S6K1 (downstream of mTOR) 

through phosphorylation of UBF (Hannan et al. 2003). Given that rRNA synthesis 

requires a continuous supply of nucleotides, S6K1 is able to promote nucleotide 

biosynthesis through the phosphorylation of carbamoyl-phosphate synthetase 2, 

aspartate transcarbamoylase, dihydroorotase (CAD), the enzyme that catalyses the 

first three steps of de novo pyrimidine biosynthesis and thereby increasing the 

available pool of nucleotides required for RNA synthesis (Ben-Sahra et al. 2013; 

Robitaille et al. 2013). Finally, mTORC1 can also inhibit La-related protein 1 (LARP1), 
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which is a key repressor of terminal oligopyrimidine (TOP) mRNA translations which 

code for ribosomal proteins and several initiation and elongation factors resulting in 

an increase in ribosomal proteins (see figure 1.29 for mTORC1 mediated ribosomal 

biogenesis pathway) (Fonseca et al. 2015).  

Figure 1.29. mTORC1 mediated ribosomal biogenesis pathway. mTORC1 stimulating POL I mediated synthesis of 
ribosomal RNA (rRNA) via transcription initiation factor 1A (TIF-1A) and POL III-mediated synthesis of transfer RNA 
(tRNA) via MAF1. S6K1 also activates POL 1 through the actions of upstream binding factor (UBF) which stimulates 
the pyrimidine biosynthesis required for rRNA synthesis via carbamoyl-phosphate synthetase 2, aspartate 
transcarbamoylase, dihydroorotase (CAD) phosphorylation. The translational activation of terminal 
oligopyrimidine (TOP) mRNAs, controlled by mTORC1 via La-related protein 1 (LARP1), leads to the synthesis of 
ribosomal proteins. Image created using BioRender (BioRender, Canada). 

 

1.13.3. Electrical pulse stimulation (EPS) 

 

Electrical pulse stimulation (EPS) refers to the delivery of an electrical current which 

is applied via electrodes with the aim to induce muscular contraction. This process 

can be undertaken in vivo using surface electrodes positioned on the skin in close 

proximity to the targeted muscle or via surgical implantation of a pulse generator to 

the desired muscle (Dirks et al. 2015; Viggars et al. 2023). Moreover, the in vitro 

application of EPS typically involves either the addition of electrodes within the 

culture media for the stimulation of 2D monolayers or the addition of electrodes to 
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a 3D muscle tissue construct (Burch et al. 2010; Khodabukus et al. 2019). The delivery 

of electrical impulses from the central nervous system to skeletal muscle is 

paramount for muscular development, maturation, and movement. Seminal work by 

Salmons and Sréter (1976) demonstrated that type I and II fibres upon being cut and 

cross aromatised displayed the contractile characteristics of the nerve supplier 

indicating the importance of electrical innervation in governing muscle phenotype. 

The application of twice daily EPS for 7 ± 1 day to the quadriceps of 6 fully sedated 

patients (prolonged bed rest) consisting of 3 phases: warm up όр ƳƛƴΣ р IȊΣ нрл ˃ǎύΣ 

stimulation period όол ƳƛƴΣ млл IȊΣ плл ˃ǎΣ р ǎ ƻƴ ώлΦтр ǎ ǊƛǎŜΣ оΦр ǎ ŎƻƴǘǊŀŎǘƛƻƴΣ лΦтр 

s fall] and 10 s off), and a cool Řƻǿƴ όр ƳƛƴΣ р IȊΣ нрл ˃ǎύ resulted in the ablation of 

the disuse muscle atrophy observed in the non-stimulated leg (Dirks et al. 2015). 

Moreover, this preservation of skeletal muscle mass was associated with increase in 

mTOR phosphorylation and a decrease in FOXO1 gene expression, suggesting 

contraction is the most important stimulates to maintain skeletal muscle mass (Dirks 

et al. 2015).  

The first reported use of EPS in vitro was utilised on primary cells isolated from the 

breast of 12ς13-day old chick embryos (Brevet et al. 1976). These cells were cultured 

for 4-5 days (ensuring myotube formation) and then stimulated for 34 hrs (0.6 s train 

of 10- to 20-ms biphasic pulses, every 4 s making the stimulation approximately 7 hrs 

in total with the remaining time as rest) which resulted in an almost 40% increase in 

total myosin accumulation alongside a 21% increase in contractile protein synthesis 

(Brevet et al. 1976). Moreover, EPS was also shown to influence the phenotype of 

the myotubes isolated from newborn rat hindlimbs (mixed fibre type), as shorter EPS 

pulse durations (250 ms burst, 15, 40 or 100 Hz repeated every 1 or 4 s) enhanced 
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the abundance of slow MyHC while longer pulse durations (250 ms burst, 15, 40 or 

100 Hz repeated every 100 s) enhanced abundance of faster MyHC (Naumann and 

Pette 1994). Thelen, Simonides, and van Hardeveld (1997) were the first to utilise EPS 

in the mouse C2C12 cell line whereby cells were stimulated (2 Hz, 3 V/cm2, 6 ms) for 

48 hrs. They demonstrated that this EPS protocol was sufficient to abolish T3-

dependent SERCA1 expression (Thelen, Simonides, and van Hardeveld 1997). Given 

that the proportion of fast twitch fibres is determined by the balance between the 

stimulating effect of T3 and the inhibiting effect of slow-type contractile activity, they 

deduced that lower EPS frequencies were capable of producing an endurance-like 

adaptive response (Nwoye and Goldspink 1982; Leberer et al. 1989; Kirschbaum et 

al. 1990; Briggs et al. 1992; Caiozzo, Herrick, and Baldwin 1992; Thomas and 

Ranatunga 1993).  

There has been an increase in the application of in vitro EPS within recent years, 

primarily due to its assumed biomimetic effects in inducing exercise-like adaptations. 

EPS has been shown previously to elicit similar acute and chronic adaptations that 

are often observed following endurance exercise in vivo (Matthews et al. 2009; 

Menzies et al. 2013; Brown et al. 2015; Christensen et al. 2015; Evers-van Gogh et al. 

2015; Gong et al. 2016; Goto-Inoue et al. 2016; Beiter et al. 2018; Erlich et al. 2018; 

Al-Bayati, Brown, and Walker 2019; Chang and Kong 2020; Tamura, Kouzaki, et al. 

2020). PGC-1  hhas been shown to be EPS responsive in both C2C12 and primary 

human muscle cells (Burch et al. 2010; Jornayvaz and Shulman 2010; Fernandez-

Marcos and Auwerx 2011b; Philp et al. 2011; Uguccioni and Hood 2011; Carter and 

Hood 2012; Lambernd et al. 2012; Menzies et al. 2013; Scheler et al. 2013; 

Khodabukus et al. 2015; Mesbah Moosavi and Hood 2017; Erlich et al. 2018; Parousis 



 

136 
 

et al. 2018; Lee et al. 2018; Guigni et al. 2019; Melouane et al. 2019; Son et al. 2019; 

Gao et al. 2020; Tamura, Kouzaki, et al. 2020). Upstream of PGC-1  his the energy 

sensor AMPK, which has been repeatedly shown to also be responsive to EPS at a 

variety of stimulation durations in both C2C12 and human primary (Matthews et al. 

2009; Uguccioni and Hood 2011; Lambernd et al. 2012; Manabe et al. 2012; Menzies 

et al. 2013; Brown et al. 2015; Christensen et al. 2015; Evers-van Gogh et al. 2015; 

Gong et al. 2016; Goto-Inoue et al. 2016; Miyatake et al. 2016; Beiter et al. 2018; 

Erlich et al. 2018; Hu et al. 2018; Li et al. 2018; Al-Bayati, Brown, and Walker 2019; 

Park et al. 2019; Son et al. 2019; Chang and Kong 2020; Gao et al. 2020; Hoshino et 

al. 2020; Tamura, Goto-Inoue, et al. 2020; Tamura, Kouzaki, et al. 2020; Yue et al. 

2020; Yue et al. 2021). These changes in AMPK are perhaps unsurprising given that 

both ATP and glycogen concentrations have been shown to change following the 

onset of EPS, indicating an EPS mediated increase in energy expenditure (Marotta, 

Bragós, and Gómez-Foix 2004; Nedachi, Fujita, and Kanzaki 2008; Lambernd et al. 

нлмнΤ aŀƴŀōŜ Ŝǘ ŀƭΦ нлмнΤ bƛƪƻƭƛŏ Ŝǘ ŀƭΦ нлмнΤ [ƛ Ŝǘ ŀƭΦ нлмуΤ tŀǊƪ Ŝǘ ŀƭΦ нлмфύ. 

Altogether these suggest that EPS is capable of increasing cellular energy expenditure 

which leads to an activation of AMPK and its downstream targets including PGC-1ʰΦ 

The role of EPS in replicating resistance like adaptations within skeletal muscle cells 

in vitro has also been documented (Manabe et al. 2012; Miyatake et al. 2016; 

Nieuwoudt et al. 2017; Beiter et al. 2018; Hu et al. 2018; Sidorenko et al. 2018; 

Khodabukus et al. 2019; Hoshino et al. 2020; Valero-Breton et al. 2020). EPS is 

capable of inducing morphological changes to skeletal muscle in vitro with increases 

myotube length, width, diameter, and cross-sectional observed post stimulation 

(Ahadian et al. 2012; Leon-Salas et al. 2013; Ikeda et al. 2016; Martin et al. 2017; 
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Banan Sadeghian, Ebrahimi, and Salehi 2018). The serine/threonine kinase mTOR is 

a master regulator of anabolic signalling and is shown to mediate the hypertrophic 

responses to exercise in vivo. The is some evidence to suggest that EPS can modulate 

mTOR activity, which would be indicative of an EPS induced hypertrophic response 

(Carter and Hood 2012; Christensen et al. 2015; Tarum et al. 2017; Beiter et al. 2018; 

Khodabukus et al. 2019; Patel et al. 2019; Hoshino et al. 2020; Valero-Breton et al. 

2020). Improvements in the development of biologically relevant three-dimensional 

models of skeletal muscle derived from tissue biopsies or cell lines has led to more 

utilisation of these models within exercise physiology research (Powell et al. 2002; 

Martin et al. 2013). A major benefit of these constructs is that they allow the user to 

measure aspects of skeletal muscle contractile function in a more biologically 

relevant model (Powell et al. 2002; Martin et al. 2013). EPS has been shown to be 

effective in mediated changes in muscle contractive activity (Martin et al. 2017; 

Khodabukus et al. 2019). Overall, the utility of EPS in producing both endurance and 

resistance-like adaptations has led to its increasing utilisation within the field of 

exercise physiology. Moreover, given the fact it seems to produce divergent 

molecular responses (i.e., both endurance-like and resistance-like adaptations 

simultaneously), questions remain regarding its utility in interrogating specific 

exercise-like adaptations compared to in vivo human and animal work.  

1.14. Metabolomics  

A metabolite is a small molecule (with a molecular mass <1,500 Da) that can be 

detected anywhere within an organism (Wishart et al. 2007). These endogenous 

compounds include lipids, amino acids, short peptides, nucleic acids, sugars, alcohols, 
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or organic acids that are routinely produced during catabolism or anabolism (Wishart 

et al. 2007). The metabolome can be defined as the complete collection of 

metabolites, or small molecule compounds within an organism, organ, biofluid, cell 

or organelle (Wishart et al. 2007). Primary metabolites refer to any metabolite that 

is endogenously produced as the synthesis of these metabolites is encoded by the 

hosts genome and they are essential for growth and survival (Demain 1980). Some 

exogenous metabolites including the essential amino acids phenylalanine, histidine, 

isoleucine, lysine, leucine, methionine, threonine, valine, and tryptophan) and the 

vitamins (vitamin A, 8 different B vitamins, as well as vitamins C, D, E, and K) are also 

classed as essential given their fundamental role is survival (Wishart 2019). The 

classification of a metabolite is not simply restricted to those necessary for growth 

and survival. Metabolites can also include more xenobiotic compounds which come 

from the diet or environment, such as plant/food phytochemicals (polyphenols, 

phytoestrogens, alkaloids), food additives, over the counter or prescription drugs, 

microbial byproducts, cosmetic chemicals, chemical contaminants, pollutants, 

herbicides, and pesticides (Wishart et al. 2007; Wishart 2019). These compounds are 

not essential (and can be detrimental) for growth and development and are 

therefore often referred to as exogenous/secondary metabolites (Gertsch 2016; 

Wishart 2019). 

The human metabolome is far larger than both the human genome (~20,300 genes) 

and the human proteome (>620,000 protein) (Pertea and Salzberg 2010; 

Ponomarenko et al. 2016; Uppal et al. 2016; Salzberg 2018). It is believed that the 

human metabolome may contain more than a million endogenous and exogenous 

metabolites, however currently only 114,000 chemicals have been discovered 
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(Wishart et al. 2018). Interestingly, despite the vast number of known metabolites 

the endogenous metabolome, as measured over the entire organism and across 

species, is highly conserved (Peregrín-Alvarez, Sanford, and Parkinson 2009). The 

variability in endogenous metabolites between vertebrate species is very low, with 

the only difference being the concentration of metabolites within different cells, 

tissues or biofluids (Peregrín-Alvarez, Sanford, and Parkinson 2009). Unsurprisingly, 

however the exogenous metabolome (or exposome) is highly variable and can vastly 

change depending on a variety of lifestyle factors including dietary patterns, 

environmental exposures, and even the gut microflora of the organism (Rappaport 

et al. 2014). Given the size and complexity of the metabolome, its detection and 

analysis require a far wider range of instrumental equipment than required for the 

analysis of the genome or proteome (Dunn, Bailey, and Johnson 2005). 

Metabolomics involves the use of analytical tools such as nuclear magnetic 

resonance (NMR) spectrometers, mass spectrometers (MS), gas chromatography 

(GC), liquid chromatography (LC) systems, ion mobility systems (IMS), capillary 

electrophoresis (CE) systems, integrated liquid chromatography-mass spectrometry 

(LC-MS), integrated capillary electrophoresis-mass spectrometry (CE-MS), integrated 

ion mobility spectrometry mass spectrometry (IMS-MS), gas chromatography-mass 

spectrometry (GC-MS), or LC-MS/NMR systems in order to separate and detect the 

many distinct classes of metabolites found within the metabolome (Dunn, Bailey, and 

Johnson 2005). MS instruments (including LC-MS, GC-MS, CE-MS, and IMS-MS) 

detect metabolites through the ionisation of target molecules gives neutral 

molecules either a positive or a negative charge (depending on the character of the 

molecule). The mass-to-charge (m/z) ratio of the ionised molecules can then be 
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measured and compared to a referential MS spectrum of known compounds to 

determine the metabolite of interest. A limitation of this technique is that the 

ionisation process destroys the sample (Wishart 2019). baw ǿƘƛŎƘ ƛǎƴΩǘ ŘŜǎǘǊǳŎǘƛǾŜ 

can also be used to quantify the metabolome (Wishart 2019). NMR involves detecting 

characteristic radio frequency absorption bands (or resonances) that occur as a result 

of placing the molecules in very strong magnetic fields. The nuclear spins in each 

atom in the molecule (especially the hydrogen atoms) are reoriented by the magnetic 

field which makes them susceptible to radio frequency excitation/absorption at very 

specific frequencies or chemical shifts. The distinct arrangement of hydrogen atoms 

around a molecule creates a unique pattern of NMR chemical shifts which generates 

ŀ ΨƘȅŘǊƻƎŜƴ ŎƘŜƳƛŎŀƭ ǎƘƛŦǘ ŦƛƴƎŜǊǇǊƛƴǘΩΣ ŀƭƭƻǿƛƴƎ ǘƘŜ ŘŜǘŜŎǘƛƻƴ ŀƴŘ ǉǳŀƴǘƛŦƛŎŀǘƛƻƴ ƻŦ 

compounds (Wishart 2019).  

Exercise results in substantial increases in cellular energetic demands and 

subsequently there are robust changes in the cellular metabolome. Following 

prolonged intense exercise of durations >2 hrs, there is typically an increase of Ḑ200-

300 identified metabolites, of which >100 typically increase twofold or greater 

(Nieman et al. 2013; Nieman et al. 2014; Nieman et al. 2015; Howe et al. 2018). 

