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Abstract

Current understanding of muscle atrophy during immobilization and weightlessness is
incomplete, partially due to the barriers to entry in the study of whole muscle. For this reason,
a readily available model based on the C2C12 cell line is highly desirable as it would
significantly increase the number of researchers able to engage in study of changes to skeletal
muscle as a result of inactivity. The work presented here was in part funded as part of a newly
established Astropharmacy cohort, which aims to tackle problems facing future manned space
exploration. As such, the experiments performed here were planned and analysed with this
perspective in mind. Inactivity is known to result in both muscle atrophy and insulin resistance.
Terrestrially this is thought to be a key step in the development of diabetes as skeletal muscle is
critical for the disposal of glucose during physical activity. For this reason, we are interested in
establishing a pharmacological model of immobilisation with associated features including
reduced glucose uptake (insulin resistance) and then restoring activity either by EPS (electric

pulse stimulation) or further pharmaceutical intervention.
Chapter 2

Firstly, we confirmed the suitability of C2C12 cells in our hands as a platform for measurement
of glucose uptake using 2-Deoxyglucose (2DG). We determined that at a final concentration of
25uM per well 2-deoxyglucose could be used to trace glucose uptake over a 24-hour period in
both the basal and EPS treated state. We confirmed normal cell responses to EPS in terms of
anabolic signalling changes, glucose uptake and lactate production. The ability of cells to

respond to insulin was also tested and confirmed.



Chapter 3

After establishing the suitability of the platform, we were interested in determining the effect
of repeated bouts of contraction throughout a 24-hour period effected the endpoints
measured previously- glucose uptake, lactate output and anabolic signalling- as well as the
addition of cell glycogen content. We found that there were no significant differences in
glucose uptake, cell glycogen, lactate output or p-P70 (T389), p-4EBP1 (T37/46), p-mTOR
(S2448) at the 24-hour timepoint with any of the frequency/ duration combinations that we
attempted. This was attributed to a combination of the lack of a maintenance pulse during the

rest periods and possible proximity effect.

Chapter 4

Returning to 24-hour continuous EPS we established the ability of combined CPA and
blebbistatin (CB) treatment to inhibit contraction in c2c12 cells at concentrations of 100 uM
and 10uM respectively. This was paired with increases in biomarkers (ATP2A1 and CALM1) that
indicate elevated cytosolic calcium. When treated with EPS the CPA and blebbistatin model
showed reduced glucose uptake, reduced P70, ERK1/2 phosphorylation and elevated 4EBP1
phosphorylation comparedto cells treated with EPS alone, indicating prevention of contraction

and consequent downstream effects in line with immobilisation.

Chapter 5

Lastly, we attempted to restore glucose uptake, glycogen, lactate output, anabolic signalling, p-
EEF2 (T56), p-PKB (T3080), P-ERK1/2 (S217/221) to baseline values by application of
combinations of EPS, AICAR and dantrolene. We found that application of these drugs reduced
glucose uptake beyond what treatment with CB alone had. However, lactate output and

markers of cytosolic calcium improved with dantrolene treatment. In cells that did not receive



CB treatment, we found that EPS had a neutral or negative effect in the case of AICAR on the
ability of drug treatment to stimulate additional glucose uptake, which may suggest
incompatibility between pharmacological and exercise-based uptake methods, possibly due to
conflicting signalling between EPS which favours transient changes and drug treatments which

favour sustained changes.
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Chapter 1: General Introduction



1.0 Skeletal muscle in health and disease

Skeletal muscle makes up a considerable fraction of total human body mass (Hoppeler and Fliick,
2002) and plays a key role in maintaining whole body metabolic health (Mukund and
Subramaniam, 2019), postural control and locomotion (Prince et al, 1997). Skeletal muscle is
comprised of a complex structure that is key to its function, as well as many of the properties
that make it important to whole body health. Principally, muscle is a contractile tissue attached
to the skeleton by tendons, enabling the generation of movement. At the basic level, muscle is
comprised of multinucleated cells that contain many myofibrils of sarcomeres arranged in a
linear fashion to provide contractile ability by means of their overlapping myosin and
tropomyosin chains (Frontera and Ochala, 2014). These myofibrils are bundled into muscle fibres,
with each muscle consisting of many bundles of muscle fibres. This highly simplified model of
skeletal muscle explains its mechanical importance in day-to-day life but does not encompass
the range of important metabolic roles muscle fulfils. For instance, skeletal muscle acts an
important fuel store and is crucial in whole body glucose disposal, roles that are critical in

maintaining whole body health.

There are still many elements of skeletal muscles metabolic actions that remain unknown, but
the act of contraction itself is known to be important in maintaining healthy functionality, both
in terms of mechanical function and metabolic function (Mu et al, 2001). In healthy skeletal
muscle, an electrical signal arrives through a nerve junction in the form of acetylcholine. This
activatesthe receptor, which functions as an ion channel, allowing entrance of Na*and efflux of
K*, depolarizing the cell membrane (Fagurlund and Eriksson, 2009). Depolarization proceeds
down the fibre until it reaches the T-tubule, a deep trench in the membrane that brings the
otherwise remote sarcoplasm close to the cytoplasmic plasma membrane, and by extension the

extracellular matrix (Al-Qusairi and Laporte, 2011). Changes in the charge state of elements



within the membrane belonging to the DHPR (Dihydropyridine Receptor) cause the receptorto
change conformation, entering the open state. In skeletal muscle (unlike cardiac muscle), the
DHPR is directly physically connected to the RyR (ryanodine receptor) and so opens in tandem
with the DHPR, allowing Ca2+ to exit the sarcoplasm and enter the cytoplasm (Rios and Brum,
1987; Hayashi et al, 1997). Once released to the cytoplasm, the increase in Ca2+ displaces
Troponin from actin filaments upon binding to the EF-hand groups present (Walsh, 1983). This
clearsthe way for the “crawling” binding of myosin to the actin filaments of a muscle fibre, which
shortens the length of the muscle due to the Sarcomere arrangement, producing contraction
(Rassier, 2017). This contractile mechanism influences much of the downstream signalling that
is associated with healthy skeletal muscle signalling, including Ca?*dependant enzyme activity,
reactive oxygen species (ROS) production (Henriquez-Olguin et al, 2019) and GLUT recruitment

(Yaspelkis et al, 1997).

In addition to its role in locomotion, skeletal muscle plays a vital role in glucose metabolism,
responsible for the majority of postprandial glucose uptake (the other organs being the liver and
brain). The effectiveness of muscle glucose uptake is highly influenced by the level of muscle
contractile activity, with periods of inactivity resulting in rapid onset of insulin sensitivity and
impaired glucose uptake. Insulin resistance is best described as an inability torespond to insulin
tothe fullest extent. It is of particularimportance in skeletal muscle, the liver and adipose tissue.
Impaired ability to take up glucose resultsin accumulationin the bloodstream. Since metabolism
of glucose requires entry to the cytoplasm and eventually the mitochondria, glucose cannot be
effectively disposed of in the insulin resistant state (McCracken et al, 2018). Not only does
inactivity have negative impactson glucose metabolism, but also on skeletal muscle mass, which
is controlled by the balance between muscle protein synthesis (MPS) and muscle protein

breakdown (MPB) (Sandri, 2013). Contraction and functional overload (i.e. exercise) isa powerful



stimulator of MPS, whilst inactivity or immobilisation results in rapid suppression of MPS and
muscle atrophy (Breenet al, 2013; de Boer et al, 2008; Shur et al, 2021). As such, not only does
inactivity impair muscle glucose uptake, but reduces the capacity for muscle glucose disposal.
Given the many important roles of skeletal muscle, it is therefore crucial to maintain muscle mass
and metabolic functions throughout life. Periods of inactivity impact muscle insulin sensitivity,
decrease muscle mass and strength, increasing the likelihood of falls (Granacher et al, 2013),
reducing personal mobility and independence (Santos et al, 2016) therebyincreasing overall all-
cause death rate (Abramowitz et al, 2018; McPherron et al, 2013, Sasaki et al, 2007). Effective
treatments against these effects of inactivity are of great importance, particularly with the
frequent inactivity we experience throughout life due to disease, injury or sedentariness. The
recent impact of lifestyle changes due to global pandemics has highlighted the potential
significant reduction in population activity levels having large scale consequences (Narici et al,
2020). There are other challenges to muscle maintenance that most of the population will never
experience. Astronauts undergo prolonged periods of inactivity during spaceflight and these
challenges may be expected to increase with NASA’s “design reference architecture” for sending
life to mars indicating a manned mission of 31-34 months. As such, the requirement to treat
inactivity is wide reaching. Our most effective strategiesto combat these effectsis often through
exercise training regimes or pharmaceutical intervention, in which the negative outcomes

associated with lack of contraction can be minimised or altogether eliminated.