Nieman, Sha, and Pappan (2017) found that when 24 male runners undertook a 

treadmill run to exhaustion, there was a change in circulating concentrations of 209 

metabolites primarily involved in lipid metabolism (long- and medium-chain fatty 

acids, fatty acid oxidation products [dicarboxylate and monohydroxy fatty acids, 

acylcarnitines], and ketone bodies). Similarly, untargeted metabolomics approach 

applying liquid chromatography-qTOF-MS determined that pronounced, transient 

increases in octanoyl- (C8:0), decanoyl- (C10:0), and dodecanoyl- (C12:0) carnitine 
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species were the most discriminating exercise-related metabolites following both 60 

and 120 mins running (Lehmann et al. 2010). Interestingly, metabolomic profiling has 

also been utilised to elucidate the roles of various nutritional interventions have in 

regulating the metabolome during and post exercise (Knab et al. 2013; Nieman et al. 

2013; Nieman et al. 2014; Nieman et al. 2015). Metabolomic investigations into the 

influence of bananas and pears on 75 km cycling exercise performance and recovery 

demonstrated included fructose and fruit constituents, and sulfated phenolics that 

were related to elevated ferric reducing ability of plasma ([FRAP] (a measure of 

antioxidant power) when compared to water (Nieman et al. 2015). More recently, 

this method has been extended to determine the role of external environmental 

stressors on the serum metabolome following 1H-NMR metabolomics during a 30 

min exercise test (Bennett et al. 2023). Bennett et al. (2023) found that serum 

concentrations of hydroxyvaleric acid, acetate, alanine, glucarate, glucose, lactate 

decreased more in hot conditions (35°C) than in temperate (21°C), with creatinine 

concentrations only decreasing in hot conditions. Therefore, given the robust 

changes in the cellular metabolome that occur across a wide range of exercise 

interventions, the analysis of individual metabolites will result in a substantial 

number of altered metabolites remaining unidentified which will fail to accurately 

represent the broad changes that occur following exercise.   

1.15. Thesis Aims and Objectives  

 

Given that regular exercise can lead to substantial increases in mitochondrial 

enrichment and activity, the prescription of programmed exercise interventions to 

sedentary individuals therefore presents a method to improve metabolic health. 
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Emerging evidence suggests that vitamin D may also augment mitochondrial 

bioenergetics in response to exercise (Zhang and Cao 2022). Consequently, knock-

down of the VDR has been shown to cause changes in mitochondrial gene expression 

and OXPHOS which may then lead to perturbations in post-exercise signalling 

responses resulting diminished adaptations following exercise training (Ashcroft et 

al. 2020; Bass et al. 2021). Moreover, VDR expression has been shown to decrease 

with age and may contribute to diminished adaptations following exercise in elderly 

populations (Bischoff-Ferrari, Borchers, et al. 2004). However, the effectiveness of 

optimising vitamin D status to improve health outcomes will depend on improving 

our understanding of the molecular mechanisms by which the VDR interacts with 

skeletal muscle during chronic exercise.  

To that end, the overall aim of this thesis is to investigate the role of the VDR in 

regulating the post-exercise responses to simulated exercise in vitro. To realise this 

aim, the following objectives will be addressed: 

1. Identify suitable EPS parameters in C2C12 myotubes to induce post-exercise 

changes in mitochondrial features (gene expression) and activity (complex 

ŀŎǘƛǾƛǘȅ ŀƴŘ ɲʌƳύΦ 

2. Determine whether stable knock-down of the VDR in C2C12 myotubes influences 

cell viability, mitochondrial mass, and activity (complex activity and ɲʌƳ), and 

whether it augments EPS mediates changes in mitochondrial function including 

ROS production and lipid peroxidation. 

3. Investigate how knock-down of the VDR influences the cellular metabolome in 

C2C12 myotubes. 
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The following hypotheses were tested. 

1. Charge balancing the EPS protocol will result in similar exercise-like 

adaptations regardless of whether the protocol is twitch or tetanic. 

2. Knock-down of the VDR within C2C12 myotubes will result in a reduction in 

mitochondrial enzyme activity and ɲʌƳ ƛƴŘŜǇŜƴŘŜƴǘ ƻŦ ŎƘŀƴƎŜǎ ƛƴ ŎƻƴǘŜƴǘΦ 

Consequently, this will lead to increases in ROS production following EPS.   

3. Knock-down of the VDR within C2C12 myotubes will lead substantial changes 

in the cellular metabolome resulting in changes in metabolites associated 

with mitochondrial energy production. 
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2. Chapter 2: Materials and 

Methods 
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2.1. Cell culture 

2.1.1. Cell culture reagents 

 

DMEM with added L-Glutamine (2.5 mM) and high glucose (4,500 mg.L-1) was 

purchased from Sigma-Aldrich (Sigma-Aldrich Company Ltd. Dorset, UK). Sera (HS, 

heat inactivated FBS were purchased from Gibco (Life Technologies. California, USA). 

PS was purchased from Gibco. PBS for cell monolayer washes was purchased in tablet 

form from Sigma-Aldrich and reconstituted to give a working concentration of 0.01 

M phosphate buffer, 0.0027 M KCI, and 0.137 M NaCI, pH 7.4 in dH2O.  

2.1.2.  Cell culture methods  

 

All cell culture experiments were conducted under a Kojair Biowizard Silverline class 

II hood (Kojair. Vippula, Finland). Cell incubation was performed in a HERAcell 150i 

CO2 Incubator (Thermo Scientific Inc. Massachusetts, USA). Cell populations were 

cultured on T75 cm2 (Nunc. Roskilde, Denmark) culture flasks and experiments were 

performed on cell monolayers seeded on sterile six well plates (Nunc. Roskilde, 

Denmark). Culture flasks and six well plates were coated with a 2 mg.L-1 porcine 

gelatin solution (~90-110 g bloom; Sigma-Aldrich Company Ltd. Dorset, UK) to allow 

for cell adhesion via integrin binding. All liquids, waste media and supernatant were 

discarded via an extraction pump (Charles Austen Pumps Ltd. Surrey, UK). Solutions 

were prepared using dH2O from a MilliQ water purification system (Merck KGaA. 

Darmstadt, Germany). 
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2.1.3. Cell culture medium  

 

Myoblast cell proliferation/growth media (GM) for murine C2C12 cells consisted of 

тф҈ 5ǳƭōŜŎŎƻΩǎ ƳƻŘƛŦƛŜŘ ŜŀƎƭŜǎ ƳŜŘƛǳƳ ό5a9aύ ǿƛǘƘ ŀŘŘŜŘ [-Glutamine (2.5 mM) 

and high glucose (4,500 mg.L-1), 20% fetal bovine serum (FBS) and 1% penicillin ς

streptomycin solution (PSύ όрл ǳƴƛǘǎ ǇŜƴƛŎƛƭƭƛƴκ рл ˃Ǝ ǎǘǊŜǇǘƻƳȅŎƛƴύΦ /н/мн ŎŜƭƭ 

differentiation medium contained 97% DMEM, 2% Horse Serum (HS) and 1% PS 

solution. The high percentage of FBS within GM allows for greater nutrient delivery 

to cells promoting cellular proliferation, whereas the low nutrient content and high 

insulin concentrations of the HS within the DM promotes commitment to terminal 

cellular differentiation.  

2.1.4. Cell population expansion 

 

C2C12 myoblasts were cultured in GM for approximately 3 days, during which T75 

cm2 culture flasks reached ~80% confluency. Gelatin was used as an extracellular 

matrix protein allowing cells to bind to the plate. Cells were then trypsinised with 

trypsin EDTA for 5 minutes at 37°C, following which the trypsin enzyme was inhibited 

via the addition of a media containing serum. Cells were then counted via Trypan 

blue exclusion and frozen in GM with 10% dimethyl sulfoxide (DMSO) as a 

cryopreservant or re-plated in GM to extend the population. For experimental 

conditions, cells were grown in GM to ~80% confluency before being switched to DM, 

which is changed every 48 hours following two washes with PBS until cells are fully 

differentiated (8-10 days). 
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2.1.5. VDR shRNA interference 

 

VDR knock down cells and scramble controls were a kind gift from Prof. Phil Atherton, 

University of Nottingham. The lentiviral plasmid used (based on pLKO.1) was based 

on (Clone ID: RMM3981-нлмтртотрύ ŀƴŘ ǘŀǊƎŜǘŜŘ ǘƘŜ όоΩ ¦¢wύ ƳƻǳǎŜ ǎŜǉǳŜƴŎŜ р- 

TTA AAT GTG ATT GAT CTC AGG-о  ƻŦ ǘƘŜ ƳƻǳǎŜ ±5w ƎŜƴŜΤ ŀ ƴƻƴ-targeting 

scrambled shRNA sequence was used as a negative control, with a hairpin sequence: 

CCT AAG GTT AAG TCG CCC TCG CTC TAG CGA GGG CGA CTT AAC CTT AGG (Addgene, 

Cambridge, MA, USA). Oligonucleotides (Integrated DNA Technologies, USA) were 

suspended, annealed, and cloned into the pLKO.1 at the EcoRI, AgeI sites as per the 

Ǉ[YhΦм ǇǊƻǘƻŎƻƭ ŦǊƻƳ !ŘŘƎŜƴŜΦ wŜǎǳƭǘŀƴǘ ǇƭŀǎƳƛŘǎ ǿŜǊŜ ǘǊŀƴǎŦƻǊƳŜŘ ƛƴ 5Iрʰ ŎŜƭƭǎ 

for amplification and isolated. HEK293FT cells (Invitrogen, Carlsbad, CA, USA) were 

grown in DMEM; 80ς85% confluent plates were rinsed once with Opti-MEM 

(Invitrogen, Carlsbad, CA, USA) and then incubated with Opti-MEM for 4 h before 

transfections. psPAX2 and pMD2.G along with either scramble or pLKO.1 clones 

targeting mouse VDR (three clones) were added after mixing with Lipofectamine 

нллл ŀǎ ǇŜǊ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ όLƴǾƛǘǊƻƎŜƴΣ /ŀǊƭǎōŀŘΣ /!Σ ¦{!ύΦ hǇǘƛ-MEM 

was changed after overnight incubation with DMEM containing 10% FBS without 

antibiotics to allow cells to take up the plasmids and recover. Culture media was 

collected at 36 and 72 h post-transfection for viral particles. Viral particles present in 

the supernatant were harvested after a 15-min centrifugation at 1,500 rcf to remove 

cellular debris. The supernatant was further filtered using a 0.45-˃Ƴ ǎȅǊƛƴƎŜ ŦƛƭǘŜǊΦ 

Supernatant-ŎƻƴǘŀƛƴƛƴƎ ǾƛǊǳǎ ǿŀǎ ŜƛǘƘŜǊ ǎǘƻǊŜŘ ŀǘ ҍулϲ/ ŦƻǊ ƭƻƴƎ-term storage or at 

4°C for immediate use. C2C12 cells at 60% confluence were infected twice overnight 
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ǿƛǘƘ о Ƴƭ ƻŦ ǾƛǊŀƭ ǎǳǇŜǊƴŀǘŀƴǘ ŎƻƴǘŀƛƴƛƴƎ у ˃ƎΦƳƭ-1 polybrene in serum-freeς

antibiotic-free DMEM. Fresh DMEM media containing 10% FBS, antibiotics and 2 

˃ƎΦƳƭ-1 puromycin (Sigma, St. Louis, MO, USA) were added the next day. Cells that 

survived under puromycin selection were either harvested (as stable cells) and stored 

or used as myotubes following differentiation. 

2.1.6. Cell monolayer electrical pulse stimulation 

 

Cell monolayer EPS was performed using an in-house purpose-built stimulator which 

was designed to produce biphasic pulses (an initial positive cathodal activation pulse 

followed by a brief interval and then a second, negative anodal pulse) which deliver 

a balanced charge into the cell medium resulting in myotube contraction (see Figure 

2.1 for the custom stimulator used in this thesis).  

 

Figure 2.1. Schematic of in-house purpose-built electrical pulse stimulator used throughout this thesis. An 
electrical current was delivered via copper wires to stainless steel electrodes which were inserted into the cell 
medium. The current was then observed through an oscilloscope to monitor electrical activity. 

 

Biphasic balanced pulses prevent a net charge injection into stimulated tissue and/or 

equipment. Charge balancing is a necessary requirement to avoid tissue damage 
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alongside reducing damage incurred to the electrical equipment delivering the 

electrical current (Harnack, Winter et al. 2004). The two electrical protocols used 

were: 

Twitch protocol (10 Hz, 10 V, 1 ms pulse train) (see Figure 2.2). 

Tetanic protocol (66 Hz [5 s ON, 28 s OFF], 10 V, 1 ms pulse train) (see Figure 2.3). 

 

The EPS protocols were matched for overall electrical charge ensuring equal delivery 

of total electrical current throughout each experimental period.  

 

  

 

 

 

 

 

 

 

 

 
 
 
 

Figure 2.2. EPS protocol used in the twitch stimulation of cell monolayers. (A) 10 Hz pulse frequency delivered to the 

cells over a 10 second time course. (B) Biphasic 10 V, 1 ms pulses delivered to the tissue with a 1 ms rest between 

each pulse. 
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Figure 2.3. EPS protocol used in the tetanic stimulation of cell monolayers. (A) Representative image highlighting 
the 66 Hz, 5 s ON and 28 s OFF protocol over a 30 sec time course (for visual clarity the image is displaying 10 Hz 
instead of 66 Hz). (B) Biphasic 10 V, 1 ms pulses delivered to the tissue with a 1 ms rest between each pulse. 

 

 

2.2. Flow cytometry principle 

 

Flow cytometry is a high-throughput technique used to measure and evaluate 

different biological materials including whole cell populations or even subcellular 

components such as organelles (Radcliff and Jaroszeski 1998). When a liquid sample 

is drawn through the flow cytometer, it passes a through a known beam of light 
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whereby it creates light scatter which is measured through an array of fluorescent 

detectors (see Figure 2.4) (Adan, Alizada et al. 2017). In order to accurately 

determine the properties of the cell, the cell suspension is drawn through a stream 

of fluid (sheath fluid), which hydrodynamically focusses the cells into single file as 

they pass through the laser. As the cells interrupt the laser, the flow cytometer 

detects two dynamics of light, forward scatter (FSC) and side scatter (SSC). The FSC 

detector sits opposite the beam of light generated from the laser, so as to detect the 

ΨǎƘŀŘƻǿΩ ǘƘŀǘ ƛǎ ŎǊŜŀǘŜŘ ōȅ ǘƘŜ ŎŜƭƭǎ ŀǎ ǘƘŜȅ ƳƻǾŜ ǘƘǊƻǳƎƘ ǘƘŜ ƭŀǎŜǊ ōŜŀƳΦ 

 

¢Ƙƛǎ ŘŜǘŜŎǘƻǊ ƛǎ ǳǎŜŘ ǘƻ ǉǳŀƴǘƛŦȅ ŎŜƭƭ ǎƛȊŜ ŀǎ ǘƘŜ ƭŀǊƎŜǊ ǘƘŜ ΨǎƘŀŘƻǿΩΣ ǘƘŜ ƭŀǊƎŜǊ ǘƘŜ 

cell. However, the SCC detector sits perpendicular to the laser beam, as when light 

hits the cell it is scattered by its internal cellular components. The larger the SSC the 

Figure 2.4. Simple diagram of a traditional flow cytometer demonstrating the flow of cells leading to the 

generation of forward (FSC) and side scatter (SSC) and ultimately fluorescence detection. Image created 

using BioRender (BioRender, Canada). 

 



 

152 
 

more granulated (complex) the cell. The two components of light are then compiled 

into a dot plot, whereby similarly sized populations are grouped together, alongside 

populations of similar cell granulation (see Figure 2.5). This dot plot can be used to 

determine the nature of the cell population as healthy cells will group together in 

one region of the graph whereas cells undergoing apoptosis tend to begin to shrink 

reducing their size and increasing their granulation allowing for the easy 

identification of different cell populations. 

 

 

In addition to FFC and SSC, the flow cytometer also measures cellular fluorescence. 

The ability for the flow cytometer to measure small changes in cellular fluorescence 

allows it to be effectively utilised in quantifying the emission from fluorescently 

labelled probes which can be added to the cells. Ultimately, this allows for the 

analysis of a plethora of specific aspects relating to cellular homeostasis. In order to 

Figure 2.5. Flow cytometry light scatter. A detector opposite the light source detects cellular size and 

detectors perpendicular to the light source quantify cellular granulation (complexity). Image created using 

BioRender (BioRender, Canada). 