1.0.1 Regulation of skeletal muscle mass

1.0.1 Akt mediated regulation of muscle mass

The primary determinant of skeletal muscle mass is the homeostatic balance between MPS and
MBS. This balance is between pro-MPS factors such as the AKT/mTOR pathway, the stimulatory
effect of dietary amino acid uptake, cytokine/myokine signalling and the pro-MPB effects of
muscle disuse, ROS and inflammation (Rennie et al, 2003). Growth is regulated by several
interconnected pathways with the purpose of balancing muscle synthesis rate against nutrient
availability and requirement for physical activity. These pathwaysand constituent molecules can
be classified as either catabolic (favouring muscle breakdown) or anabolic (favouring muscle

synthesis) (McCarthy and Esser, 2010).

The main pathways credited with upregulating anabolic metabolism is the PI3K>Akt and mTORC1
pathways (Egerman and Glass, 2013; Watson and Barr, 2014; Bodine et al, 2001). The PI3K/akt
pathway is particularly sensitive to hormones such as|GF-1 (Bahaskar and Hey, 2007) and insulin,
muscle contraction (Sakamoto et al, 2003) -even weak activity such as stretching- as well as
secreted cytokines and myokines (Carson, 2017). It is speculated that downstream of PI3K/Akt,
calcineurin, a calcium sensitive phosphatase, is capable of initiating hypertrophy of skeletal
muscle (Rusnak and Metz, 2000). This mechanism is responsive to extracellular signalling from
prostaglandins and IGF-1, resulting in the stimulation of cell growth. The excitation-contraction
coupling pathway (Wollheim and Sharp, 1981) is known to be of critical importance, but the
exact mechanism is yet to be agreed upon, with some arguing that the beneficial effect of
exercise (contraction) is by a separate — non Akt/PKB- pathway from the insulin response
(Brozinick and Birnbaums, 1998; Mackenzie and Elliot, 2014). Others contend that there is an
overlap at the Akt/PKB portion of the pathway, but that that effects of contraction are both

dependant on time and fibre oxidation type and thus difficult to detect (Hu et al,2018; Sakamoto
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Figure 1.1: Diagram of the downstream signalling of the Akt pathway in relation to insulin.
The pro-anabolic and anti-catabolic processes of activation are matched with downstream

outcomes. Diagram adapted from Schultze et al, 2012.

et al, 2002). What has also been established is that the mechanisms previously identified such
as the Akt/PKB pathway, as well as the AMPK pathway (Mu et al, 2001; Vitzel et al, 2013) are not
the only pathways that feed into glucose regulatory pathways and by extension, mediators of
muscle synthesis and breakdown. The downstream effects of the activation of the Akt/PKB

pathway combine pro-anabolic and anti-catabolic functions as shown in figure 1.1. mTORC1



represents a central regulator in cellular metabolism and can be activated by amino acids and
contractionindependently of AKT. The former group is represented by the action of mTORC1,
which blocks the action of 4E-BP1, an inhibitor of transcriptional initiation (Musa et al, 2016) as
well as initiating phosphorylation of S6, leading to increased MPS. The latter function is
performed by AKt directly, which prevents the activation of the FOXO1 gene as well as
downstream ubiquitin-ligases MAFbx and MuRF1b (Naehr and Bodine, 2014). Separate from the
mTOR mediated pathways is the B-Catenin pathway, which is required for the growth of muscle
in response to exercise (Armstrong and Esser, 2005). Maintaining muscle mass is energetically
expensive, resulting in 30% of the heat output seen in cattle (Gregg and Milligan, 1982) and
approximately 1/5% of the basal metabolism of mammals (Hawkins, 1991). As a result, glucose
uptake and insulin signalling play a role in maintenance of muscle mass, with insulin exerting
strong anti-catabolic effects on its own (chow et al, 2006), as well as anabolic effects when
present in conjunction with excess essential amino acids (Yoon, 2016). Phosphorylation of P70
by mTOR is necessary for hypertrophic response of muscle to progressive overload exercise.
Hypertrophy is beneficial for the disposal of glucose both because of the greater sinking ability
of greater masses of muscle and because of changes that occur in the mitochondria as part of
the hypertrophic response (Merz and Thurmond, 2020). For this reason, the change in mTOR,
4EBP1 and P70 phosphorylation with EPS (Electric pulse stimulation) is of interest in

understanding potential links to glucose uptake.

This does not mean that catabolic pathways are entirely undesirable, though overexpression of
MAFbx and MuRF1b can lead to self-perpetuating atrophy thanks toassociated downregulation
of mTORc 1 (Folleta et al, 2011). Whilst muscle wasting is almost always associated with an

increase in MAFbx and MuRF1b activity, it is not the case that increases in MAFbx and MuRF1b

is indicative of atrophy (Baehr et al, 2014). A certain increase in (calcium controlled) proteolytic



activity is required for normal growth of muscle in response to exercise. This is thought to be
required for remodelling the muscle so that it can function more efficiently at a cellular level
(Cunha et al, 2012). The activity of ubiquitin ligases E1-3 can be classified as pro-catabolic. On
the anti-anabolic side of muscle regulation there is AMPK pathway. The AMPK pathway exists
to conserve energy in the event of starvation, as determined by the ratio of AMP (adenosine
monophosphate): ATP (Adenosine Triphosphate) within the cell (Shaw 2009). As the level of
AMP increases, AMPK increasingly downregulates the mTORc1 pathway. Inhibition of mTORc1
is achieved by phosphorylation of raptor, preventing complex 1 from forming (Kalendar et al,
2010). Additionally, TSC2 phosphorylation at multiple sites by AMPK inhibits mTOR1 complex
formation and downstream anabolic signalling (Inoki et al, 2003; Sase et al, 2019; Leprivier and
Rotblat, 2020). This has the effect of reducing protein synthesis rate, preventing mitochondrial
biogenesis and increasing autophagy, all of which are hallmarks of deleterious skeletal muscle
remodelling, or atrophy (Kelley et al, 2002; Sivitz and Yorek, 2010). Conversely, mTOR complex
2 is upregulated by activation of AMPK under low energy conditions. The result of this
activation is increased PGC1-a (Peroxisome proliferator-activated receptor-gamma coactivator
1- alpha) activity (Canté and Auwerx, 2013). PGC1-a is known to increase mitochondrial
biogenesis as part of the cell survival promoting effects elicited by mTORC2 (Kazyken et al,

2019; Liang and Ward, 2006).