 



 

153 
 

appropriately characterise changes in cellular fluorescence, the flow cytometer is 

equipped with an array of different channels (which can vary in number depending 

on the specific model used). However, in this thesis the BD Accuri C6 was utilised (BD, 

New Jersey, USA) which has four channels for measuring fluorescent intensity (FL-1, 

FL-2, FL-3, and FL-4).  

2.2.1. Flow cytometry gating 

 

To appropriately measure changes in the fluorescence of the C2C12 cells, a control 

cell group were used to create a background profile for the cells, whereby the FSC 

and SSC were gated, and the background fluorescence measured. One ml of cellular 

suspension (106 cell/ml) was introduced into the flow cytometer and gated based on 

their previously described properties (FFC and SSC). The C2C12 myoblast population 

was initial characterised as shown in (Figure 2.6). 

 

 

Figure 2.6. Gating strategy of C2C12 myoblasts on the BD Accuri C6 flow cytometer. Cells were gated around to 
include all events on the scatterplot. Debris located in the bottom left of the scatterplot was excluded. A second 
gate was included to better visualise myoblast population. 
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Due to their large size however, myotubes are challenging to run through the flow 

cytometer. Therefore, when myotubes were run through the flow cytometer it 

created 2 distinct cell populations within the FFC/SSC as seen in (Figure 2.7).  

 

These 2 distinct cell populations are likely due to either 1) cellular orientation 

changes as they pass through the laser, 2) a combination of myoblasts and myotubes 

within the cell mixture or 3) a combination of both. Following the establishment of 

these experimental parameters, it was possible to standardise each experiment 

through controlling for the number of events per experiment. Finally, the background 

fluorescence of the C2C12 cell line was documented in each fluorescent channel 

which allows for the assessment of the uptake of the probes used within this thesis 

(Figure 2.8).  

Figure 2.7. Gating strategy of C2C12 myotubes on the BD Accuri C6 flow cytometer. Gating strategy was similar 

to myoblast with two separate gates used to visualise the myotube populations.  
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In order to confirm whether the events displayed on the FFC/SSC were in fact the 

myotube population, the cell solution was spiked with 50% v/v DMSO. A change in 

the FFS/SCC alongside decreases in background fluorescence would be indicative of 

changes in cell viability. Therefore, the analysis of C2C12 myotubes could be utilised 

on the flow cytometry software through the observed changes in the FFC/SSC and FL 

channels (Figure 2.9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8. Normal background fluorescence of C2C12 myotubes as visualised on the FL-1, FL-2, FL-3, and FL-4 
channels. 
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2.3. RNA Isolation 

 

Single step liquid phase separation with guanidinium thiocyanate-phenol-chloroform 

was implemented for the isolation of RNA from cell lysates. Guanidinium thiocyanate 

(TRI reagent) is a chaotropic agent which denatures proteins, inhibiting the actions 

of DNAse and RNAse enzymes thereby maintaining RNA integrity in addition to its 

lysing capability. One ml of TRI reagent is ample to isolate RNA from 5-106 cells or 10 

cm2 of a cell culture dish of cells grown in monolayer. In the presence of chloroform 

and following centrifugation of the lysates results in 3 distinct phases: aqueous phase 

containing RNA, interphase containing DNA and a lower red/pink organic phase 

containing proteins. The RNA is recovered from the aqueous phase by precipitation 

with isopropanol. The RNA is then washed with ethanol to remove residual impurities 

 

A A A A A 

B B B B B 

Figure 2.9. FSC/SSC and FL-channel background fluorescence in C2C12 myotubes at baseline and following DMSO 
treatment. A) Normal FFC/SCC and FL-channel background fluorescence in C2C12 myotubes. B) FFC/SSC and FL-
channel background fluorescence of cells spiked with DMSO. FFC/SSC decreased following addition of DMSO 
indicating a reduction in cell granulation likely due to cell membrane rupture leading to a reduction in observed 
cellular background fluorescence. 
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and then re-suspended in RNA storage solution for downstream application of RT-

qPCR (see Figure 2.10). 

 

 

Figure 2.10. RNA phase separation protocol. (1) Cell solution following the addition of Trizol. (2) Phase separation 

following centrifugation whereby 3 distinct phases are visible: Upper aqueous phase (containing rna), middle 

interphase (containing DNA) and lower organic phase (containing protein. (3) RNA pellet visible following the 

removal and subsequent further centrifugation of the aqueous phase. (4) RNA pellet dissolved in dH2O. Image 

created using BioRender (BioRender, Canada). 

 

To isolate RNA, the cell monolayers were first washed twice with PBS to remove any 

residual media. Two hundred µl of TRI reagent was then added to each well of a 6-

well plate to lyse the monolayers and isolate total RNA. The TRI reagent was left to 

lyse the monolayers for 5 minutes and then lysates were collected via scraping into 

RNA free microfuge tubes, briefly vortexed and stored at -80oC until required for 

analysis. 

When lysates were ready for analysis, 200 µl of chloroform per ml of TRI reagent was 

added to the sample. The mixture was then thoroughly vortex mixed for 15 seconds 

before being left to stand at room temperature until phase separation 

(approximately 10 minutes). Samples were then centrifuged at 12,000 RCF for 15 

mins at 4oC before removal of the RNA containing aqueous phase to a new RNA free 
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microfuge tube. RNA was then precipitated in 500 µl of ice cold 100% isopropanol 

per ml of TRI reagent. The samples were mixed by inversion 8-10 times before 

incubation at RT for 10 minutes followed by centrifugation at 12,000 RCF for 15 mins 

at 2-8oC. 

Following centrifugation, the supernatant was discarded, and the remaining RNA 

pellet was washed with 1 ml 75% ethanol per 1 ml TRI reagent used. The sample was 

briefly vortexed before centrifugation at 7,500 RCF for 5 minutes at 2-8oC. The wash 

was discarded, and the wash processes repeated. Following the second 

centrifugation step, the ethanol wash was discarded, and the sample was left to air 

dry for 15-20 mins. The pellet was then re-suspended in 20 µl DEPC H2O before 

quickly mixing the solution with a bench top centrifuge and incubation at 55-60oC 

until the pellet was completely re-dissolved (approximately 5-10 minutes). 

2.3.1. Method for assessment of RNA quality  

 

RNA purity and concentration were assessed by UV spectroscopy, using a Nanodrop 

2000 UV-vis spectrophotometer (Thermo Fisher Scientific. Waltham, MA. USA). The 

absorbance of the diluted RNA sample was measured at 260/280 nm and 260/230 

nm, known as RNA purity ratios (see Figure 2.11). 

-  A 260/280 ratio of ~2.0 is generally accepted pure for RNA. 

- The 260/230 ratio for pure nucleic acid is typically higher than that of 260/280   

with common values in the range of 1.8-2.2. 

An initial cleaning of both measurement surfaces with RNAse free DEPC H2O was 

performed. The machine was blanked by applying 1 µl DEPC H2O onto the 
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spectrophotometer for analysis. One µl of diluted sample was then pipetted directly 

onto the measurement pedestal to allow good liquid column formation and accurate 

RNA assessment. 

 

 

 

 

 

 

 

 

 

 

2.3.2. Method of RNA quantification  

 

Absorbance at 260 nm was used to the determine the RNA concentration, as it is 

known that a 260 reading of 1.0 is equivalent of 40 µg.ml-1 of RNA. For the 

quantification of nucleic acids, a modified version of the Beer-Lambert equation was 

used by the Nanodrop software (see Equation 2.1). 

 

 

260 nm 

280 nm 230 nm 

Figure 2.11. Example nucleic acid sample spectrum image used to assess RNA sample quality. 

 



 

160 
 

 

 

 

 

 

Equation 2.1. The modified Beer-Lambert equation used in the current work to determine RNA concentration via 

spectrophotometric analysis. 

 

2.4. SDS-PAGE and immunoblotting 

2.4.1. SDS-PAGE and immunoblotting method 

Cells were lysed and scraped in ice-cold 1x radioimmunoprecipitation assay (RIPA) 

buffer containing: 25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium 

deoxycholate and 0.1% SDS, supplemented with 1x Protease Inhibitor Cocktail Set V 

(Merck Life Science, UK). Cell lysates were centrifuged at 18,000 rcf for 15 minutes 

(4°C) and the supernatant was stored at -80°C before analysis for total protein (see 

section 2.4.2). Samples were then resuspended in 4x Laemmli buffer (Bio-Rad 

laboratories, Hertfordshire, UK) containing a reducing agent (1x working 

concentration: 31.5 mM Tris-HCl [pH 6.8], 10% glycerol, 1% SDS, 0.005% 

Bromophenol Blue and 355 mM 2-mercaptoethanol). Samples were then boiled for 

5 minutes at 95°C, 22.5-нр ˃Ǝ ǎŀƳǇƭŜ ōŜŦƻǊŜ ōŜƛƴƎ ƭƻŀŘŜŘ ŀƴŘ ŜƭŜŎǘǊƻǇƘƻǊŜǎŜŘ ƻƴ 

10% Mini-PROTEAN® TGX Stain-Freeϰ Precast Gels (Bio-Rad laboratories, 

Hertfordshire, UK). Samples were then separated in Trisglycine running buffer (1:10 

Where: 

               C ƛǎ ǘƘŜ ƴǳŎƭŜƛŎ ŀŎƛŘ ŎƻƴŎŜƴǘǊŀǘƛƻƴ όƴƎΦ˃ƭ-1) 

               A is the absorbance in AU. 

               ʁ is the wavelength-dependent extinction coefficient (ng-ŎƳΦ˃ƭ-1). For 

               rna the wavelength-dependent extinction constant is 40 ng-ŎƳΦ˃ƭ-1. 

               l is the path length in cm. 

 

ὅ=
ὃ

‐ὰ
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10X Running buffer, Scientific Laboratory Supplies, Nottingham, UK) using a Bio-Rad 

Mini-PROTEAN® Tetra vertical electrophoresis cell (Bio-Rad laboratories, 

Hertfordshire, UK). The voltage was set at 100 V for the electrophoresis. After protein 

separation, stain-free gels were activated by UV light for 5 minutes and subject to 

transfer. 

The Trans-Blot® Turboϰ Transfer System was used to semi-dry transfer the proteins 

to a 0.2 µM nitrocellulose membrane (Bio-Rad laboratories, Hertfordshire, UK). Next, 

the polyacrylamide stain-free gel was stacked on a nitrocellulose membrane and 

filter paper was used to sandwich the membrane and gel together. The nitrocellulose 

membrane and filter paper were pre-soaked in transfer buffer (600 ml H2O, 200 ml 

ethanol and 200 ml 5x transfer buffer (BioRad laboratories, Hertfordshire, UK). The 

transfer sandwich was placed into a transfer cassette and pressed evenly with the 

cassette lid. Proteins were transferred onto the nitrocellulose membrane at 25 V for 

7 mins. To verify the transfer of proteins, fluorescent stain-free imaging of the 

membrane was performed (ChemiDocϰ MP imaging system, Bio-Rad Laboratories, 

Inc. CA, USA).  Following the protein transfer, membranes were then blocked for 1 

hour in 5% non-fat dried milk (NFDM) or 5% BSA at room temperature. Overnight 

incubation of the membranes at 4°C with primary antibodies was then undertaken. 

After overnight incubation, membranes were washed 3 times in Tris-buffered saline 

(TBS) with Tween 20 (TBST) (20 mM Tris [pH 7.5], 150 mM NaCl and 0.1% Tween 20) 

for 5 min and subsequently incubated for 1 hour in anti-rabbit IgG HRPlinked 

secondary antibody (Cell Signaling Technology Europe, B.V.) at a dilution of 1:2000- 

1:10,000 in 5% NFDM-containing TBST. Following secondary antibody incubation, 

membranes were again washed 3 times for 5 minutes in TBST. Proteins were 
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visualised by enhanced chemiluminescence (ECL) (Pierceϰ western blotting 

substrate, Thermo Fisher Scientific inc, Waltham, USA) by incubating membranes in 

reagents at a 1:1 dilution for ~3 minutes. The membrane was then imaged by the 

ChemiDocϰ MP imaging system (Bio-Rad Laboratories, Inc. CA, USA). Band densities 

were analysed using Image Lab software (BioRad Laboratories, Inc. CA, USA). Stain-

free image bands were measured for total lane protein levels. Bands of targeted 

proteins were measured and normalised to total protein in the relevant lane.  

2.4.2. Total protein analysis 

 

The assessment of protein concentrations was determined using the Bio-Rad DC-

protein assay (Bio-Rad Laboratories Ltd, Hemel Hempstead, UK), adapted from the 

original method by (Lowry, Rosebrough et al. 1951). In order to calculate protein 

concentrations a standard curve was created using a BSA protein standard in dH2O 

όл ǘƻ м ƳƎκƳƭύΦ ¢ǿŜƴǘȅ ƳƛŎǊƻƭƛǘǊŜǎ ƻŦ ŎŜƭƭ ƘƻƳƻƎŜƴŀǘŜ ƛƴ t.{ ǿŀǎ ŀŘŘŜŘ ǘƻ ул˃ƭ ƻŦ 

dH2h ŀƴŘ ƳƛȄŜŘ ƛƴ ŀƴ 9ǇǇŜƴŘƻǊŦ ǘǳōŜΦ hƴŎŜ ƳƛȄŜŘΣ мл ˃ƭ ƻŦ ǘƘƛǎ ǎƻƭǳǘƛƻƴ ǿŀǎ ǘƘŜƴ 

ŀŘŘŜŘ ǘƻ мфл ˃ƭ ƻŦ ŘI2O in a fresh Eppendorf tube and vortex mixed. One hundred 

ƳƛŎǊƻƭƛǘǊŜǎ ƻŦ ǊŜŀƎŜƴǘ ! όŀƭƪŀƭƛƴŜ ŎƻǇǇŜǊ ǘŀǊǘǊŀǘŜύ ŀƴŘ улл ˃ƭ ƻŦ ǊŜŀƎŜƴǘ . όCƻƭƛƴ-

Ciocalteau phenol) was then added to all Eppendorf tubes (including standards). 

Samples were then left in the dark for 30 minutes at room temperature before 

measurement of sample absorbance at 750 nm using a spectrophotometer. The total 

protein concentration was then calculated from the linear regression of sample 

absorbance plotted against the BSA standard concentrations. 
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2.5. Antibodies 

 

A list of antibodies used within this thesis are displayed (see Table 2.1). 

 

Table 2.1. General antibody information for the antibodies used throughout this thesis. The antibody target, 
type, hosts species and clone information are included. Additionally, the antibody dilutions for western blotting 
and immunocytochemistry used within this thesis is also included.  

Protein Antibody type 
Host 

species 
Clone 

Western 

blot 

dilution 

ICC 

dilution 

          

Supplier 

code 

Myosin 

heavy 

chain 

(MF-20) 

Primary: Anti-Myosin heavy 

chain (ThermoFisher) 

Secondary: Antibody: Alexa 

Flour 388 (ThermoFisher) 

Mouse Monoclonal 1:500 1:500 

 

AB_21477

81 

VDR 

(D6)  

Primary: Anti-VDR (Santa 

Cruz Biotech Inc) 

Secondary: Alexa Flour 388 

(ThermoFisher) 

Mouse Monoclonal 1:500 1:500 

 

sc-13133 

DAPI N/A N/A Conjugate N/A 1:100 D1306 

 

 

2.6. Gene expression analysis  

 

For the analysis of gene expression, reverse transcriptase quantitative polymerase 

chain reaction (RT-qPCR) was employed. 

2.6.1. Polymerase chain reaction (PCR) principle 

 

PCR is a technique used for amplifying mRNA to quantify the rate in which its 

increased (fold-change). Isolated mRNA is first synthesised into cDNA by reverse 

ǘǊŀƴǎŎǊƛǇǘƛƻƴ ǳǎƛƴƎ ǊŜǾŜǊǎŜ ǘǊŀƴǎŎǊƛǇǘŀǎŜ ŀƴŘ ƴǳŎƭŜƻǎƛŘŜ ǘǊƛǇƘƻǎǇƘŀǘŜǎ όŘb¢tΩǎύΦ 

Complimentary DNA is then heated to denature into two single stranded DNA 

molecules (ssDNA). The temperature is then lowered to an optimal temperature 
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required for the annealing of sequence specific primers (SSPs) and the transcription 

of the target by RNA polymerase is then achieved. The detection of the amplified 

product is performed via labelled the cDNA with fluorescent molecules, which are 

proportionately increase following the amplification of the cDNA molecules with 

each cycle of the reaction. The cycling of this process in a PCR run allows for the 

amplification and detection of cDNA molecules in real time. 

2.6.2. Polymerase Chain Reaction (PCR) method 

 

tǳǊƛŦƛŜŘ wb! ǿŀǎ ŘƛƭǳǘŜŘ ǘƻ мсΦс ƴƎΦ˃ƭ-1 in DNase-RNase free H2O (Sigma-Aldritch 

Company Ltd. Dorset, UK) and amplified with specific primer sequences in a rotor-

gene Q (Qiagen) PCR machine using a QuantiNova one-step RT-qPCR kit (Qiagen). 

Briefly, double stranded cDNA was first synthesised via an initial first hold at 50oC for 

10 minutes and then a secondary hold at 95oC for 5 minutes with the use of dTP 

oligonucleotides and reverse transcriptase. The Quantinova DNA Polymerase is kept 

inactive at low temperatures through its antibody-mediated hot-start mechanism 

which prevents the formation and extension of non-specific PCR products and 

primer-dimers during the reaction set up. The complimentary DNA is then denatured 

to ssDNA at 95 oC for 10 seconds and combined primer annealing, and extension was 

initiated at 60 oC for 30 seconds. The cycle of denaturation and annealing/extension 

was repeated for 40 cycles. SYBR Green mix contains a green, fluorescent dye (SYBR 

Green) that binds all double stranded DNA molecules, emitting fluorescence on 

binding. The excitation and emission maxima for SYBR Green are 494 and 521 nm 

respectively. Rotor gene Q software allows for the detection of the fluorescent 

amplification curves in real time throughout the PCR run (see Figure 2.12). 
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2.6.3. Quantification method 

 

Relative quantification determines the changes in steady state mRNA levels of a 

target gene across multiple samples and expresses it relative to the levels of a 

ǊŜŦŜǊŜƴŎŜ ƎŜƴŜΦ ¢ƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ƭŜǾŜƭ ƻŦ ŜȄǇǊŜǎǎƛƻƴΣ ǘƘŜ ŘƛŦŦŜǊŜƴŎŜǎ όɲύ ōŜǘǿŜŜƴ 

the threshold ŎȅŎƭŜ ό/ǘύ ŀǊŜ ƳŜŀǎǳǊŜŘΦ ¢Ƙƛǎ ƳŜǘƘƻŘ ƛǎ ƪƴƻǿƴ ŀǎ ǘƘŜ ɲ/ǘ ƳŜǘƘƻŘ 

(Livak and Schmittgen 2001). An additional step whereby a second relative 

parameter termed a calibrator sample is added e.g. (an untreated control or a zero-

hour time point). This more complex relative quantification method is summarised 

ŀǎ ǘƘŜ ɲɲ/ǘ ƳŜǘƘƻŘ ό[ƛǾŀƪ ŀƴŘ {ŎƘƳƛǘǘƎŜƴ нллмύΦ  

Figure 2.12. Outline of PCR reaction steps. A) i) Complimentary DNA is heated to 95 oC where it is denatured 

forming two opposing ssDNA molecules, ii) SSDNA is cooled to 60 oC where primer annealing can occur. iii) The 

temperature is then increased to 72 oC to allow for primer extension forming new cDNA. B) Primers specific to the 

ǎŜǉǳŜƴŎŜ ƻŦ ƛƴǘŜǊŜǎǘ ŀƴƴŜŀƭ ŀǘ ǘƘŜ оΩ ŜƴŘ ƻŦ ōƻǘƘ ǎŜƴǎŜ ŀƴŘ ŀƴǘƛǎŜƴǎŜ ǎǘǊŀƴŘǎΦ wb! ǇƻƭȅƳŜǊŀǎŜ ǘƘŜƴ ǘǊŀƴǎŎǊƛōŜǎ 

the gene of interest. C) PCR cycling results in a 106-107 fold amplification of RNA allowing for quantification of 

rna within a sample. Image created using BioRender (BioRender, Canada). 
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CƻǊ ǘƘŜ ɲɲ/ǘ ŎŀƭŎǳƭŀǘƛƻƴ ǘƻ ōŜ ǾŀƭƛŘΣ ǘƘŜ ŀƳǇƭƛŦƛŎŀǘƛƻƴ ŜŦŦƛŎƛŜƴŎƛŜǎ ƻŦ ǘƘŜ ǘŀǊƎŜǘ ŀƴŘ 

the endogenous reference must be approximately equal. Therefore, in the 

investigations within this thesis, samples were excluded from analysis if PCR 

efficiency between target and reference gene was not comparable within a CV of 

10%. 

2.6.4. Method for assessment of PCR products 

 

Specificity of each PCR was first assessed by melt curve analysis. As described earlier, 

the RT-qPCR protocol was designed to include a melting profile once all amplification 

cycles were complete. During the melt cycle, PCR products are reheated at a 1oC 

every 5 minutes from 50oC to 99oC to produce a melt profile that determines whether 

a specific product was amplified and whether any nonspecific RNA has been 

amplified or if there had been formation of primer dimers. A single sharp peak within 

the melt curve indicates specificity of the primers and a lack of non-specific 

amplification and/or primer dimer formation (see Figure 2.13). For a complete list of 

primers used in this thesis (see Table 2.2). 
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Figure 2.13. Example melt curve of a primer (TBP) used within this thesis. 
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Table 2.2. Gene primer sequences for Mus musculus for genes of interest used in RT-qPCR throughout this thesis. 
The gene of interest is displayed alongside the gene ID, forward and reverse primer sequences and amplicon 
lengths.  

Gene Gene ID            Primer Sequence 
Amplicon 

Length (bp) 

POL2B NM_153798.2 
F - GGTCAGAAGGGAACTTGTG 

R - GCATCATTAAATGGAGTAG 

197 

TBP XM_027401195.2 
F - GGCCTCTCAGAAGCATCACTA 

R - GCCAAGCCCTGAGCATAA 

168 

  18SrRNA NR_003278.3 
F - AGTCCCTGCCCTTTGTACACA 

R - CGATCCGAGGGCCTCACTA 

75 

SIRT1 NM_001159589.2 
F - ACAATTCCTCCACCTGAG 

R - GTAACTTCACAGCATCTTC 

124 

PGC-м  h NM_008904.3 
F - CGCCGTGTGATTTACGTTGG 

R - GCTCGAAGTCAGTTTCATTCG 

217 

NRF1 NM_001410232.1 
F - TCTCACCCTCCAAACCCAAC 

R - CCCGACCTGTGGAATACTTG 

255 

NRF2 
(GABPA) 

NM_001416812.1 
F - CCGGGGAACAGAACAGGAAA 

R - ACGTTGTCCCCATTTTTGCG 

162 

TFAM NM_009360.4 
F - CCCCTCGTCTATCAGTCTTGT 

R - CTGCTTCTGGTAGCTCCCTC 

194 

COX4 NM_009941.3 
F - GAGCACATGGGAGTGTTGTG 

R - CTGTCTTCCATTCATTGGTGC 

243 

ATP5 XM_031366096.1 
F - GGTCATCCTTTGTTGGTGC 

R - GAGAATTCCACCATCCCTTC 

217 

PTGS2 NM_011198.5 
F - CATCCCCTTCCTGCGAAGTT   

R ς GGCCCTGGTGTAGTAGGAGA 

142 

MYOG NM_031189.2 
F - GTGCCCAGTGAATGCAACTC 

R - CGAGCAAATGATCTCCTGGGT 

94 

MYOD NM_010866.2 
F ς CATTCCAACCCACAGAAC 

R - GGCGATAGAAGCTCCAA 

125 

VDR NM_009504.4 
F ς CACCACAAGACCTACGACCC 

R - CCGGTTCCATCATGTCCAGT 

169 
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2.7. Characterisation of C2C12 murine cells 

2.7.1. Specimen Fixation 

For the fixation of cell monolayers, the precipitant Methanol was used in a graded 

fashion i.e., 25%, 50%, 100% (v/v) in 1x TBS, to reduce the morphological distortion 

of nuclear detail and cytoplasm shrinkage that occurs with using absolute alcohol in 

the initial fixative solution. DM was aspirated from the cell monolayers and the cells 

were washed twice with TBS following which 500 µl of 25% methanol solution was 

added to each well of a six well plate for 5 minutes at room temperature. Following 

the initial incubation, methanol solution was removed, and the process repeated for 

the 50 and 100% solutions. After the final incubation in 100% methanol, 2ml of 1x 

TBS solution was added to each well until immunocytochemical staining was 

performed. 

2.7.2. Immunocytochemistry (ICC) principle 

 

ICC is technique used for the visualisation of a specific antigen (e.g., VDR which is 

present within most tissue) via the use of an antibody. An antibody also known as an 

immunoglobulin, is a protein complex secreted by B cells of the adaptive immune 

ǎȅǎǘŜƳ ŀƴŘ Ŏƻƴǎƛǎǘǎ ƻŦ ǘǿƻ ŦǳƴŎǘƛƻƴŀƭ ŘƻƳŀƛƴǎ ǿƘƛŎƘ ǊŜǎŜƳōƭŜ ǘƘŜ ƭŜǘǘŜǊ Ψ¸ΩΦ The Fab 

όŦǊŀƎƳŜƴǘ ƘŀǾƛƴƎ ǘƘŜ ŀƴǘƛƎŜƴ ōƛƴŘƛƴƎ ǎƛǘŜύ ŘƻƳŀƛƴ ƳŀƪŜǎ ǳǇ ǘƘŜ ŀǊƳǎ ƻŦ ǘƘŜ Ψ¸ΩΣ ŀƴŘ 

at the end of each arm is a variable region responsible for antigen binding, called the 

antigen binding site. The ability for an antibody to communicate with other 

antibodies is mediated through the Fc (fragment that crystallises) domain, which 

ŎƻƳǇǊƛǎŜǎ ǘƘŜ ǘŀƛƭ ƻŦ ǘƘŜ Ψ¸ΩΦ ¢Ƙƛǎ ǎǘǊǳŎǘǳǊŜ ŀƭƭƻǿǎ ŘƛǊŜŎǘ ŘŜǘŜŎǘƛƻƴ ƻŦ ŀƴǘƛƎŜƴǎ ǘƘǊƻǳƎƘ 
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a single fluorophore-labelled antibody or indirect detection through the binding of a 

fluorophore-labelled secondary antibody raised against the Fc domain of an 

unlabelled primary antibody. Due to the conservation of the Fc domain within a 

species, the labelled secondary antibody can be used to detect any primary antibody 

raised from a single species (Odell and Cook 2013). This process differs from 

immunohistochemistry (IHC) in that most, if not all, of the extracellular matrix and 

other stromal components are removed leaving only whole cells. 

Upon exposure to specific light wavelengths, the secondary antibody containing a 

fluorochrome will emit florescence. Florescence is a process in which susceptible 

molecules emit light upon the creation of an excited electronic singlet state, which is 

caused by the absorption of light and other electromagnetic radiation. In 

fluorescence microscopy, a short wavelength of light is focused on the fluorochrome 

molecules, which creates a state of excitation. This excited state exists for a finite 

period (typically 1-10 nanoseconds), during which the fluorochrome undergoes a 

conformational change in which some of the external energy from the initial light 

source is dissipated. To return to its ground state, the fluorochrome releases the 

energy back, but due to the energy dissipation during the excited-state lifetime, the 

wavelength is longer and is of the visible-light region, this process is known as Stokes-

shift. The fluorescence light is then filtered through a dichroic mirror and visualised 

through a microscope (see Figure 2.14).  

2.7.3. ICC protocol 

 

Following fixation of cell monolayers, 500 µl of blocking/permeabilisation buffer 

(0.1% Triton X-100, 0.1% in PBS) was added to the monolayers before incubation for 
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15 minutes at room temperature. The permeabilisation buffer was removed and cells 

were then washed X3 in PBS. Following washing, a blocking buffer was then added 

(10% goat serum in PBS) and was incubated for 30 minutes at room temperature. 

Cells were then washed further with PBS before the addition of the primary antibody 

(MyHC [MF-20]; 1:300, 1% bovine serum albumin [BSA]) for an overnight incubation 

at 5 °C. Following overnight refrigeration, the primary antibody was removed and the 

cells were washed X 3 in PBS. The secondary antibody (Alexa Flour 388; 1:500) was 

applied and incubated at room temperature for 60 minutes. The antibody was then 

ǊŜƳƻǾŜŘΣ ŀƴŘ ŀƴ ŀŘŘƛǘƛƻƴŀƭ t.{ ǿŀǎƘ ǿŀǎ ŀǇǇƭƛŜŘ ōŜŦƻǊŜ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ пΩΣ с 

diamidino-2-phenylindole (DAPI; 1:100, dH2O). DAPI was then subsequently 

removed, and the cells were stored in PBS at 5 °C until microscopy. 

 

 

 

 

 

Figure 2.14. Schematic representation of ICC principle. These are the basic components required for 

immunolabelling and include the primary antibody (1°) which is an immunoglobulin specific to a unique antigen 

(Ag) and a secondary antibody (2°), which is raised against the Fc region of the primary antibody. The primary 

antibody binds to the specific antigen, at which point the secondary antibody binds the Fc region of the primary 

antibody. The fluorochrome molecule bound to the secondary antibody will be excited by specific wavelengths of 

light that excite the fluorochrome causing it to discharge energy and emit a longer, visible wavelength of light 

back. Image created using BioRender (BioRender, Canada). 
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2.8. Cell viability assays 

 

2.8.1. MTT principle and protocol 

 

The MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-2H-tetrazolium bromide) assay is 

a colorimetric assay used to measure cellular metabolic activity which can be used as 

an indicator of cell viability, proliferation, and cytotoxicity (Ghasemi, Turnbull et al. 

2021). MTT reagent passes through the cell and mitochondrial membrane due to its 

positive charge and lipophilic structure (Berridge, Herst et al. 2005, Stockert, Horobin 

et al. 2018). MTT is then reduced to insoluble formazan by NADPH-dependent 

cellulaǊ ƻȄƛŘƻǊŜŘǳŎǘŀǎŜ ŜƴȊȅƳŜǎ όYǳŜǘŜΣ YŀǊŀƻǎƳŀƴƻƐƭǳ Ŝǘ ŀƭΦ нлмтύΦ !ōǎƻǊōŀƴŎŜ ƻŦ 

this coloured solution can be quantified by measuring at a certain wavelength (570 

nm). This redox chemical reaction measures cellular activity as the enzymatic 

conversion of the MTT solution to formazan crystals occurring in the mitochondria.  

Two hundred microlitres of MTT solution (5mg/ml) was added to each well (10% of 

total media in each well). Plates were then incubated for 180 minutes, during this 

time NADPH-dependant cellular oxidoreductase enzymes reduced the MTT to form 

visible purple formazan crystals at the bottom of the well. Following this incubation 

period, existing media was aspirated before a second incubation period lasting 6-

minutes, with the lid of the plate removed to dry off any excess solution. The water 

insoluble formazan wŀǎ ǘƘŜƴ ǎƻƭǳōƛƭƛǎŜŘ ǳǎƛƴƎ ǘƘŜ ǎƻƭǾŜƴǘ 5a{h όрлл ˃[ύ ǊŜǎǳƭǘƛƴƎ ƛƴ 

a purple-coloured solution. Plates were then placed on a plate rocker for 2-minutes 

at 120 rpm to ensure complete solubilisation. Plates were then positioned into a 
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Spark multimode microplate reader (Tecan, Mannedorf, Switzerland) and measured 

at a wavelength of 570 nm.  

2.8.2. Propidium Iodide (PI) principle and protocol 

 

In order to characterise cell death, a propidium iodide (PI) (Thermo Scientific Inc. 

Massachusetts, USA) dye exclusion assay was undertaken. PI is able to bind to double 

stranded DNA through intercalating between the bases, with little to no sequence 

preference (Lecoeur 2002). However, PI is unable to permeate through an intact 

plasma membrane (viable cells) and therefore dead/damaged cells in which PI is 

incorporated demonstrate considerably larger fluorescent intensity (Riccardi and 

Nicoletti 2006). This increase in intensity is estimated to be approximately 20-30-fold 

greater and therefore allows the clear characterisation of viable and non-viable cells 

within a cell suspension mixture (Arndt-Jovin and Jovin 1989). 