The key signalling changes that occur in response to muscle contraction that relate to muscle
mass regulation are as follows. During the act of contraction pro-anabolic signalling is
supressed in order to conserve ATP for contractile activity, resulting in suppression of mTOR by
AMPK due to the energy stress of exercise (Deldique et al, 2005). In the post exercise phase,

this is reversed, especially with excess amino acids, with increases in signalling though mTOR



(and subsequently P70 and 4EBP1) (Kumar et al, 2009), EEF2 (Dreyer et al, 2006) and ERK1/2

(Yu et al, 2001; Taylor et al, 2001).

1.0.2 Additional factors: Satellite cells, ROS and cytokine signalling

There are many contributing factors that can influence and feed into the pathways illustrated
above. These factors have been suggested to have importance in muscle hypertrophy,
potentially tipping the balance between MPS and MPB when it comes to the determination of
whole- body muscle mass. Skeletal muscle is composed of postmitotic multinucleated
myofibers and therefore doesn’t undergo any cellular division. Instead, the addition of any new
nuclei (termed myonuclei) arises from a pool of muscle resident stem cells called satellite cells
(SC). Satellite cells spend most of their time in an Inactive “quiescent” state between the basal
lamella and the plasma membrane of the associated myofiber (Hawke and Garry, 2001). When
SC become activated, they undergo cellular division. One daughter cell becomes committed to
the muscle fibre as a new myonuclei and the other undergoes self-renewal to maintain the SC
pool for future use. Muscle SC have been shown to be essential for muscle repair in response
to damage or injury, yet the role of SC in muscle hypertrophy or atrophy still remains a highly
contentious issue. Decreased SC numbers and altered SC activation has shown to be common
amongst conditions such as sarcopenic, unloading and cachexic muscle wasting, suggesting
there is a possible intervention to be made with relation to SC function (McKenna and Fry,
2018). Many of the signal pathways that exist in myofibers also exist in SCs, such as IGF-1,
glucocorticoid receptor, NFkB and TGF- (Biressi and Gopinath, 2015) and they have the same
effects as in their differentiated counterparts. However, whilst an individual myocyte is
essentially replaceable, the death of a satellite cell which has not already produced a

replacement leads to shrinking of the total pool of SCs in the body. The reduction in the SC pool



has been associated with a high degree of type Il fibre atrophy that occurs with ageing (Verdijk
et al, 2013; Day et al, 2010). Additionally, the presence of a SC reserve has been found to be
required in mice for the long-term maintenance and repair of muscle after injury,
immobilisation and exercise (Hinks et al, 2023), without this reserve the ability of muscle to

undergo serial sarcomerogenesis is limited.

Oxidative stress, delivered in the form of ROS has been identified as another factor that
Influences glucose uptake as well as the downstream mechanisms leading to muscle wasting
(Winslow and Hall, 2019). However, there is subtlety in the interaction between reactive oxygen
species and skeletal muscle that means no one blanket statement can always apply to the
relationship between ROS and muscle wasting. A number of studies and reviews conclude that
there were conditions under which ROS production could be associated with positive health
outcomes, both locally and systemically (Thirupathi and Pinho, 2018; Biolo et al,2017; Radak.et
al, 2016). Importantly, it is not the ROS that have a positive effect on overall health, but the
endogenous antioxidant response that they induce. SOD1 (Superoxide dismutase) is one such
antioxidant gene that is activated in response to exercise induced ROS. However, other genes
such as TRX1 (Thioredoxin) (Manabe et al, 2014) are constitutively active in muscle, showing

downregulation in response to immobilization in rats (Kawamoto et al, 2018).

Production of ROS is an unavoidable consequence of oxidative metabolism, which occurs in the
mitochondria, of which there are many in skeletal muscle fibres (Kelley et al, 2002). Muscular
ROS is primarily associated with NADPH in the sarcoplasmic space of sarcomeres. This has been
seen to induce endogenous antioxidant activity, which provide health benefits not replicated by
substitution with orally administered antioxidants Vitamin E and C (Ristow et al, 2009). These
studies also conclude that it is the transient nature of the extra ROS production that limit the

harmful effects when the source is non- exhaustive exercise (Duca et al, 2006). There is



compelling evidence to indicate that mitochondrial ROS is a signhal to induce apoptosis and
proteolysis (Hyatt et al, 2019; Ji and Yeo, 2019; Kumar et al, 2019) through a number of pathways
including FOXO induced ligases (Li et al, 2003), Caspase 8 (Campbell and Quadrilatero,2016)and
likely the Ikk/NF-kB pathway (Israel, 2010). Recent studies have determined that during bedrest,
mitochondrial ROS (H,0,) is not the cause of muscle wasting (Dirks et al, 2020; Marchant et al,

2020).

Defence against ROS produced in skeletal muscle is essential to maintain normal function
throughout life, as shown by studies involving “antioxidant genes” SOD1 (Dobrowolny et al,
2008) and PRDX2 (Peroxiredoxin 2) (Olthoff et al, 2018), in which loss of antioxidant genes
resulted in mice with atrophied muscle phenotype and reduced force generation respectively.
Furthermore, both PRDX2 and TRX1 are implicated in normal response to glucose via the insulin
responsive pathway, most likely protecting against oxidative stress and subsequent apoptosis
signalling (Kim et al, 2018; Venojarvi et al, 2014). Knockout of the SOD1 gene resulted in B-cells
with reduced performance, which in turn resulted in worse glucose tolerance than in wild type

mice (Muscoguiri et al, 2013).

IL-6is a cytokine which increases in muscle by two orders of magnitude during exercise. It Isalso
known to inhibit the AMPK pathway. The action of IL-6, among other, pro-inflammatory
cytokines is thought to have a role in the development of diabetes, though it may simply be
actingin its anti- inflammatory capacity against other cytokines such as TNF-a that are present
in diabetes (Kristiansen and Mandrup-Poulsen, 2005). Increased |L-6 activates STAT3. High STAT3
activity induces FOXO and myostatin activity, as seen in studies centred on atrophy and cancer
related cachexia. At least one of the final executors of this pathway is known to be the ubiquitin
protease degradation system, the same system that is responsible for degrading STAT3, ensuring

effectsare only temporary (Radigan et al, 2019). IL-6 also has animportant function in regulating



glucose release from the liver as well as the proliferation state of hepatocytes (Schmidt-Arras

and Rose-John, 2016)

1.0.3 Distinctions between mechanisms of atrophy

Muscle atrophy occurs when the muscle protein synthesis rate does not equal or exceed the
rate of breakdown. This can occur due to depression in the rate of synthesis or elevation in the

rate of breakdown, though often both scenarios will be true.

Age related muscle loss (sarcopenia) is highly prevalent amongst older populations. The
mechanism behind sarcopenic loss of strength include infiltration of lean mass by fat (Marcus
et al, 2010), changes in mitochondrial energetics and fusion (Kim et al, 2017) and reduction in
the overall rate of protein synthesis in a muscle group dependent manner (Miller et al, 2019).
To an extent these mechanisms appear to be preventable through exercise training (Brightwell
et al, 2019), however, denervation leading to permanent loss of granular motor control is not
responsive to this type of intervention (Park, 2015), which is crucial in differentiating

sarcopenic muscle wasting from disuse atrophy.