For viability assessment, cell medium was removed and placed into an Eppendorf 

tube and placed into an incubator (to ensure the collection of any damaged cells 

which had detached). The adhered cells were then washed X2 in PBS before the 

addition of 200 µl trypsin. Following 5 min incubation, the trypsin was neutralised 

following the addition of the previously removed medium. The cells were then placed 

into a centrifuge and span at 300 rcf for 5 minutes. A clear pellet was observed in the 

Eppendorf and the remaining media/trypsin supernatant was removed. Cells were 

then resuspended in 200 µl fresh DM. Twenty microliters PI was then added to the 

cell suspension (1:10 dilution) before being vortexed and briefly incubated (5-10 

seconds) before analysis on FL-3 channel. This brief incubation period was to ensure 

reproducibility given the known toxic effects of PI exposure. A negative control was 
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undertaken with control cells without PI administration alongside a positive control 

whereby 50% v/v H2O2 was added in addition to PI (see Figure 2.15). The dye has an 

excitation/emission maximum of 493/636, however upon binding that 

excitation/emission maxima increase to 535/617 nm. All PI assays were normalised 

to cell events (count) on the BD Accuri C6 with each assay ending once 20,000 events 

had been obtained.  

 

 

2.9. Measurement of reactive oxygen species (ROS) 

 

2.9.1. General ROS assay (CM-H2DCFDA) principle and protocol 

 

Changes in total cellular ROS concentrations were assessed via the use of the probe 

CM-H2DCFDA (Thermo Scientific Inc. Massachusetts, USA). CM-H2DCFDA is a 

 

B 

A A 

B B 

A 

Figure 2.15. PI negative and positive controls. A) PI negative control displaying C2C12 background fluorescence 
alongside the increase in fluorescence following the addition of the PI probe. B) PI positive control showing healthy 
control cells and cells damaged following the addition of 50% v/v H2O2. Merged overlay was included to better 
visualise the changes in fluorescence. 
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chloromethyl derivative of the probe, H2DCFDA, although it has a considerably better 

live cell retention allowing for greater measurement accuracy (Ameziane-El-Hassani 

and Dupuy 2013). CM-H2DCFDA is able to passively diffuse into cells, whereby cellular 

ŜǎǘŜǊŀǎŜΩǎ ŎƭŜŀǾŜ ƛǘǎ ŀŎŜǘŀǘŜ ƎǊƻǳǇǎΣ ǘƘƛǎ ǘƘŜƴ ƭƛōŜǊŀǘŜǎ ǘƘŜ ŎƘƭƻǊƻƳŜǘƘȅƭ ƎǊƻǳǇΣ 

allowing it to react to intracellular thiols. The successive oxidation of the probe then 

produces a fluorescent product which is trapped within the cells; therefore, the 

fluorescent intensity of the cells post-staining is directly proportional to the ROS 

concentration within the cell. The excitation/emission maxima of the CM-H2DCFDA 

probe are 492ς495/517ς527 nm.  

To characterise changes in cellular ROS concentrations, the cell medium was 

removed, and the cells were then washed X2 in PBS before the addition of 200 µl 

trypsin. Following 5 min incubation, the trypsin was neutralised following the 

addition of the 800 µl DM. The cells were then placed into a centrifuge and span at 

300 rcf for 5 minutes. A clear pellet was observed in the Eppendorf and the remaining 

media/trypsin supernatant was removed. Cells were then resuspended in 200 µl CM-

H2DCFDA solution (1 µM CM-H2DCFA in PBS) and left to incubate for 15 minutes. The 

Eppendorf tubes were then briefly vortexed before fluorescent analysis on the FL-1 

channel. A negative control was undertaken with control cells without CM-H2DCFDA 

administration alongside a positive control whereby 50% v/v H2O2 was added in 

addition to CM-H2DCFDA (Figure 2.16). All CM-H2DCFDA assays were normalised to 

cell events (count) on the BD Accuri C6 with each assay ending once 20,000 events 

had been obtained. 
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2.9.2. MitoSOX Red principle and protocol 

 

aƛǘƻŎƘƻƴŘǊƛŀ ŎƻƴǎǳƳŜ Ғур-95% of the oxygen inspired during respiration of which 

most is reduced to water (Shigenaga, Hagen et al. 1994). However, a small portion 

(estimated to be between <0.1 to as high as 4%) of electrons leak from the respiratory 

chain to reduce oxygen to O2
ως and this process occurs primarily via NADH-

Ubiquinone oxidoreductase (complex I) and Cytochrome c oxidoreductase (complex 

III) (James and Murphy 2002, Lenaz, Bovina et al. 2002, Fridovich 2004). While 

historically, ROS production was seen as a consequence of oxidative phosphorylation 

within the mitochondria, ROS may also be produced enzymatically via extra-

mitochondrial sources within contracting muscle including NOX and XO (Sakellariou, 

Vasilaki et al. 2013, Powers, Radak et al. 2016). Therefore, the characterisation of 

 

A A A 

B B B 

Figure 2.16. CM-H2DCFDA negative and positive controls. A) CM-H2DCFDA negative control displaying comparison 

between background fluorescence and CM-H2DCFDA fluorescence. B) CM-H2DCFDA positive control consisting of 

50% v/v H2O2. 
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mitochondrial ROS requires the use of a high-sensitivity probe that is not oxidised by 

non-mitochondrial derived ROS.  

Hydroethidine (HE) is a two-electron reduced form of ethidium (Etd+) and is readily 

taken up and internalised by live cells (Gallop, Paz et al. 1984). When HE enters the 

cell its oxidised to Etd+ where it intercalates into nucleic acid and subsequently 

increases its fluorescent intensity (Bucana, Saiki et al. 1986). MitoSOX Red (Thermo 

Scientific Inc. Massachusetts, USA) is comprised of HE covalently bonded to a hexyl 

triphenylphosphonium (TPP+) cation. TPP+ targets molecules to mitochondria 

because the positive charge on the phosphonium is surrounded by three lipophilic 

phenyl groups, which facilitates movement across phospholipid bilayers and 

accumulation into the mitochondrial matrix in response to the negative membrane 

potential (Ross, Kelso et al. 2005). Therefore, MitoSOX Red can be a sensitive 

indicator to monitor dynamic changes in endogenous O2
ως production (Robinson, 

Janes et al. 2006). The excitation/emission maxima of the MitoSOX Red probe are 

510/580 nm. 

To characterise changes in mitochondrial O2
ως concentrations, the cell medium was 

removed, and the cells were then washed X2 in PBS before the addition of 200 µl 

trypsin. Following 5 min incubation, the trypsin was neutralised following the 

addition of the 800 µl DM. The cells were then placed into a centrifuge and span at 

300 rcf for 5 minutes. A clear pellet was observed in the Eppendorf and the remaining 

media/trypsin supernatant was removed. Cells were then resuspended in 200 µl 

MitoSOX Red solution (5 µM MitoSOX Red in PBS) and left to incubate for 15 minutes. 

The Eppendorf tubes were then briefly vortexed before fluorescent analysis on the 
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FL-2 channel. A negative control was undertaken with control cells without MitoSOX 

Red administration alongside a positive control whereby 100 µM rotenone was 

added in addition to MitoSOX Red (see Figure 2.17). All MitoSOX assays were 

normalised to cell events (count) on the BD Accuri C6 with each assay ending once 

20,000 events had been obtained. 

 

 

 

2.9.3. Lipid peroxidation principle and protocol 

 

Lipid peroxidation is a process whereby oxidants attack lipids containing carbon-

carbon double bond(s), which include PUFAs, glycolipids, phospholipids, and 

cholesterol (Ayala, Muñoz et al. 2014). Under low physiological lipid peroxidation 

rates, cells can stimulate the activation and production of antioxidant signalling 

pathways resulting in an adaptive stress response. However, under periods of higher 

 

A A A 

B B B 

Figure 2.17. MitoSOX Red negative and positive controls. A) MitoSOX Red negative control displaying comparison 

between background fluorescence and MitoSOX Red fluorescence. B) MitoSOX Red positive control consisting of 

addition of 100 µM rotenone causing an increase in the fluorescence intensity. 
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lipid peroxidation rates, as observed in diseases such as diabetes or cancer, the 

extent of the oxidative damage overwhelms the cellular repair capacity, leading to 

cell membrane damage which can ultimately lead to apoptotic or necrotic 

programmed cell death (Ayala, Muñoz et al. 2014, Ramana, Srivastava et al. 2014).  

The class of compounds known as 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene 

(BODIPY) are commonly used in fluorescent microscopy due to their uniquely small 

stokes shift, high environmentally independent fluorescent quantum yields and high 

solubility in organic solvents (Boldyrev, Zhai et al. 2007). BODIPY665/676 is part of the 

C-11 class of fluorescent BODIPY probes and localises in the cell membrane where it 

can be oxidised via hydroxyl, alkoxyl and peroxyl radicals (Drummen, van Liebergen 

et al. 2002, Lange, Lehmann et al. 2019). BODIPY665/676 is particularly sensitive to 

peroxyl radicals owing to its polyene system (Naguib 2000, Raudsepp, Brüggemann 

et al. 2014). Upon oxidation, the BODIPY665/676 produces fluorescence which is visible 

on the FL-4 channel and is indicative of cellular lipid peroxidation.  

To characterise the changes in cellular lipid peroxidation, the cell medium was 

removed, before washing the cells X2 in PBS. Following the wash step, 200 µl trypsin 

was then added for 5 mins. After which the trypsin was neutralised following the 

addition of the 800 µl DM. The cells were then placed into a centrifuge and span at 

300 rcf for 5 minutes. A clear pellet was observed in the Eppendorf and the remaining 

media/trypsin supernatant was removed. Cells were then resuspended in 200 µl 

BODIPY665/676 solution (10 µM BODIPY665/676 in PBS) and left to incubate for 30 

minutes at 37°C. The Eppendorf tubes were then briefly vortexed before fluorescent 

analysis on the FL-4 channel. A negative control was undertaken with control cells 
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without BODIPY665/676 solution alongside a positive control whereby 50 µl DMSO (25% 

v/v) DMSO was added in addition to BODIPY665/676 (see Figure 2.18). All BODIPY665/676 

assays were normalised to cell events (count) on the BD Accuri C6 with each assay 

ending once 20,000 events had been obtained. 

 

 

2.10. Measurement of mitochondrial content and activity 

 

2.10.1. JC-1 principle and protocol 

 

The fluorescent probe tetraethylbenzimidazolylcarbocyanine iodide (JC-1) (Thermo 

Scientific Inc. Massachusetts, USA) is a lipophilic dye that emits a green fluorescence 

and is able to naturally enter the mitochondrion whereby it is able to accumulate. 

 

A A A 

B B B 

Figure 2.18. BODIPY665/676 negative and positive controls. A) BODIPY665/676 negative control displaying comparison 

between background fluorescence and BODIPY665/676 fluorescence. B) BODIPY665/676 positive control consisting of 

addition of 50 µL DMSO (50% v/v) causing an increase in the fluorescence intensity. 
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Here, the probe forms reversible complexes known as J aggregates in a 

concentration-dependant manner (Reers, Smiley et al. 1995). The newly formed J 

aggregates differ from the JC-1 probe in that they emit fluorescence in the red 

portion of the visible spectrum (maximum at ~590 nm). Therefore, in healthy cells 

the JC-1 probe enters the cell where it accumulates in the mitochondria, where due 

to the negative charge within the mitochondrial membrane it forms red J aggregates. 

IƻǿŜǾŜǊΣ ƛƴ ŎŜƭƭǎ ǿƘŜǊŜ ǘƘŜ ɲʌƳ ƛǎ comprised (such as apoptotic cells) the JC-1 

probe will enter the cell buts its accumulation within the mitochondrion will be 

limited due to the less negative mitochondria space. Therefore, the JC-1 will not 

accumulate enough within the mitochondrial space to form J aggregates and will 

instead retain its original green fluorescence (see Figure 2.19). The 

excitation/emission maxima for the JC-1 probe are 514-529/590 nm.  

 

 

 

Figure 2.19. JC-1 mechanism of action. JC-1 fluoresces green until it enters the mitochondria whereby it interacts 

with itself forming red J aggregates. Following a decrease in ɲʌƳ, the JC-1 is unable to enter the mitochondria 

and instead retains its green fluorescence. Image created using BioRender (BioRender, Canada). 
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As a result of this dependant change in fluorescence, the JC-1 probe can be utilised 

ǘƻ ƳŜŀǎǳǊŜ ɲʌƳ ōȅ ŎŀƭŎǳƭŀǘƛƴƎ ǘƘŜ Ǌŀǘƛƻ ƻŦ ǊŜŘ ǘƻ ƎǊŜŜƴ ŦƭǳƻǊŜǎŎŜƴŎŜΦ Lǘ ƛǎ ŀǎǎǳƳŜŘ 

that the greater the red ŦƭǳƻǊŜǎŎŜƴŎŜΣ ǘƘŜ ƘƛƎƘŜǊ ǘƘŜ ɲʌƳ ŀƴŘ ǾƛŎŜ ǾŜǊǎŀΤ ǘƘŜ ƎǊŜŀǘŜǊ 

ǘƘŜ ƎǊŜŜƴ ŦƭǳƻǊŜǎŎŜƴŎŜ ǘƘŜ ƭƻǿŜǊ ǘƘŜ ɲʌƳΦ 

On the day of the experiment, JC-1 was diluted from the stock into a 2 µM solution 

in fresh media. Cell medium was removed, and cells were washed X2 in PBS before 

the addition of 200 µl trypsin for 5 minutes. The trypsin was then neutralised with 

400 µl JC-1/DM solution and left to incubate for 30 minutes at 37°C. Following 

incubation, the cells were then briefly vortexed before fluorescent analysis on the 

flow cytometer. A negative control was undertaken with control cells without JC-1 

administration (see Figure 2.20).  

 

 

 

 

FL-1 FL-1 FL-1 

FL-2 FL-2 FL-2 

Figure 2.20. JC-1 Negative control. JC-1 negative control comparing background fluorescence of C2C12 cells and 

the increase in fluorescence in the FL-1 and FL-2 channels following the addition of the probe. 
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Furthermore, a positive control was also undertaken whereby 400 nM FCCP diluted 

in DMSO was added in addition to JC-1 (see Figure 2.21). All JC-1 assays were 

normalised to cell events (count) on the BD Accuri C6 with each assay ending once 

20,000 events had been obtained. 

 

 

  

2.10.2. MitoTracker Green (MTG) principle and protocol 

 

MitoTracker Green (MTG) (Thermo Scientific Inc. Massachusetts, USA) is a 

membrane permeable probe consisting of a thiol-reactive chloromethyl commonly 

used to label mitochondria within live cells (Presley, Fuller et al. 2003). MTG is 

capable of crossing the plasma membrane and selectively targeting active 

mitochondria whereby it covalently binds to mitochondrial proteins by reacting with 

 

Control Control 

FCCP FCCP 

Figure 2.21. JC-1 positive control. JC-1 positive control highlighting the shift in fluorescence from FL-2 (red) to FL-

1 (green) following the addition of the mitochondrial uncoupler FCCP. The decrease in the FL-2/FL-1 ratio as seen 

following FCCP treatment indicates an inability for the JC-1 to enter the mitochondria due to electron transport 

uncoupling. 
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the free thiol groups of cysteine residues (Presley, Fuller et al. 2003). This reaction is 

ƛƴŘŜǇŜƴŘŜƴǘ ƻŦ ɲʌƳ ŀƴŘ ƛǎ ǘƘŜǊŜŦƻǊŜ ǳǎŜŘ ǘƻ ǉǳŀƴǘƛŦȅ ƳƛǘƻŎƘƻƴŘǊƛŀƭ ǇǊƻǘŜƛƴ ƳŀǎǎΦ  

It should be noted that there is some debate within the literature as to the ability of 

a¢D ǘƻ ŘŜǘŜŎǘ ŎƘŀƴƎŜǎ ƛƴ ƳƛǘƻŎƘƻƴŘǊƛŀƭ ǇǊƻǘŜƛƴ ŎƻƴǘŜƴǘ ƛƴŘŜǇŜƴŘŜƴǘ ƻŦ ɲʌƳ 

changes. Xiao, Deng et al. (2016) suggested that MTG fluorescence is influenced by 

changes in ɲʌƳΦ ¸Ŝǘ ŘŜǎǇƛǘŜ ǘƘŜǎŜ ŎƭŀƛƳǎΣ ǘƘŜǊŜ ŜȄƛǎǘǎ ŀƴ ƻǾŜǊǿƘŜƭƳƛƴƎ ŀƳƻǳƴǘ ƻŦ 

evidence that argues to contrary (Pendergrass, Wolf et al. 2004). Therefore, it was 

opted for the use of MTG in conjunction with an additional marker of mitochondrial 

content in order to both validate the probe and our data.  

 

 

 

 

A A A 

B B B 

Figure 2.22. MTG negative and positive controls. A) MTG negative control comparing C2C12 cells alongside cells 

with the addition of MTG probe B) MTG positive control following the addition of 400 nM FCCP which decreases 

MTG fluorescence intensity. 
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On the day of experimentation, the MTG was diluted from stock into a 100 nM 

working solution in DM and was then kept incubated at 37°C. The cell medium was 

removed, and the cells were washed X2 in PBS. The MTG/DM solution was then 

added to the wells at 2ml per well and incubated at 37°C for 30 minutes. Following 

incubation, the MTG/DM solution was removed, and the cells were washed X2 in PBS 

before administration of 200 µl trypsin for 5 minutes. Once lifted, 800 µl fresh DM 

was added to neutralise the trypsin and the cells were transferred to an Eppendorf 

tube. Cellular fluorescence was then measured on the flow cytometer on the FL-1 

channel with an excitation emission maxima of 490/516 nm. A negative control was 

undertaken with control cells without MTG administration alongside a positive 

control whereby carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) a 

protonophore and potent uncoupler of mitochondrial oxidative phosphorylation was 

added in addition to MTG (see Figure 2.22). All MTG assays were normalised to cell 

events (count) on the BD Accuri C6 with each assay ending once 20,000 events had 

been obtained. 

2.10.3. Citrate Synthase principle and protocol 

 

CS is the first of a series of eight enzymes involved in the citric acid cycle. CS is found 

within nearly all living cells and is localised within the mitochondrial matrix of 

eukaryotic cells (Weitzman and Danson 1976). Despite its localisation, CS is nuclear 

encoded, synthesised on cytoplasmic ribosomes and shuttled into the mitochondrial 

matrix whereby it catalyses the condensation of oxaloacetate and acetyl-coenzyme 

A (acetyl-CoA) to form citric acid and coenzyme A. CS is therefore often used as a 

quantitative marker of intact mitochondrial mass and is described as having a 
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substantial concordance with mitochondrial fractional area in skeletal muscle tissue 

(Shepherd and Garland 1969, Hargreaves, Heales et al. 1999, Larsen, Nielsen et al. 

2012).  

Simply put, the CS assay measures the formation of coenzyme A through the reaction 

ǿƛǘƘ рΣ рΩ-dithio-bis (2-nitrobenzoic acid) (DTNB). Thionitrobenzoate, a mercaptide 

ion formed in this reaction absorbs light at 412 nm. Therefore, the rate of change in 

absorbance at 412 nm is proportional to the CS activity and consequently the total 

mitochondrial mass.  

Samples were collected and centrifuged at 300 rcf until a visible pellet formed within 

the Eppendorf. Samples were resuspended in 300 µl PBS and 50 µl was removed and 

placed into a separate Eppendorf. The sample was then diluted 1:1 in an additional 

50 µl PBS (to reduce the reaction speed and allow CS quantification). Twenty 

microlitres of sample was taken and added to two corresponding cuvettes both 

containing 0.1mM acetyl-coenzyme A, 1 g/L triton X-100 and 0.2mM DNTB in tris 

buffer (pH 8); with a final volume of 1 ml in each cuvette. The cuvettes were then 

gently mixed by inverting each four times with parafilm and placed in the Uvikon 941 

spectrophotometer (Northstar Scientific, Potton, UK). 

The reaction was initiated by adding 10 ul (20 mM) oxaloacetate to one of the sample 

cuvettes and inverting with parafilm thereby catalysing the conversion of DTNB to 

thionitrobenzoate compared to an unreactive control cuvette. This was then 

measured at 41н ƴƳ ŦƻǊ р ƳƛƴǳǘŜǎ ŀǘ ол ǎŜŎƻƴŘ ƛƴǘŜǊǾŀƭǎ ŀǘ Ҍол ɕ/Φ ¢ƘŜ ŀōǎƻǊōŀƴŎŜ 

could then be converted to a molar concentration using Beer-Lambert law. The 

extinction coefficient of DTNB is 13.6 x 103 M-1 cm-1 (path length 1 cm, total volume 
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1 mL). Cellular CS activities were then normalised to total protein as measured using 

the Bio-Rad DC-protein assay and expressed as nmol/min/mg of protein similar (see 

section 2.4.2).  

2.10.4. Mitochondrial Complex I principle and protocol 

 

NADH-Ubiquinone oxidoreductase (complex I) is the largest and most complicated 

component of the MRC. The MRC process begins via complex I oxidation of the NADH 

generated through the TCA cycle and the subsequent transfer of the two electrons 

to CoQ10, which is then reduced to ubiquinol. Ubiquinol is then re-oxidised by 

cytochrome c oxidoreductase (complex III) which then transfers electrons to reduce 

molecular oxygen to water at cytochrome c oxidase (complex IV). This process 

combined with the production of ATP from ADP and in Pi via ATP synthase (complex 

V) together constitutes OXPHOS. Due to complex I being a major entry point for 

electrons to the respiratory chain and is suggested to be a rate-limiting step in cellular 

respiration, it is a major target for the identification of mitochondrial dysfunction and 

the most common mitochondrial single enzyme deficiency (Rodenburg 2016).  

In order to quantify complex I activity, the progressive decrease in NADH following 

the addition of CoQ1 (a CoQ10 homolog) was measured at 340 nm. Samples were 

collected and centrifuged at 300 rcf until a visible pellet formed within the Eppendorf. 

Samples were then resuspended in 300 µl PBS and 50 µl was removed and placed 

into a separate Eppendorf. Twenty microlitres of sample was taken and added to two 

corresponding cuvettes both containing 5 mM NADH, 100 mM potassium cyanide 

(KCN), 50 mg/ml BSA and complex I buffer (25 mM potassium phosphate/MgCL2. 6 

H2O; pH 7.2). 10 µl CoQ10 (5 mM) was then added to the sample cuvette making a 



 

188 
 

total of 1 ml in each cuvette. The cuvettes were then gently mixed by inverting each 

four times with parafilm and placed in the spectrophotometer for 10 minutes at 

which point absorbance was measured. To eliminate any background NADH 

oxidation, the addition of the potent complex I inhibitor rotenone (1 mM) was added 

for 5 minutes before a subsequent value was taken and subtracted from the total 

value displaying complex I mediated NADH oxidation. Cellular complex I activities 

were then normalised to mitochondrial content as measured by CS activity and 

expressed as complex I/CS.   

2.10.5. Mitochondrial Complexes II/III principle and protocol 

 

Succinate:ubiquinone oxidoreductase (Complex II) is the smallest complex in 

OXPHOS system. Complex II is crucial for two important processes via separate active 

sites; the oxidation of succinate to fumarate in the TCA cycle where the electrons 

then reduce FAD to FADH2, and the second active site whereby it serves to reduce 

CoQ10 to ubiquinol which reduces cytochrome c via complex III (Fullerton, McFarland 

et al. 2020).  

In order to quantify complex II/III activity, the succinate-dependant reduction of 

cytochrome c was measured at 550nm. Samples were collected and centrifuged at 

300 rcf until a visible pellet formed within the Eppendorf. Samples were then 

resuspended in 300 µl PBS and 50 µl was removed and placed into a separate 

Eppendorf. Twenty microlitres of sample was taken and added to two corresponding 

cuvettes both containing 15 mM K+ ethylene diamine tetra acetic acid dipotassium 

salt (EDTA), 0.8 mM cytochrome c, 100 mM KCN, and complex II/III buffer (166 mM 

potassium phosphate; pH 7.4). Forty microlitres of succinate (0.5 M) was then added 
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to the sample cuvette making a total of 1 ml in each cuvette. The cuvettes were then 

gently mixed by inverting each four times with parafilm and placed in the 

spectrophotometer for 6-7 minutes at which point absorbance was measured. Ten 

microlitres of the complex III inhibitor antimycin A (1 mM) was then added for 5 

minutes before a subsequent value was taken and subtracted from the total value 

displaying the succinate-dependant antimycin A sensitive reduction in cytochrome c. 

Cellular complex II/III activities were then normalised to mitochondrial content as 

measured by CS activity and expressed as complex II-III/CS. 

2.10.6. Mitochondrial Complex IV principle and protocol  

 

Complex IV is a large, transmembrane protein complex and is the final electron 

acceptor in the respiratory chain. Complex IV is composed of 13 subunits of which 10 

are encoded by the nucleus and the remaining 3 by the mitochondria. Complex IV 

receives 4 electrons from cytochrome c and transfers them to one oxygen molecule 

and four protons. This exergonic process is used to create one two water molecules 

from one dioxygen (O2) molecule.  

To quantify complex IV enzymatic activity, the oxidation of reduced cytochrome c via 

complex IV was measured at 550 nm. Samples were collected and centrifuged at 300 

rcf until a visible pellet formed within the Eppendorf. Samples were then 

resuspended in 300 µl PBS and 50 µl was removed and placed into a separate 

Eppendorf. The reducing agent ascorbic acid was added to oxidised cytochrome c 

leading to a slight colour change (red to pink) which is indicative of cytochrome c 

reduction. The reduced cytochrome c was then run through a small PD10 gel filtration 

column in order to remove the ascorbic acid. In addition to the cytochrome c, 
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complex IV buffer (potassium phosphate buffer 100 mM; pH 7.0) was used to help 

elute the reagent. The reduced cytochrome c was then analysed via 

spectrophotometry and the Beer Lambert law was used to calculate reduced 

cytochrome c concentration. One hundred µl of complex IV buffer was added to two 

cuvettes alongside 50 µM reduced cytochrome C and mixed with dH2O making a final 

volume of 880 and 890 µl (sample and reference respectively). Twenty microlitres of 

sample was then added to the sample cuvette and 10 µl ferricyanide (K+) was added 

to the reference. The addition of K+ inhibits complex IV activity and therefore halts 

the oxidation of cytochrome c. Given that only reduced cytochrome c is visible at 550 

nm, the rate of decline in absorbance over 3 minutes is quantified, and this is referred 

to as the mean rate constant (k) and is displayed as rate constant per minute 

(k/min/ml). In order to ratio complex IV activity to total mitochondrial mass, the 

activity was then normalised to mitochondrial content as measured by CS activity 

giving a ratio of complex IV/CS.   

2.10.7. Pyruvate dehydrogenase (PDH) principle and protocol 

 

The protein PDH is a mitochondrial enzyme which catalyses the conversion of 

pyruvate to acetyl-CoA and CO2. This process links glycolysis to the TCA cycle and is 

ǎǳōǎŜǉǳŜƴǘƭȅ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ŀ ΨƎŀǘŜƪŜŜǇŜǊΩ ƛƴ ǘƘŜ ƻȄƛŘŀǘƛƻƴ ƻŦ ŎŀǊōƻƘȅŘǊŀǘŜ όbƻǊǘƻƴ 

and DeFronzo 2014). The enzyme is inhibited by phosphorylation and activated by 

dephosphorylation. PDH activity is determined using a coupled enzyme reaction 

which results in a colorimetric product that is proportional to the enzymatic activity 

visible at 450 nm. Therefore, one unit of PDH is the amount of enzyme that will 

generate 1.0 µM of NADH per minute at 37 °C.  
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Samples were collected and centrifuged at 300 rcf until a visible pellet formed within 

the Eppendorf. Samples were then resuspended in 300 µl PBS and 50 µl was removed 

and placed into a separate Eppendorf and stored at -80° C. Cells were then 

recentrifuged and PBS was removed prior to the addition of 100 µl ice cold PDH assay 

buffer.  

An NADH standard curve was generated following the addition of 0, 2, 4, 6, 8, and 10 

µl of the 1.25 mM (1.25 nmole/mL) NADH Standard Solution to a 96 well-plate which 

generated 0 (blank), 2.5, 5, 7.5, 10, and 12.5 nmole/well standards. PDH assay buffer 

was then added to bring each well to a total volume of 50 µl. A PDH reaction mix was 

then created by adding 46 µl PDH assay buffer, 2 µl PDH developer and 2 µl PDH 

substrate to each well bringing the total volume to 100 µl per well. The NADH 

standards were then analysed at 450 nm and plotting to form a standard curve. 

Fifteen micro litres of cell solution were added to 35 µl PDH assay buffer bringing the 

total volume to 50 µl. The PDH reaction mix was then added at a final working volume 

of 100 µl per well. The plate was then incubated at 37 ° C for 3 minutes before an 

initial reading at 450 nm. Readings were then taken every 5 minutes for 30 minutes 

and the activity was determined following the subtraction of the final measurement 

from the initial reading. 

όɲ !450 = [A450]final ς [A450]initial). 

PDH activity was then normalised to mitochondrial content as measured by CS 

activity and expressed as PDH/CS.  
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2.11. Metabolomic Profiling 

2.11.1. Intracellular Metabolite Extraction for 1H NMR 

Following experimental procedures, cell medium was aspirated before washing 1 X 

PBS. PBS was then further aspirated, and plates were placed immediately in -80°C 

until required. Plates were then thawed from -80°C on ice before the addition of 500 

˃[ ƛŎŜ-cold solvent solution (50% HPLC grade acetonitrile, 50% ddH3O) to each well. 

Cells were then scraped with a pipette tip and the resultant cell slurry was then 

pipetted into Eppendorf tubes. Samples maintained on ice were then sonicated at 50 

KHz, 20% amplitude for 3 × 30s bursts. Samples were then vortexed for 20 s before 

centrifugation at 21,500 rcf for 5 mins (4°C). The resultant supernatant was then 

aliquoted into fresh Eppendorf tubes before snap freezing in liquid nitrogen. Samples 

were lyophilised overnigƘǘ ōŜŦƻǊŜ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ нлл ˃[ ǎƻŘƛǳƳ ǇƘƻǎǇƘŀǘŜ ōǳŦŦŜǊ 

όмлл ˃a ¢ǊƛƳŜǘƘȅƭǎƛƭȅƭ ǇǊƻǇƛƻƴŀǘŜ ώ¢{tϐ ώŘс ŘŜǳǘŜǊŀǘŜŘΣ {ƛƎƳŀ-Aldrich Company Ltd. 

Dorset, UK], 99.9 % 2H2O [Sigma-Aldrich Company Ltd. Dorset, UK], and 100 mM 

Na2HPO4:NaH2PO4 pH 7.4 [Thermo Scientific Inc. Massachusetts, USA]) and 

ŎŜƴǘǊƛŦǳƎŀǘƛƻƴ ŀǘ мнΣллл ǊŎŦ ŦƻǊ н ƳƛƴǎΦ [ŀǎǘƭȅΣ мфл ˃[ ƻŦ ǎŀƳǇƭŜ ǿŀǎ ǇƛǇŜǘǘŜŘ ƛƴǘƻ о 

mm SampleJet NMR tubes for analysis. (Bruker). 

2.11.2. NMR Acquisition and sample processing 

 

High resolution 1D 1H NMR was acquired using 3-mm outer diameter tubes in 

700MHz Avance IIIHD Bruker spectrometer equipped with a TCI cryoprobe and 

chilled autosampler (SampleJet). A one-dimensional 1H Carr-Purcell-Meiboom-Gill 

(CPMG) experiment (vendor supplied cpmgpr1d) was used for all spectra acquisition 
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and to attenuate peaks from large molecules such as proteins. The standard 1D 1H 

NOESY presat (vendor supplied noesypr1d) was used to check sample quality. The 

spectra were then evaluated for quality control (QC) by ensuring consistent water 

suppression, baseline correction and peak line width of the reference TSP signal 

according to best practice set out by the Metabolomics Standards Initiative (MSI) 

(Sumner, Amberg et al. 2007, Considine and Salek 2019). 

¢ƘŜ ǎǇŜŎǘǊŀ ǿŜǊŜ ǘƘŜƴ ŘƛǾƛŘŜŘ ƛƴ ΨōƛƴǎΩ ǳǎƛƴƎ ¢ŀƳŜbaw ǎƻŦǘǿŀǊŜ όƎƛǘƘǳōΥ 

https://github.com/PGB-[L±κǘŀƳŜbawύ ōŜŦƻǊŜ ŀ ΨǇŀǘǘŜǊƴΩ ŦƛƭŜ ǿŀǎ ƎŜƴŜǊŀǘŜŘ ǿƘƛŎƘ 

associated metabolites with relevant spectral peaks including unknown metabolites. 