This differs from cachexic muscle wasting, which is muscle atrophy that is a secondary outcome
of cancer or other disease, characterised by loss of mass and functional strength even in the
face of nutritional supplementation (Fearon et al, 2011). Cachexic muscle wasting comes with a
decrease in strength that is greater than can be accounted for by reduction in CSA alone and so
it is derived that the “quality” of remaining muscle is reduced (Fanzani et al, 2012). This
condition is difficult to distinguish from immobilization/ disuse atrophy by pathology alone

because cancer patients will likely experience both, but the changes in MPS and MPB are



distinct (Evans, 2010). At least a part of this type of muscle wasting can be explained by
reduced mitochondrial functionality induced by radiation therapy used in many cancer
treatments (Pedrosa et al, 2023). This is distinct from muscle wasting caused by the cancer
itself which are caused by secreted factors which cause deleterious activation of p53 (Ruan et
al, 2023) and FoX03 (Zhang et al, 2023) in muscle and mitochondria. This compounds with
immobilization type atrophy, resulting in poor oxidative capacity. Furthermore, the irradiative
treatment impairs the regenerative and regulative capacity of satellite cells (Amorim et al,
2020). Reduced functionality of SC is known to occur in chronic kidney disease related atrophy

(Zhang et al, 2010).

Immobilization or disuse atrophy is caused by muscle unloading. It is prevalent among short-
and long-term hospitalized cohorts as well as in astronauts. In both cases, mechanical
unloading initiates changes in metabolism leading to adaptations which reduce functional
ability (Brooks and Myburgh, 2014). Presumably the evolutionary basis for this adaptation is to
reduce energy expenditure from tissue that is surplus to the individual’s immediate
requirement. Some propose that in space this adaptation would be self-limiting, bottoming out
when “full” adaptation has been achieved (Stein, 2013). With consideration to skeletal muscle,
there is evidence that this is likely true, however the reversibility of unchecked long-term
adaptation is unknown, other tissues like the eyes and bone may be permanently altered (Lee
et al, 2016; Sibonga, 2013) and it would be ethically difficult to allow adaptation of that
magnitude to occur as it may preclude returning to gravity. This form of atrophy represents a
major obstacle to the future of long-term space exploration, necessitating new

countermeasures to improve muscle retention in space.

Mitochondrial changes, including reduction in the mitochondrial volume, lowered respiratory

capacity and increased ROS production (Hyatt et al, 2019) occur as a result of muscle disuse for



any reason (sedentary lifestyle, immobilization, microgravity). Muscle contractile force is also
compromised, owing to reduction in cellular actin, among other elements (Fitts et al, 2001).
There is some evidence that unloading induced changes may arise from microRNAs that are
expressed by immune cells in response to unloading (Teodori et al, 2018). Additionally, glucose
uptake is compromised during immobilisation (Burns et al, 2021), and this persists for some
time afterwards (Vissing et a/,1988), with 21 days of bedrest in humans requiring at least two
weeks of normal lifestyle to return to near normal insulin sensitivity and blood glucose (Heer et
al, 2014). A possible point of overlap between changes in protein synthesis and glucose uptake
is the actin and myosin structures required for GLUT4 vesicle trafficking and fusion to the
membrane that occurs during insulin and contraction-based glucose uptake (Sartori et al, 2021;
Bose et al, 2001). Because these elements are susceptible to regulation by similar mechanisms,
inactivity could influence both. It has been shown in mice that preventing actin severing by
genetic knockout of gelsolin results in changes associated with metabolic syndrome including

increased adiposity and reduced glucose tolerance (Gertz et al, 2018).

1.1 Regulation of skeletal muscle glucose metabolism

1.1.1 The fate of consumed glucose

Glucose is an essential fuel used primarily by the brain, liver and muscles. In skeletal muscle,
glucose is used as a substrate for the production of ATP to facilitate locomotion and posture
control. For this reason, the ability of skeletal muscle cells to take up glucose from the
surrounding blood vessels is of paramount importance. Dietary glucose is absorbed through
the small intestine by transport through the gut wall by STGL and GLUT 2, with assistance from

a number of cation transporters maintaining membrane potential to modulate glucose



transport rate (Chen et al, 2016). From this point, glucose makes its way from the extracellular

matrix (ECM), through capillary networks to general circulation. Factors such as the time of



consumption, exercise status, meal carbohydrate content and transport
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rate determine the size of the resulting blood glucose excursion (Franc et al, 2010).

Under low energy conditions, such as starvation, or prolonged moderate intensity aerobic
exercise, muscle cell glycogen stores are depleted (Knuiman et al, 2015). In response to this,
glucose transport into skeletal muscle is increased (section 1.2.3). Once inside muscle cells,
glucose can be directly utilized as fuel for ATP generation, or it can be used to (re)synthesise

I"

glycogen stores within the muscle. The “global” glycogen store of a myofiber can be broken
down into three compartments or “pools”. These are the Intramyofibrillar, intermyofibrillar and
subsarcolemmal stores (Gejl et al, 2013). The muscular glycogen store is largely independent of
post-prandial glucose, which is handled by the liver (Adeva-Andany et al, 2016). Unlike in

skeletal muscle, liver glycogen can be released back to the bloodstream for use by other tissues

by the process of glycogenolysis (Jensen et al, 2011).

Glucose that is immediately required as a fuel, either after transport across the membrane or
having been liberated from glycogen stores undergoes glycolysis, which converts it to pyruvate
so that it can be used in the TCA (tricarboxylic acid) cycle. Glycolysis is initiated by the
phosphorylation of glucose by hexokinase IlI. This confines the molecule to the inside of the cell
(Fueger, 2005). The sequential action of phosphoglucose isomerase, followed by
phosphofructokinase results in production of fructose-1,6- bisphosphate. By this point 2
molecules of ATP have been consumed to facilitate phosphorylation and conversion (Melkonian
and Schury, 2019). Fructose-1,6- bisphosphate is cleaved by aldolase into two distinct sugars.
Triosephosphate acts on one of these, converting it to glyceraldehyde-3-phosphate, the same as
the second product of cleavage. Utilizing NAD*, both molecules of glycerldehyde-3-phosphate

are phosphorylated to 1,3-bisphosphoglycerate. Phosphoglycerate kinase converts these 2



molecules of 1,3-bisphosphoglycerate to 2 molecules of 3-phosphoglycerate, producing 2
molecules of ATP in the process. 3-phosphoglycerate is isomerised to 2-phosphyglycertae, which
is then dehydrated by enolase, giving 2 molecules of phosphoenolpyruvate. Pyruvate kinase
strips the phosphate from phosphoenolpyruvate, producing 2 molecules of pyruvate and 2
molecules of ATP, for a total of 4 glycolytically produced ATP. This process is depicted in figure

1.2.

The TCA cycle, which utilizes pyruvate produced by glycolysis requires oxygen to fully convert
pyruvate to CO, by way of Acetyl CoA (Adeva-Andany et al, 2016). In the event that there is
insufficient oxygen supply to regenerate NAD*and FAD, pyruvate will instead be converted to
lactic acid (Berg et al, 2002). The degree to which a muscle fibre can maintain oxidative
metabolism during exercise — by maintaining the Acetyl CoA branch of the pathway- is a key
characteristic differentiating type | and Il fibres (lvy et al, 1980). The purpose of the TCA cycle is
twofold; it produced ATP energy molecules to fuel other activities within the cell, whilst also
generating metabolitesthat can be used by other pathways such as amino acid synthesis. By the
action of a number of isomerases and kinases, Pyruvate is converted to citrate, followed by cis-
aconitrate then isocitrate. This removes two molecules of water per molecule of pyruvate fed
into the cycle. Isocitrate is then oxidised, forming the intermediate product Oxalocuccinate,
which is then decarboxylated, forming a-ketoglutarate. Both oxidative and decarboxylating
functions are performed by isocitrate dehydrogenase. This step is notable for being the
bottleneck in the cycle, as well as an irreversible reaction. Amolecule of CO, NADH*and a single
proton is produced (Al Khallaf, 2017). a-ketoglutarate is converted to succinate by way of
succinyl-CoA, producing another molecule of NADH with a proton, a molecule of ATP and CO,.