¢ƘŜ ΨōƛƴƴƛƴƎΩ ƻŦ ƳŜǘŀbolites was then reviewed using TameNMR software (accessed 

via galaxy.liv.ac.uk within University of Liverpool VPN). Peaks were binned using 

TameNMR through integration of each spectral region defined in the pattern file to 

yield a table of peak integrals that corresponded to each metabolite abundance. 

2.11.3. Metabolite Annotation and Identification 

 

In order to convert the raw NMR peaks into a biological frame of reference (e.g., 

relative metabolite abundances), metabolites are annotated and identified. NMR 

spectra underwent metabolite annotation using Chenomx NMR suite 8.2 (Chenomx, 

CA). The software allowed the matching of 1D-1H NMR spectra of metabolite 

standards to an experimental spectrum using various matching algorithms. The 

identities of each metabolite were then confirmed using an in-house library of 

metabolite standards where appropriate.  
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2.12. Statistical Analysis 

Data was expressed as mean ± standard deviation (SD), error bars represent SD. Data 

were subjected to Normality testing and appropriate parametric analyses. Data were 

ŀƴŀƭȅǎŜŘ ǳǎƛƴƎ ¢ ǘŜǎǘǎ ŀƴŘ !bh±!ǎ όƎǊƻǳǇǎ җоύ ǿƛǘƘ ¢ǳƪŜȅϥǎ Ǉƻǎǘ-hoc test to compare 

data sets. ¢ǳƪŜȅΩǎ ǘŜǎǘ ƛǎ ŀ ǇŀƛǊǿƛǎŜ Ǉƻǎǘ-hoc test which determines whether there is 

a difference between the mean of all possible pairs using a studentised range 

distribution and should be used when want to make pairwise comparisons between 

all group means (Lee and Lee 2018). Moreover, it is less conservative than other post-

hoc tests such as Bonferroni which often fails to detect real differences between 

groups and consequently has reduced statistical power (Lee and Lee 2018). In all 

cases an alpha value of <0.05 was considered significant. The `n` number represents 

the number of individual observations. Statistical analyses were carried out using 

both SPSS (IBM. New York, USA) and GraphPad Prism analysis software. Graphs were 

created using GraphPad Prism. 
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3. Chapter 3: Fluorescent 

characterisation of differentiated 

myotubes using flow cytometry. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Publications resulted from this chapter; Nolan A., Heaton R. A., Adamova. P., Cole P., 

Turton N., Gillham S. H., Owens D. J., and Sexton D. W. (2023). Fluorescent characterization 

of differentiated myotubes using flow cytometry. Cytometry Part A. 
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3.1. Abstract 

 

Purpose: Flow cytometry is a common method of analysing myoblast populations. 

However, a robust method documenting cytometric based analysis of myotubes has 

not been reported in the literature. Beyond changes in size and shape, there exists 

substantial metabolic and protein changes in myotubes allowing for their potential 

identification within heterogenous cell suspensions. Furthermore, due to their large 

size it is not yet known whether myotubes remain intact throughout cytometric 

analysis raising questions about the utility of cytometric analysis of myotubes.  

Methods: C2C12 myoblast and myotube cell populations were assessed for cell 

morphology and metabolic reprogramming using flow cytometry. Laser scatter, both 

forward (FSC; size) and side (SSC; granularity), measured cell morphology, while 

mitochondrial mass, ROS generation and DNA content were measured using 

fluorescent MitoTracker green, CM-H2DCFDA and Vybrant DyeCycle respectively. 

Immunophenotyping for MyHC confirmed myotube differentiation. Cellular viability 

was determined using Annexin V/PI dual labelling. Fluorescent microscopy was 

employed to visualise fluorescence and morphology.  

Results: Myotube and myoblast populations were resolvable through non-intuitive 

interpretation of laser scatter-based morphology assessment and distinct 

mitochondrial mass and activity assessment. Myotube populations appeared to be 

similar sizes to the myoblasts based on laser scatter but exhibited greater 

mitochondrial mass (90%, P=<0.0001), ROS production (120%, P=<0.0001), DNA 

content (18%, P< 0.001) and expression of MyHC (85%, P=<0.001) compared to 

myoblasts. However, myotube sub-populations were unable to be fractionated from 
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myoblast populations within the same sample. Myotube sub-populations contained 

a larger viable cluster of cells which were unable to be fractionated from myoblast 

populations and a smaller population cluster which likely contains apoptotic bodies. 

Imaging of differentiated myoblasts that had transited through the flow cytometer 

ǊŜǾŜŀƭŜŘ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ƛƴǘŀŎǘΣ ΨǊƻƭƭŜŘ-ǳǇΩ ƳȅƻǘǳōŜǎΣ ǿƘƛŎƘ ǿƻǳƭŘ ŀƭǘŜǊ ƭŀǎŜǊ ǎŎŀǘǘŜǊ 

properties.  

Conclusions: These results indicate that myotubes can be successfully analysed using 

flow cytometry. Increased mitochondrial mass and ROS are key features that 

correlate with MyHC ŜȄǇǊŜǎǎƛƻƴ ōǳǘ ŘǳŜ ǘƻ ƳȅƻǘǳōŜ ΨǊƻƭƭƛƴƎ ǳǇΩ ŘǳǊƛƴƎ flow 

cytometric analysis, laser scatter determination of size is not positively correlated; a 

phenomenon observed with some size determination particles and related to surface 

properties of said particles. There is also a greater heterogeneity of myotubes 

compared to myoblasts.  

Acknowledgements  

I would like to acknowledge Dr. Darren Sexton for his insight into flow cytometry 

gating which helped me formulate the gating strategy used throughout this chapter 

and the rest of the thesis.  

3.2. Introduction 

 

During embryonic development, several phases of cellular proliferation and 

differentiation lead to the fusing of mononucleated myoblasts to form 

multinucleated myofibers, in a process known as myogenesis (Mauch and 

Schoenwolf 2001). This process is facilitated through the coordinated expression of 
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transcription factors including Pax3 and a number of myogenic regulatory factors 

όawCΩǎύ as reviewed in (Chal and Pourquié 2017). The in vitro replication of this 

process can be achieved through the culture of skeletal myoblasts and induction of 

differentiation by reduction in serum growth factors, leading to the formation of 

myotubes (Clemente et al. 2005). These myotubes better represent the 

conformation and metabolic properties of skeletal muscle in vivo when compared to 

myoblasts and consequently, are routinely used as a method of analysing skeletal 

muscle metabolism and signalling (Fortini et al. 2016).  

Despite the frequent use of myotubes as an in vitro model, cytometry-based analysis 

of muscle is typically utilised only in myoblasts. This is perhaps due to the relatively 

large size of myotubes, with cellular diameters ranging from Ḑ6-20 µm, increasing 

the likelihood of instrumental blockage (Vajanthri et al. 2019). Due to the perceived 

limitations of flow cytometry for the analysis of myoblast and myotube cultures, 

there are no reports of the morphological characteristics of myoblasts compared to 

myotubes by flow cytometry (Munoz, Zhou, and Jarrett 2010; Turpin et al. 2006; 

Muratore et al. 2012; Ebrahimi et al. 2019), nor application of the technology for 

fluorescence-based assessment of cell phenotype and function. 

Immunocytochemistry using the intracellularly expressed motor protein MyHC has 

often been utilised to quantify increases in myoblast differentiation (Kim et al. 2015). 

MyHC, which converts chemical energy derived from ATP into mechanical force, is 

expressed almost entirely in differentiating myotubes, with very low expression 

present in myoblasts, thus, allowing for myoblast-independent muscle identification 

(Vivarelli et al. 1988; Cho, Webster, and Blau 1993; Torgan and Daniels 2001).  
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Intracellular immunophenotyping is, however, expensive and involves considerable 

processing, inclusive of fixation and permeabilisation which renders cells non-viable. 

Ideally, researchers would like to both analyse cells and identify sub-populations for 

further analysis, and where necessary, fractionate mixed populations into unique 

phenotypes, such as myoblasts and myotubes, which can be sorted for downstream 

analyses such as single cell transcriptomics. Flow cytometry provides such an 

opportunity if appropriate probes can be used. Given that myotube cell populations 

will typically include undifferentiated myoblasts in the cell suspension, there is a 

possibility that the myoblast population within the sample may be analysed 

independently of the myotubes based on their morphological characteristics, 

organelle mass and activity, and cell surface immunophenotyping. Myogenic 

differentiation is associated with extensive metabolic remodelling, with myotubes 

shown to possess higher quantities of mitochondrial proteins and enzymes (Barbieri 

et al. 2011). This increase in protein content reflects an overall increase in 

mitochondrial mass and activity (Sin et al. 2016). Furthermore, this increase in 

mitochondrial content and respiratory chain activity has been linked to greater 

production of ROS, highlighting the potential utility of metabolic biomarkers for the 

identification of muscle subpopulations (Malinska et al. 2012). It was proposed, 

therefore, that metabolic assessment of a mixed population of myotubes and 

myoblasts, using simple, easy to use, metabolism-related fluorescent probes may 

accurately distinguish the phenotype of the cells. 

This chapter demonstrates that flow cytometry and immunocytochemistry can be 

utilised to monitor the fluorescent changes in C2C12 myoblast/myotube metabolic 

phenotype and protein expression. Furthermore, myotubes are able to be 
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fluorescently labelled using flow cytometry as depicted by the expected increase in 

mitochondrial content and ROS production. Moreover, myotubes also expressed 

increased MyHC expression compared to myoblasts suggesting muscle 

differentiation. It was observed that the morphological characterisation of myotubes 

was unreliable due to the `rolling-ǳǇΩ ƻŦ ƳȅƻǘǳōŜǎΣ ōǳǘ ƴŜǾŜǊǘƘŜƭŜǎǎ identified the 

presence of intact myotubes following cytometric analysis.  

3.3. Aims 

 

This chapter aimed to revolutionise the approach to myotube analysis using flow 

cytometry. To achieve that aim these objectives were addressed; (1) Identify whether 

flow cytometry analysis can correctly detect fluorescent changes associated with 

myotube differentiation; (2) Identify whether myotubes are viable as they progress 

through the flow cytometer. It was hypothesised that flow cytometry analysis will 

correctly detect the known increases in mitochondrial content, ROS production and 

MyHC content present within the myotube group. Moreover, it was also 

hypothesised that flow cytometry will not lead to membrane damage within the 

myotubes, and the unintuitive morphology is due to a change in the myotube 

orientation as the move through the flow cytometer.  

3.4. Methods 

 

3.4.1. C2C12 population expansion and differentiation 

 

C2C12 cells were cultured for approximately 3 days GM (see section 2.1.4) for cell 

population expansion to ~80% confluency. Cell monolayers were then switched to 
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DM for a subsequent 7 days until fully formed myotubes were present. Cell media 

was then aspirated, and fresh DM was added to cell monolayers prior to each 

stimulation protocol. 

3.4.2. Flow cytometry  

 

For general overview of flow cytometry principle and methods (see section 2.2). For 

each sample, 20,000 gated events were recorded using a BD-Accuri C6 Flow 

Cytometer (BD, New Jersey, USA) equipped with a blue laser (488nm) and a red laser 

(640nm). Gated events included cells and excluded cellular debris. For all 

experiments, cells were trypsinised before centrifugation and resuspended in filtered 

PBS for analysis. Preliminary experiments were performed to establish the optimal 

core size, flow rate and seeding density which were used in subsequent experiments. 

All samples, thereafter, were run at 35 uL/min representing a core size of 16 mm, at 

a cell seeding density of 1 x 10-6/mL. (see Table 3.1) details the fluorescent probes 

used, and the BD Accuri C6 excitation wavelengths and the detector filter sets used 

to measure their respective fluorescence spectra. Flow cytometry plots were 

transferred onto FlowJo software (BD, New Jersey, USA) for better visualisation. 
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Table 3.1. Metabolism-related fluorescent dyes. Each used within this chapter is displayed alongside the target 
analyte and the concentration used. The excitation/emission spectra of each fluorescent dye are also displayed. 
All fluorescent dyes were detected within the FL-1 fluorescent region on the BD Accuri C6.  

*Excitation Wavelength on BD Accuri C6; ** Emission wavelengths measured on BD Accuri C6  

 

Retrieval of samples post-analysis required collection of waste fluid from the BD 

Accuri C6. The C6 system easily permits such collection following optimisation for 

timing of sample uptake to the point of collection. Spherotech 6-peak and 8-peak 

validation beads (BD, New Jersey, USA) were used for calibration prior to 

experimental analysis.  

3.4.3. MitoTracker Green (MTG) 

 

For general MTG principle and methods (see sections 2.10.2). MTG was added to the 

wells and incubated at 37oC/5% CO2/humidified air for 30 min. Following incubation, 

the MTG/DM solution was removed, and fluorescent microscopy was undertaken 

while cells were still adhered to the plate. Cell monolayers washed with sterile PBS 

and trypsinised for 5 min at 37oC/5% CO2/humidified air. Cells were then 

resuspended in sterile PBS. Cellular fluorescence was then measured on the flow 

cytometer on the FL-1 channel and using fluorescent microscopy with an excitation 

emission maxima of 490/516 nm.  

Dye Analyte Concentration lex *  lem**  

MitoTracker 
Green 

Mitochondrial Mass 100 nM 488 nm 533/30nm 
FL-1 

CM-H2DCFDA Reactive Oxygen 
Species 

1 mM 488nm 533/30nm 
FL-1 

Vibrant DyeCycle 
Ruby stain 

DNA content  5 µM 640 nm 675/25 
FL-4 

Annexin V Phosphatidylserine 
exposure 

5 µL 488 nm 533/30 nm 
FL-1 

Propidium iodide Membrane integrity 1 µg/ml 488 nm 670 LP 
FL-3 

Alexa fluor 488 MyHC expression 2 mM 488 nm 533/30nm 
FL-1 
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3.4.4. Reactive Oxygen Species (ROS) 

 

ROS production was measured using CM-H2DCFDA (see section 2.9.1). Fluorescent 

microscopy was undertaken while cells were still adhered to the plate. Cell 

monolayers were then trypsinised and centrifuged at 300g for 5 min. The cells were 

then resuspended in 200 µl CM-H2DCFDA solution for 15 min at 37oC/5% 

CO2/humidified air. Samples were run on the flow cytometer and green fluorescence 

analysed on the FL-1 detector (˂ ex 488nm; ˂ em 533/30).  

3.4.5. Myosin heavy chain (MyHC) 

 

MyHC fluorescent was measured using MF-20 antibody. Cells were fixed using 

paraformaldehyde treatment for 10 min at room temperature. Following fixation of 

cell monolayers, 500µl of blocking/permeabilisation buffer (0.1% Triton X-100, 0.1% 

bovine serum album [BSA] in PBS) was added to the adherent monolayers before 

incubation for 15 min at room temperature. The permeabilisation buffer was 

removed and cells were then washed twice in sterile PBS. Following washing, a 

blocking buffer was then added (10% goat serum in sterile PBS) and was incubated 

for 30 min at room temperature. Cells were then washed further with sterile PBS 

before the addition of the primary antibody (MyHC [MF-20]; Mouse, 1:300, 1% BSA) 

(DSHB; Iowa, USA) for an overnight incubation at 5°C. Following overnight 

refrigeration, the primary antibody was removed, and the cells were further washed 

in sterile PBS. The secondary antibody (Alexa Flour 488; Goat anti mouse, 1:500) 

(Thermo Scientific Inc; Massachusetts, USA) was applied and incubated at room 

temperature for 60 min before further washing in sterile PBS. Fluorescent 
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microscopy was undertaken while cells were still adhered to the plate. Following 

which, cells were then trypsinised and centrifuged at 300g for 5 min before 

resuspension in sterile PBS and analysis by flow cytometry using the FL-1 detector 

( e˂x 488nm; ˂ em 533/30).  