From here, Succinate is built back up to oxaloacetate with fumarate and malate as conversion
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steps. This cycle is shown in detail in figure 1.3. Importantly, most of the conversion steps of the

cycle are reversible, allowing a great degree of flexibility in order to provide carbon skeletons

required to maintain the cycle, despite the lack of a central storage organ for amino acids




(Wagenmakers, 1998). This flexibility also allows for siphoning of carbon skeletons for glutamine
synthesis, required for wound healing, immune function and fat metabolism in adults (Watford,
2015). Dysregulation of the TCA cycle and associated amino acid metabolism is associated with
neuropathy in those with diabetes, with type 2 being affected more so than type 1 (Mathew et
al, 2019). Blood concentration of amino acids have been found repeatedly to be a good indicator
onset of diabetes(Welsh et al,2018) and of clinical outcomes(Gar et al, 2018; Oresic et al, 2008),
despite being clinically unsuitable at the moment due to being dependent on an individual’s

transient glycaemic status.

1.2 The importance of Calcium

Calcium is an important regulator of activities within cells, but especially in excitable cells like
skeletal muscle, as outlined above in which the passage of the Ca?* from the sarcoplasmic
reticulum through the ryanodine receptor (RyR) initiates actin-myosin bridge crawling.
However, the cytosolic calcium concentration of the cell also effects the activity of many other
proteases and kinases. Many of these are required for the normal development and
maintenance of skeletal muscle, such as MEF2 and NFAT (Tu et al, 2016). During normal
physical activity, the calcium concentration within the cytoplasm rapidly elevates and then
returns to normal in what is called a calcium transient. The return of calcium to the
sarcoplasmic reticulum is achieved by the SERCA2 ion channel pump. The tight regulation of
cytoplasmic calcium enables rapid transients which allow for the recruitment of muscle to

perform physical activity without modifying the calcium concentration in the long term.

However, there is increasing evidence that shows that lingering changes in calcium handling
elements of skeletal muscle play a role in changes that occur within muscle, both beneficial

adaptations and deleterious pathological changes. For example, after strenuous exercise there



is a low-level leak in calcium caused by reduced FKBP12 — a stabilising unit withing RyR1- which
confers a beneficial resistance to fatigue in muscle. After the adaptation period (approximately
6 weeks in mice) the leak disappears, but fatigue resistance remained, attributedto an increase
in SERCA content (Sedwick, 2019). This is in opposition to other findings which show that in
humans with malignant hyperthermia- a disease characterised by calcium leak due to RyR
mutation resulting in chronically elevated calcium- there is a tendency to develop

hyperglycaemia and diabetes (Nelson et al, 2020).

Clearly, there is a space within our understanding of the regulation of calcium in the normal
function of skeletal muscle that has yet to be fully explored, most likely because when it is
functioning normally it is unnoticeable. Understanding the boundary at which acute and
chronic calcium derived changes occur and if these are dependent on other mechanisms would
be of great interest to the prevention of diabetes on earth and in maintaining the health of

astronauts and other immobile cohorts.

1.3 Disuse and Muscle health

Muscle disuse has major implications for human health, both terrestrially and in a microgravity
environment, however the major difference between environments is in which branch of the
pathology is more dangerous. Terrestrially, muscle disuse is at its most severe in long term or
permanently bed bound/ immobilized individuals, however the requirement to support the
body against gravity is still present, even if it is to a reduced extent. This means that on earth
the main threat posed to health by disuse is at the population level in the form of the
development of insulin resistance and subsequently type 2 diabetes (Taylor, 2012) except

possibly in those with advanced sarcopenia. The disease progression not only reduces quality



of life for the individual, but places massive strain on publicly funded health systems. This is in
contrast to the microgravity or “outer space” environment in which the physical loss of
capability is most dangerous, rather than the risk of diabetes. This is because unlike on Earth,
there are no large scale social safety nets to provide assistance to people with reduced physical
ability, meaning that it is critical that astronauts must always be capable of strenuous activities
such as setting up shelters and Extra vehicular activity (EVA) in which each action requires
overcoming the resistance of a space suit that is kept stiff by breathable air that fills the suit
(Rai et al, 2012). A manned Mars mission has the requirement to function at full capacity after
what amounts to up to 34 months of muscle disuse, with no prospect of assistance or removal
from the situation, meaning current understanding of disuse atrophy is likely insufficient to
design an effective, sustainable countermeasure. To determine the requirements of the
countermeasure we must first understand the effects of disuse on both contractile and

metabolic ability of muscle.

1.3.1 Disuse Models and Muscle size and function

Human models of spaceflight rely on either voluntary bedrest, dry immersion, or
immobilization to reproduce the unloading conditions experienced in orbit (Jost, 2008). Of
these three methods, head down bedrest and dry immersion most accurately reproduces
whole-body effects, such as fluid redistribution towards the head (Trappe et al, 2006;
Tomilovskaya et al, 2019). Both the Torq and strength of the knee are known to decrease by
approximately 5% per week of bed rest (English and Paddon-Jones, 2010). This is accompanied
by a reduction in muscle volume of around 10% in both the gastrocnemius and soleus (Akima
et al, 1997). Increases in muscle protein breakdown related factors like MuRF1 and Atrogin 1
are only seen briefly and in the early phase of bedrest, leading to the conclusion that reduction

in synthesis is the most important factor in determining muscle mass and function loss during



disuse (Brocca et al, 2012). Additionally, bedrest disuse results in elevated insulin, which is
thought to maintain mTOR activity at normal levels despite the reduction in synthesis of
contractile elements. The drawback of this method is that it is time and resource intensive,
requiring supervision and extensive support for participants as maintaining a reclined posture
for extended periods is mentally and physically taxing (Berg et al, 1991). Immobilization is
cheaper and less taxing for the participants but does not reproduce whole-body effects. Animal
models also exist in the form of the hindlimb suspension model, which uses rats. In this model,
microgravity conditions are simulated only in the rear half of the rat, which is suspended by the
tail via attachment to a ceiling mounted armature that permits the rat to move freely using its
forelimbs (Chowdhury et al, 2013). Both human and animal models succeed in reproducing the
muscle atrophy and bone density loss observed during spaceflight. The “diabetogenic” aspect
of spaceflight is also reproduced using in vivo models (Tobin et al, 2002; Dirks et al, 2016; Kwon

et al,2016).

1.3.2 Disuse Models and Muscle Glucose Uptake

As well as reducing the mass and strength of muscle, disuse also reduces the quality of the
muscle as well. In bed rest studies it has been seen that metabolic inflexibility, the inability to
change substrate oxidation between glucose and lipids (and the reverse) sets in after only a few
days, though this appears to be partly dependant on energy balance (Rudwill et al, 2018).
Inactivity is associated with reduction in ability to store glycogen, oxidise glucose (Mikines et al,
1991) and recruit GLUT4 and HKII (Biensg et al, 2012). Though the formation of insulin
resistance and metabolic inflexibility during bedrest was initially thought to be caused by
abnormal deposition of intramyocellular lipids (IMCL), it now seems that this is not the case
and that pyruvate dehydrogenase 4 is a key player alongside alteration in normal calcium

handling, namely excessive prolonged leak from the sarcoplasmic reticulum into the



cytoplasmic space (Shur et al, 2022). There is still some disagreement as to the extent to which
the muscle fibre type shift from type | to type Il is the cause of reduced oxidative capacity or a

symptom of that reduced capacity (Plotkin et al, 2021).

Importantly, the reduction in metabolic (insulin stimulated) ability as well as the
aforementioned contractile ability do not occur in isolation. Both of these changes are subject
to regulation by the calcium concentration within the cytoplasm. Additionally, physical activity
reinforces the function of both contractile elements by signalling for remodelling as well as the
metabolic elements by upregulation of oxidative elements such as PGC-1a and PPARy which
are beneficial in both the glucose uptake and lipid oxidation metabolic pathways. Furthermore,
because of the overlapping nature of the contractile and insulin stimulated pathways around
the cytoskeletal structures that are responsible for the alighment and fusion of GLUT4 bearing
vesicles with the plasma membrane, remodelling that facilitates increased efficiency in either

of these pathways should have a beneficial effect on the other.

1.4 Exercise for the prevention of deconditioning

1.4.1 Exercise for maintenance of muscle mass and strength

Current exercise interventions have achieved much, but the drawback is that a number of
hours each day must still be assigned to maintenance of muscle mass rather than performing
other duties. Initial exercise regimes were able to reduce muscle mass loss by approximately
50%, whilst newer methods have reduced the number of muscle groups that atrophy as well as
minimised loss of muscle volume to at most a loss of 9.7% in 17-week bedrest studies
(Shackelford et al, 2004). A number of papers discuss the overlap in conditioning caused by
both resistance training and endurance training, with the aim of reducing training regimes to

just resistance training (Steele et al, 2019), on the basis that it would conserve the limited



resources aboard the ISS -oxygen and electricity- whilst still maintaining astronaut fitness. This
is an emerging concept in multiple exercise-treatment fields, including cancer survivor care
(Sheehan et al, 2019) and cardiovascular disease treatment (Mcleod et al, 2019). The theory
behind resistance exercise therapy in diabetes patients is that by maintaining muscle mass,
whilst decreasing fat mass, the ability to dispose of glucose relative to body mass should
increase, unlike unmanaged weight loss, in which both muscle and fat is lost (Kehsel and Coker,

2015).

1.4.2 Exercise for maintenance of glucose uptake

Skeletal muscle glucose uptake during exercise is an area of ongoing work, that has shown
greater depth than perhaps expected. Chief among these is the fact that not all muscle
contractions are equal. This may be partially linked to the unique characteristics shown by the
different types of muscle fibre expressed in humans (Gaster et al, 2000). GLUT4 is the primary
transporter recruited in response to aerobic exercise or endurance training (ET). Recruitment of

GLUT 4 in response to ET is a well-established outcome (Tjgnna et al, 2008; Shahgolian et al,

2015). The pathway for recruitment responds to calcium release, NO and AMPK activation
(Richter and Hargreaves, 2013), with the end result being that GLUT4 storage vesicles (GSVs)
translocate to and fuse with the t-tubule and sarcolemma membranes (Lauritzen, 2013) (Figure
1.4). However, Evans et al (2019) contests that the same is not true of resistance training (RT),
which favour and rely on type 2 fibres more so than type 1. They present a number of papersin
which it was demonstrated that transport increased, but the presence of GLUT4 at the
membrane did not. This does not preclude GLUT4 from playing a role in RT induced glucose

uptake, as it is uncertain if the activity of basal GLUT4 transporters can increase or not



(Antonescu et al, 2005). The benefit of exercise dependent GLUT4 recruitment is that it is not
impaired by insulin resistance, so an increase above the basal rate of glucose transport
achieved by what might be called constitutive GLUT1 and GLUT4 is possible even in highly

insulin resistant individuals (Goodyear et al, 1998).

Beyond the action of transporters, contraction induces changes in the secretion of myokines,
which act to enhance mitochondrial biogenesis- and therefore oxidative capacity- as well as
enhancing other tissues ability to respond to insulin (Lee and Jun, 2019). One of the long-term
benefits of exercise training is the vascular remodelling that occurs to facilitate capillary
formation. This adaptation improves glucose supply to muscle and takes longer than other
factors to become reversed by muscle disuse (Laughlin and Roseguini, 2009). Additional
pathways that allow for glucose uptake in response to exercise have been identified i.e.
pathways that are not reliant on the PI3K/Akt or insulin pathway. The inclusion of the AMPK
pathway -identified earlier (section 1.1.1) as being anti- anabolic- may seem counterintuitive,
but it has been identified alongside ROS mediated pathways (Chambers et al, 2009) as
stimulating GLUT4 recruitment during exercise. This can be rationalised as part of its energy
regulating function, in which increasing fuel intake and fuel efficiency is attempted alongside

minimising fuel use (figurel.4.)
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Figure 1.4: The theorized anti-anabolic and pro-biogenesis branches of the AMPK pathway
derived from mice with daily pharmacological AMPK activation. With controlled nutrition, the
mice showed phenotype similar to that of endurance trained individuals. Diagram adapted from

Richter and Ruderman, 2010.

One potential danger on over reliance on the ability of exercise to stimulate glucose uptake is
that damage to muscle by or during eccentric contraction can prevent the uptake of glucose
(Andersen et al, 2018). Under damaged conditions, glucose uptake though the insulin sensitive
pathway is impaired. Though this arm is already impaired in disuse, in an environment such as
space where the individual cannot leave the IR inducing environment, damage to muscle could

pose a more serious risk than on earth.

1.4.3 Potential problems with exercise as a disuse intervention

The main difficulty with researching the efficacy of exercise as a disuse countermeasure is the

difficulty in accessing true microgravity. In the absence of true microgravity, there are



acceptable substitutes for human volunteer studies such as bedrest and dry immersion, but
these are still resource intensive and so the number of institutes that can realistically expect to
run a study like this are limited. Another issue with exercise as a disuse atrophy treatment is
the variable response between individuals to exercise. A combination of the perceived difficulty
of the exercise, feeding state, age and genetics of the participants can significantly alter the
response to the exercise (Meyler et al, 2021). Additionally, it can be challenging to recruit

participants for disuse atrophy studies due to the toll that immobilization takes on the body.

Exercise as a countermeasure to microgravity has seen some success, however it is difficult to
optimise exercise parameters in real microgravity as the astronauts are there to perform other
experiments and so elements such as hours spent sleeping, calorie intake and environmental
stressors cannot be fully controlled, making it difficult to disentangle the effects of an

intervention from other sources of variability.

1.5 Pharmaceuticals for the prevention of deconditioning

1.5.1 Pharmaceuticals for the maintenance of muscle mass

Pharmaceutical intervention to treat muscle wasting in space and on Earth is an attractive
prospect for several reasons. As a matter of convenience, hours not spent maintaining body
mass can be invested in other areas, be it work or health related. Secondly, pharmaceutical
intervention, unlike exercise does not have the same required level of physical ableness that
might not be present in someone facing muscle wasting, due to either immobilizing injury or
other conditions (severe space adaptation syndrome or cancer cachexia). Due to altered
pharmacokinetic and pharmacodynamic properties of drugs in reduced gravity (Eyal and

Derendorf et al, 2019), the use of drugs in space should not be taken lightly, as unexpected



changes in potency and metabolism could form a potentially lethal combination in microgravity
environments, which are isolated from external assistance. This is not to say that astronauts
make little use of drugs whilst in space, in fact they are often used, especially during the initial
adaptation period in which individuals will have trouble with blocked sinuses due to fluid re-
distribution, sleeping and back pain (Kast et al, 2017). Of 24 astronauts included in a
pharmaceutical use study (Wotring, 2015) 17 reported use of medication to assist sleeping and

over half the population used analgesics for headaches.