3.4.6. DNA quantification 

Live cell DNA quantification was determined using Vybrant DyeCycle Ruby stain 

(Thermo Scientific Inc; Massachusetts, USA). Cells were trypsinised and centrifuged 

at 300 g for 5 mins, before resuspension in 500 ˃ [ ƻŦ 5aΦ hƴŜ ˃ ƭ ƻŦ ±ƛōǊŀƴǘ 5ȅŜ/ȅŎƭŜ 

Ruby stain was then ŀŘŘŜŘ ǘƻ ǘƘŜ ŎŜƭƭ ǎǳǎǇŜƴǎƛƻƴ ǘƻ ȅƛŜƭŘ ŀ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ р˃aΦ 

Cells were then incubated for 15 mins (37oC/5% CO2/humidified air) and red 

fluorescence was then analysed on the FL-п ŘŜǘŜŎǘƻǊ ό˂ŜȄ спл ƴƳΤ˂ŜƳ 675/25). 

3.4.7. Apoptosis 

Apoptosis was measured using an Annexin V-FITC detection kit (Thermo Scientific 

Inc; Massachusetts, USA). Cell monolayers were washed with sterile PBS and 

trypsinised and incubated for 5 mins (37oC/5% CO2/humidified air) before being 

centrifuged at 500 g for 5 mins and resuspended in 195 ˃[ ōƛƴŘƛƴƎ ōǳŦŦŜǊΦ CƛǾŜ ˃ƭ of 

AnnexinV-FITC was then added to the cell suspension, before 10 mins incubation at 

room temperature. Cells were then centrifuged again at 500 g for 5 mins and 

resuspended in 190 ˃[ ƻŦ ōƛƴŘƛƴƎ ōǳŦŦŜǊΦ Finally, 10 ˃[ ƻŦ PI was added to the cells 

before subsequent cytometric analysis. Annexin V fluorescence was analysed on the 

FL-м ŘŜǘŜŎǘƻǊ ό˂ŜȄ пуу ƴƳΤ˂ŜƳ 533/30), and PI fluorescence was analysed on the FL-

о ŘŜǘŜŎǘƻǊ ό˂ŜȄ пуу ƴƳΤ˂ŜƳ 670 LP). 
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3.4.8. Fluorescent microscopy  

 

For general fluorescent microscopy principle and methods (see sections 2.7.2 and 

2.7.3). A Leica DMII6000b live Imaging Microscope (Leica Biosystems; Wetzlar, 

Germany) was used to capture fluorescently labelled monolayers as it allows for 

visualisation of MTG, CM-H2DCFDA and MF-20 co-visualisation with DAPI (Thermo 

Scientific Inc; Massachusetts, USA). Images of cell monolayers were taken using the 

10x objective and 0.5 magnification c-mount fitted to the camera. Blue colour 

channels were used as an indicator of DAPI with the wavelength measured at 

358/461 nm (Fluorescent filter; EX: 340-380, DC: 400, EM: 450-490). Green colour 

channels were used as an indicator for MTG, CM-H2DCFDA and MF-20, with the 

wavelength measured at 499/520 nm (Fluorescent filter; EX: 460-500, DC: 505, EM: 

512-542). Image inspection and processing was conducted using Leica Application 

Suite for Windows 7, (Leica Biosystems; Wetzlar, Germany) and Image J 1.53a 

(National Institutes of Health; Maryland, USA).   

3.4.9. Statistics 

 

Differences in fluorescent intensity between myoblasts and myotubes were 

determined using a two-sample T-test. Differences between myoblasts and myotube 

subpopulations were determined using a one-way between subjects ANOVA. Post-

hoc analysis was undertaken using a Tukey's post-hoc test. Data is presented as 

means±SD. In all cases an alpha value of <0.05 was considered significant. 
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3.5. Results 

3.5.1. Optimisation of Flow cytometer fluidics settings and sample density  

Since changes in fluidics and/or cell sample density can lead to changes in FSC/SSC 

via the production of cell doublets (Cossarizza et al. 2017). The optimal fluidic settings 

were determined through assessment of several flow rate/core size settings 

including the standardised slow, medium, and fast settings, alongside additional 

customised slow-medium and medium-fast fluidics (see Table 3.2). Our data 

demonstrated that all fluidic settings fall within the acceptable CV limit of 5% 

indicating no differences in FSC doublet formation following any fluidic setting. Due 

to this, all further experiments were performed on the medium fluidic setting. Cells 

were then analysed at different seeding densities, all of which fell within acceptable 

CV ranges (<5%) (see Table 3.3). However, an observed increase in instrumental 

blockages was observed at higher sample densities of 1 x 10-6 cells/mL or above, so, 

0.5 x 10-6 cells/mL was used for further experiments.   

Table 3.2. Standard and custom flow rates effects on sample FL-1 fluorescent intensity. All 3 standard flow 
rates/core sizes were run to determine the variance within the detected FL-1 fluorescence.  

 * n= 4; ** All fluidic settings displayed CV <5%. 

 

  
Slow Slow-Medium Medium Medium-Fast  Fast 

Flow rate  14 µL/min 25 µL/min 35 µL/min 51 µL/min 66 µL/min 

Core size: 10 µm 13 µm 16 µm 19 µm 22 µm 

Average 
median 

fluorescent 
intensity* 

 
5409.38 

 
5680.88 

 
5352.38 

 
5357.75 

 
5287.50 

 SD 198.53 235.97 191.95 151.30 237.18 

 CV** 3.67 4.15 3.59 2.82 4.49 
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Table 3.3. Effect of cell sample density on FL-1 fluorescent intensity under different flow rates. All 3 standard 
flow rates/core sizes were run to determine the variance within the detected FL-1 fluorescence. 

 
* n= 3; ** All fluidic settings displayed CV <5%. 

 

3.5.2. Sample gating 

Undifferentiated myoblast samples were run on the flow cytometer to determine the 

myoblast population based on morphology, as reflected in laser scatter properties 

(See Figure 3.1A). A distinct, dense population was identifiable as were putatively 

apoptotic smaller, more granular cells. Counterintuitively, samples of myoblasts that 

were differentiated to myotubes revealed a residual population of morphologically 

identifiable myoblasts but, rather than morphologically larger myotubes, a 

population of smaller cells was manifest and an increase in the number of the 

putatively apoptotic cell population (see Figure 3.1B).  

 

 

 

 

 

 

 

Cells/mL 

 
0.5 x 10

-6 

 

1 x 10
-6
 

 

2 x 10
-6
 

 

Flow Rate Slow Fast Slow Fast Slow Fast 

Average 
median 

fluorescent 
intensity* 

6146.33 5535.67 6007.67 5376.67 5792.17 5249.67 

SD 161.00 194.32 194.90 132.88 19.11 43.56 

CV** 2.62 3.51 3.24 2.47 0.33 0.83 
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Figure 3.1. FSC/SSC of myoblast and myotube populations. A) populations display a tight, clustered cell 
distribution indicating homogeneity within the sample. B) Myotube populations display greater heterogeneity 
when compared to myoblast as evidenced by the greater distribution of the cell populations. 

 

 

3.5.3. Identification of myotube subpopulations 

 

To enhance distinction of these smaller populations, gating to exclude debris was 

performed and the selected cells FSC and SSC were plotted on the log scale instead 

of the standard linear scale to further resolve visual differences. Logarithmic FSC/SSC 

demonstrated that myoblasts typically gather within a tight group with small 

amounts of variation between samples. This is expected due to myoblast morphology 

with very little variation between individual sizes and granularity. However, myotube 

populations displayed a far greater FSC/SSC variation alongside greater inter-sample 

variation indicating a larger range in cell morphology. There was, however, a distinct 

second population identifiable in the myotube samples (see Figure 3.2). 

A B 
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Figure 3.2. Logarithmic FSC/SSC of myoblast and myotube populations. A) Myoblast populations display one 
significant cluster on the log scale. B) Myotube populations demonstrate two clear populations, one of which 
overlaps the myoblast population demonstrating an unintuitive FSC profile of myotubes. 

 

As is routine analysis, doublet discrimination using FSC-H/FSC-A plots was performed. 

Myoblast populations displayed low doublet detection as opposed to the high 

doublet detection seen in myotubes (see Figure 3.3); of course, myotube fusion must 

be considered when interpreting myotube doublet discrimination. The FSC/SSC plots, 

however, indicated that the myotubes were of an equal or smaller size to myoblasts 

causing morphological overlap. Since, this is non-intuitive it suggested that changes 

in myotube morphology occurred as they were drawn through the cytometer. 

However, this meant that the delineation of myoblast/myotube sub-populations 

using FSC/SSC alone was impossible using the BD Accuri C6. Due to the heterogeneity 

of the myotube sample, singlet discrimination resulted in the isolation of individual 

cell sub-populations, requiring multiple figures to demonstrate both 

myotube/myoblast populations, which produced the same fluorescent trend as seen 

in the supplementary file (see S1). Therefore, for clarity it was opted to measure 

fluorescent intensity using logarithmic gating. 

A B 
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Figure 3.3. FSC-H/FSC-A doublet analysis of myoblast and myotube samples. A) Myoblast samples display fewer 
doublets alongside a visible clustering of cells. B) Myotube samples demonstrate two distinct populations within 
the FSC-H/FSC-A which is likely reflective of the two populations observed in the logarithmic gating. 

 

3.5.4. Metabolic analysis  

 

Due to the unreliable detection of myotubes through morphological analysis, it was 

investigated whether myotube populations would display greater fluorescent 

intensity using metabolic probes. Given metabolic activity increases following 

differentiation, any increase in fluorescent intensity would indicate the presence of 

differentiated myotubes. As expected MTG fluorescent intensity was significantly 

higher in the myotube population, with an observed 90% increase in fluorescent 

intensity (P=<0.0001) (see Figure 3.4).  

A B 
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Figure 3.4. MTG staining of both myoblast and myotube populations. A) Fluorescent microscopy of C2C12 
myotubes prior to cytometric analysis. B) MTG labelling demonstrates a significant increase in FL-1 fluorescent 
intensity in the myotube group (blue) compared to the myoblast (red). C) This increase corresponded to a 90% 
increase in median fluorescent intensity reflecting higher mitochondrial mass in differentiated myotubes (n=5, 
****P=<0.0001). Scale bar corresponds to 250 µm. 

 

Due to mitochondrial respiration largely contributing to cellular ROS production, the 

myoblast and myotube populations were then differential stained using the general 

ROS indicator CM-H2DCFDA. The CM-H2DCFDA fluorescent intensity was also 

significantly higher in myotubes with an observed increase of 120% (P=<0.0001) (see 

Figure 3.5).  

 

 

 

 

 

 

 

 

 
 
 
Figure 3.5. ROS staining of both myoblast and myotube populations. A) Fluorescent microscopy of C2C12 
myotubes prior to cytometric analysis. B) CM-H2DCFDA staining demonstrates a significant increase in FL-1 
fluorescence intensity in the myotube group (blue) compared to the myoblast (red). C) This increase corresponded 
to a 120% increase in median fluorescence intensity and reflected increased ROS activity in the myotube 
population (n= 4, ****P=<0.0001). Scale bar corresponds to 250 µm. 
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3.5.5. Myosin heavy chain (MyHC) 

 

To confirm the observed changes in metabolic intensity following myotube analysis, 

cells were labelled with MF-20 which binds to the motor protein MyHC. Given the 

MyHC is almost entirely expressed in myotubes, any changes in fluorescence confirm 

the presence of differentiated myotubes. Flow cytometry analysis indicated that 

MyHC fluorescent intensity was 85% higher in myotubes compared to myoblasts 

indicating the successful analysis of myotube sub populations (P=<0.001). 

Furthermore, cells labelled with MF-20 and the nuclear stain DAPI were analysed to 

further demonstrate the fluorescent contrast between the cellular sub-populations 

(see Figure 3.6). 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.6. Myoblasts and myotubes labelled with the monoclonal antibody MF-20. A) Myotubes labelled with the 
monoclonal antibody MF-20 and the nuclear stain DAPI to demonstrate the contrast between the cellular sub-
populations in terms of MyHC expression. B) MF-20 labelling of MyHC demonstrates an increase in FL-1 
fluorescence intensity in the myotube group (blue) compared to the myoblast (red) indicating the presence of 
MyHC.  C) This increase corresponded to an 85% increase in median fluorescence intensity (n= 4, ***P=<0.001). 
Scale bar corresponds to 250 µm. 
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3.5.6. Sub-population analysis 

 

Having observed an expected increase in both metabolic and protein biomarkers 

following myotube differentiation, it was then attempted to determine whether the 

myoblast and myotube sub-populations within a sample could be characterised to 

allow for independent analysis of both differentiated and undifferentiated muscle 

cells concurrently. Myotube P1 population displayed a 95% increase in MTG 

fluorescence when compared to myoblast controls (P=<0.0001). Interestingly, the 

myotube P2 also expressed a significant 44% increase in MTG fluorescent intensity 

when compared to myoblast controls, indicating that the myotubes fall within both 

populations (P=<0.0001) (see Figure 3.7). 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.7. MTG staining of myoblast and both myotube sub-populations. A) MTG staining demonstrates an 
increase in FL-1 fluorescence in both myotube sub-populations (P1-blue, P2-purple) compared to myoblast (red) 
sample representing increased mitochondrial mass. B) This corresponded to a 95% increase in FL-1 fluorescence 
in population P1 vs. control and a 44% increase in population P2 vs. control (n= 5, ****P=<0.0001). 

 

Changes in cellular ROS content were also measured in the myotube sub-populations 
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myotube P1 population when compared to myoblast controls (P=<0.0001). There 

was no significant difference between myotube P2 population and control (see 

Figure 3.8).  

 

 

 

 

 

 

 
 
Figure 3.8. CM-H2DCFDA of myoblast and both myotube sub-populations. A)  Comparison of CM-H2DCFDA staining 
revealed broad ROS (FL-1 fluorescence) levels in myoblasts (red), which in myotube P1 sub-population (blue) 
resolved into a uniform population exhibiting an increase in ROS.  The P2 (purple) myotube population presented 
two resolved populations representing both high and low ROS levels. B) This corresponded to a 140% increase in 
ROS (FL-1 fluorescence) in population P1 vs. control.  No significant change observed in P2 (n= 4, ****P=<0.0001). 

 

3.5.7. Myotube confirmation 

 

Despite successfully fluorescently labelling myotube sub-populations, it was unclear 

whether myotubes remain intact and viable during cytometric analysis. Dual labelling 

with Annexin V and PI was undertaken to investigate whether myotubes were 

damaged during the cytometric analysis process. The overall percentage of viable 

myotubes following Annexin V/PI labelling was 81% (see figure 3.9A-C). Interestingly, 

when the myotube sub-populations were analysed independently, myotube P1 

population viability increased to 91% and myotube P2 dropped to 63 %. Moreover, 

there was a significant 28% reduction in viable cells between the myotube P1 and P2 
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populations (see figure 3.9D). Given that their large size was undetected on FSC, it 

raised the question whether their morphological characteristics were compromised 

during analysis. It was determined the overall flow time from the point of collection 

to the waste container using a visible dye and collected the sheath fluid containing 

the cell suspension. The presence of intact myotubes was observed using brightfield 

microscopy, demonstrating the successful analysis of myotubes without membrane 

damage. Furthermore, ǘƘŜ ǇƘŜƴƻƳŜƴƻƴ ƻŦ ΨǊƻƭƭƛƴƎΩ ƻŦ ƳȅƻǘǳōŜǎ ŦƻƭƭƻǿƛƴƎ ŀƴŀƭȅǎƛǎ 

was also observed, which explained the lack of divergence between myoblast and 

myotube cell sub-populations using FSC/SSC measurements (see figure 3.9E-I). 

Figure 3.9. Annexin V/PI dual labelling of myotubes prior to analysis via flow cytometry. A) Overall myotube 
populations displayed an average of 81% viable cells following analysis. B) However, further analysis 
demonstrated that the percentage of viable cells increased further in the P1 sub-population to 91%. C) Moreover, 
the P2 sub-population demonstrated a reduction in viable cells with an average of 63% viable cells in quadrant 4. 
D) This disparity between the two myotube sub-populations resulted in a 28% reduction in viable cells between P1 
and P2. E) Brightfield microscopy demonstrating myoblast/myotube populations in suspension prior to cytometry 
analysis. F-I) {ŜŎƻƴŘ ŎƻƭƭŜŎǘƛƻƴ ƻŦ ƛƳŀƎŜǎ ŘŜƳƻƴǎǘǊŀǘŜǎ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ƛƴǘŀŎǘ ΨǊƻƭƭŜŘΩ ƳȅƻǘǳōŜǎ ŦƻƭƭƻǿƛƴƎ 
collection at the waste container. Scale bar corresponds to 250 µm. 
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