In terms of pharmaceutical intervention for prevention of muscle mass loss on Earth there has
been a lot of research, but few sustainable drug therapies. On Earth the main types of muscle
loss that lead to clinical intervention are sarcopenia- age related-and cachexia- disease related.
In the case of Sarcopenia, individuals lose muscle mass and fine motor control as a result of
denervation, which causes denervated muscle fibres to die (Rowan et al, 2012). In the event
that the fibres are reinnervated by axonal sprouting, the fibres will survive, but will be “slaved”
to fire when the rescuing axon fires, even if this was not the case previously. In this way, fine
motor control is lost with age, in a manner that does not occur in disuse atrophy, and it is
thought microgravity atrophy (Brooks and Myburgh, 2012). In cachexia, the muscle mass loss
arises from Inflammation and oxidative stress, derived from and driving mitochondrial
dysfunction (Rosa-Caldwell et al, 2019). Additionally, many chemotherapeutic drugs are known
to contribute to muscle loss and weakness, in both the heart and skeletal muscle (Tarpey et al,

2019; Pedrosa et al, 2023).

Of the two pathological models, aging and cachexia, cachexia is the closer to disuse atrophy,
sharing the inflammation>R0OS>apoptosis pathway (Chopard, 2009). Although sedentary
lifestyle does lead to muscle loss on Earth, it is not typically treated by pharmaceutical

intervention, but by exercise. However, the bedrest model of microgravity has been used to



assess the potential changes in pharmacodynamic and pharmacokinetic properties of drugs,
but with limited ability to reproduce effects observed in actual microgravity, possibly due to the
effects of microgravity and possibly due to the relatively low sample size of purely
pharmacology related human studies (Gandia et al, 2005). Drugs used to treat muscle loss on
Earth typically focus on the muscle of the heart as its weakening is most easily associated with
death, understandably so. However, skeletal muscle treatments are somewhat less common.
Overall, the strategy is to upregulate anabolic pathways as much as is sustainable, whilst
dampening catabolic signalling. Sustainability is a major issue when considering tolerability and
systemic effects. Stimulation of skeletal muscle 2 adrenergic receptors can produce beneficial
effects in that tissue, but the heart also expresses these same receptors, leading to the
possibility of arrythmia (Ryall and Lynch, 2008). One drug which has seen success in rodent
models is allopurinol. Allopurinol is a Xanthine oxidase inhibitor, which resultsin a decrease,
but not elimination of ROS production in skeletal muscle (Matuszczak et al, 2004). By removing
additional ROS production seen in inactivity atrophy, the mitochondrial/ ROS apoptosis
pathway and ROS mediated ubiquitination pathway can be avoided, resulting in improvement
in muscle mass loss. Unfortunately, this does not treat the reduced muscle protein synthesis
that occurs in disuse atrophy, only the increase in breakdown (Ferrando et al, 2017). However,
signal pathways tend not to fit neatly into “good” or “bad”. It is more accurate to consider the
function of the pathway and the effect that a stable feedback loop involving multiple pathways
might have. This requires a greater level of understanding of the timing and location of key
mediators and executors within the pathways, and rapidly exposes gaps in our current
understanding of how “canonical” pathways interact over time and with changing conditions
(Winslow and Hall, 2019). Treatment of muscle wasting focused on the mitochondrial

overproduction of ROS by mitoquinones has not shown beneficial effects (Morley, 2016),



possibly due to the total abolition of ROS signalling, which reduces antioxidant gene

upregulation, without which, insulin response suffers.

The Rodent Research-6 mission conducted by NASA and space X -though not yet published-
aims to use slow-release implants in mice to trial the asthma drug Formoterol as a potential
counteragent to muscle atrophy in microgravity (NASA, 2018). Formoterol, like many asthma
drugs, is a B2 receptor agonist that causes bronchodilation when taken at relatively low doses.
For some time the potential for B2 adrenoreceptor agonists to act as beneficial modulators of
skeletal muscle activity has been in doubt, but a recent study focusing on multiple different
agonist drugs demonstrated that downregulation of degradation pathways occurred with
Clenbuterol, but not other agonists, suggesting a biased ligand model response occurring
during signal transduction (Wannenes et al, 2012). Formoterol has been identified to slow the
progression of disuse atrophy in both rat models (Gomez-SanMiguel, et al 2016) and humans
with spinal injury (Scholpa et al, 2019), making a good case for further investigation into

adrenergic receptors as druggable targets.

1.5.2 Pharmaceuticals for the maintenance of glucose uptake

Another class of drug under consideration for treatment of insulin resistance is AMPK
activators. Whilst it is true that there is strong evidence that AMPK activators improve glucose
uptake in muscle (Coughland et al, 2014), it is also known that the role AMPK plays
physiologically during starvation is both anti-anabolic and pro-catabolic for the alpha-1 and
alpha-2 isoform respectively (Thomson, 2018). This combination of effects may make it an
unsuitable candidate for upregulation to improve insulin response among astronauts

specifically.



However, anti-diabetic agents are a popular field of study and as such there are many drugs
and drug candidates that could prove suitable for the maintenance of glucose uptake in space.
Whilst metformin is also an AMPK agonist, it is known to work through several pathways, not
all of which have been identified (Sanches-Rangel and Inzucchi, 2017). It has been shown in
rats that metformin is able to mitigate the fibre type switch that muscle undergoes as part of
disuse atrophy and that this may be useful in microgravity (Mirzoev et al, 2023). In their review,
JAXA, the Japanese space agency, identified AICAR as a potential therapeutic drug to counter
the negative metabolic effects of microgravity on skeletal muscle, when administered alongside
other PPARYy activators (Furukawa et al, 2021). AICAR activates AMPK by mimicking the activity
of AMP, resulting in signalling activity similar to that seen during depletion of ATP (Visnji¢ et al,
2021). Studies involving AICAR application to C2C12 cells have shown that AICAR can increase
mitochondrial biogenesis (Hinkle et al, 2022) but also inhibition of hypertrophy (Egawa et al,

2014).

1.5.3 Potential problems with pharmaceutical interventions

The main impediment to the establishment of successful pharmaceutical treatments for
muscle atrophy is a lack of understanding of the signalling loops involved in maintaining the
atrophic state despite changing conditions. Whilst the importance of decreased protein
synthesis is agreed upon, the impact of potential increase of protein degradation remains
disputed (Bodine, 2013). This makes selection of a druggable target difficult as it has been
repeatedly shown that blanked downregulation of “catabolic” proteases or ROS do not yield

the expected improvement in muscle mass or function (Bell et al, 2016). Upregulation of



anabolic targets such as mTOR and ERK1/2 could also prove problematic, as there is a reason
that these mediators are under tight control by default and that is their ability to cause cancer
if overstimulated. These problems may well be connected to the transient nature of the
signalling changes that occur within muscle, which allows muscle to adapt rapidly to the

environment and gives it it’s plastic nature (Bruton, 2002).

Another problem with a pharmaceutical solution to muscle atrophy is the potential for side
effects or reactions between drugs taken on a regular basis for muscle maintenance and drugs
that may be taken only sporadically to deal with other issues. Protection of bone and muscle
from inactivity by treatments which reduce myostatin are currently showing promising results
(Lee et al, 2020), however there have been many attempts to protect muscle by manipulation
of myostatin and it has been a recurring problem that there are serious off target effects,

mainly in soft tissue such as bleeding and erythema (Suh and Lee, 2020).

1.6 Investigation of possible countermeasures to
deconditioning in cell culture models

1.6.1 Media conditions

The most common practice is to grow C2C12 cells in a high glucose DMEM amended with L-
glutamine, a penicillin-streptomycin mixture and 10% Foetal Bovine Serum (FBS). This media is
optimized for rapid proliferation of myoblasts, a large number of which are required in order to
fuse into myotubes. Fusion is achieved by switching to a differentiation media that switches
10% FBS for 2% Horse serum. The reduction in serum concentration stimulates the myoblasts
to differentiate. Though it would be ideal to differentiate myoblasts on a patterned or pliable

hydrogel substrate, these are not yet at the point of common commercial availability.



Whilst it is possible to grow C2C12 myotubes on low glucose media, doing so would eliminate
one of the main benefits of the model which is the rapid speed at which proliferation occurs
(Elkalaf et al, 2013). Reducing the growth speed reduces the ease with which stocks can be
built up and also reduces the flexibility in experiment planning that fast growing cells have due
to their abundance. Additionally, by saturating glucose transporters- specifically constitutively
active GLUT1- from growth, through differentiation to experiment the closest thing to a
nutritional and environmental steady state can be obtained, minimising variability in uptake

that might be introduced by having limited availability of glucose (Chadt and Al-Hasani, 2020).

1.6.2 Tracer use

In human volunteers a glucose clamp is the gold standard for determining the uptake of
glucose in response to insulin. In cell culture applications, glucose tracers are used to
determine the uptake of glucose into the cell. A suitable tracer should have the same uptake
kinetics as glucose whilst also being in some way distinguishable or detectable from
“endogenous” glucose. Traditionally this has been achieved though radiolabelled glucose,
usually C14 at the 1% or 6% carbon atom. However, substitutions at the 1%t carbon are subject to
metabolism by the pentose cycle and so do not match values provided by 6t carbon
substitutions (Katz and Wood, 1960). To get around this issue, non-metabolizable radioactive
tracers such as Fludeoxyglucose can be used, which are detectable by the radiation they emit
(Ashraf and Goyal, 2023). Using these tracers in a cell culture model significantly simplifies the
resulting analysis as there are fewer compartments in which the tracer might become
sequestered, confounding the results. Similarly, a non-metabolizable tracer is not subject to
escape from the compartment of interest as “waste” metabolites in the same way as

metabolizable tracers, which is a larger problem in the tracing of amino acids.



It is desirable to minimise the requirements for radioactive compounds that researchers are
exposed to and so a stable (non-radioactive) isotope can be used and rather than detection by
scintillation counter, the sample is fractionated on a mass spectrometer and the heavy stable
isotope is detected in the fragmentation products. When the background concentration of this
isotope is accounted for, the uptake of glucose can be determined using the content of the
isotope contained within the sample (Kim et al, 2016). Until recently, 2-deoxy-D-glucose (2-DG)
has not been used as a glucose tracer in whole animals, due to its propensity to inhibit
glycolysis at high concentrations. Despite this, it is a good candidate for use as a short-term
glucose tracer as it follows the same uptake kinetics as endogenous glucose, its non-
metabolizable, has no pathway out of the cell and can be discriminated from glucose on mass
spectrometer. By working with a small amount of muscle in a cell culture setting it should be
possible to use a dose of 2-DG that is low enough that it does not inhibit glycolysis, but high

enough to be detectable, unlike in whole animals (Ralser et al, 2008).

1.6.3 Electric Pulse stimulation

Electric pulse stimulation (EPS) has been used for at least 134 years as method to study
contraction in excitable tissue such as skeletal muscle ex vivo and in vivo (Sewall et al, 1888).
The electrical stimulation of cultured myotubes is considerably more recent, with the first
culture of chick muscle in 1946 by White (White, 1949), who demonstrated that chick cardiac
muscle could be cultured and sustained on media with a defined composition. This differed
from the normal practice at the time, which was to use high serum solutions, leading to
cultures almost entirely consisting of fibroblasts. The culture of skeletal muscle enabled
experimentation with myotubes independently of donor animals, but to our knowledge, the

first instance of cultured muscle cells being stimulated by external electrical input was not until



1971, though non-electrical methods of stimulation, such as addition of acetylcholine, bathing
in potassium containing solution, as well as electrical stimulation had already been developed
at this point for use in isolated muscle tissue (Fischback et al, 1971; Rudeanu and Botez, 1950).
These methods exploit the characteristics of excitable tissues in order to cause depolarization,
leading eventually to contraction.

EPS in cell cultures is carried out by passing a current, termed a pulse train, throughthe cells, via
the media which induces an action potential in the excitable cells (Kaji et al, 2010; Fish et al,
2009). Contraction modality (twitch vs tetanic) can be controlled by modulation of the pulse
train’s frequency and duration to achieve the desired contraction rate. Commercial equipment
for the purpose of electrical stimulation is available, however this is not always the case, and
many laboratories use self-built equipment, which can accommodate conditions not covered by
pre-made equipment (Nikolic and Aas, 2018). Equipment choice is an important consideration.
Different materials can be used for the electrodes which will be placed into the culture media,
transferring current to the cells. Carbon is often used in cell culture settings, where long term
stability is not required. Other materials such as platinum, gold, titanium or agar-salt bridges
have been used, with varying levels of success (Meng et al, 2022; Brevet et al, 1976). The
instability of carbon electrodes does not come from the degradation of the electrode itself, but
rather accumulation of cell waste materials in the porous structure of the graphite electrode
(Ahadian et al, 2012) necessitating frequent cleaning. Despite being relatively inert, platinum
electrodes are subject to degradationand the products from this corrosion has been shown to

exert cytotoxic effects on cells in vitro (Wissel et al, 2018).

Typically EPS involves muscle cells cultured on a cell culture treated plastic plate, paced for the

desired duration in order to induce contraction. The duration of EPS depends highly on the



experiment being performed, but also on the cell type. For example, human primary cells in
culture have relatively poor contractility under standard cell culture conditions. The two main
rodent muscle lines used are L6 (rat) and C2C12 (mouse) cells and they differ significantly in their
expression of metabolic and contractile genes, as discussed by Abdelmoez et al (2020) who
highlight the greater contractile ability of C2C12 cells, whilst L6 cells offer a greater metabolic
response to EPS. Increasing the voltage of the pulse train is one way to improve the rate of
recruitment of cells to contraction (Tamura et al, 2020). However, doing so will increase the heat
generated in the media. Furthermore, not all cell types will contract immediately upon the
passing of current. A pre-stimulatory period is often required in order to induce the formation
of fully functional sarcomeres in newly differentiated C2C12 myotubes for example (Fujita etal,
2007). Similarly, it is accepted that cultures of human myotubes will not spontaneously contract
in isolation (Guo etal, 2013). Sarcomeres formed in this way are dependent on the continuous
input of current for their maintenance and will quickly disassemble if electrical input is
withdrawn (Fujita et al, 2010). Alternatives to electrical induction of sarcomere formation and
contractioninclude light -based activation of contraction (Sakar et al, 2012; Sebille et al, 2017).
Though increasingly popular, this requires transfection of cells as well as a longer differentiation
time before contraction can occur- 10 days as opposed to 5. Though it is a vital part of the EPS
procedure, it is also a confounding factor which needs to be accounted for when examining

particular or early timepoints.

Factors that must be considered in the design of an EPS experiment is that during the
contraction protocol, cells will be secreting waste metabolites as well as signal molecules into
the media (Sciancalepore et al, 2022; Nedachi et al, 2008). If a chronic EPS protocol is being

applied, then the culture media will need to be changed during the experiment in order to



replenish the nutrients in the media. Both of these introduce variability, especially if
continuous stimulation is a requirement. The removal of the pulse train removes many of the
downstream signals which induce muscle cells to mature in their differentiated form (Fujita et
al, 2010). As such, a “standard” EPS setup is limited in the duration or type of contraction
experiments it can perform. The time of harvesting of the media and cells depends on the
endpoint being measured and its expected response time to the applied stimulus. For example,
many signalling responses can be seen during and immediately after contraction ends, whilst

changes in protein can occur over a period of hours post contraction (Tarum et al, 2017).

1.6.4 Potential limitations

Human and animal muscle cell lines are also available for study of skeletal muscle in vitro. They
have many advantages such as lower cost, fewer ethical concerns and greater specificity for
effects intrinsic to the cell type being studied, rather than systemic effects. The drawback
associated with these models is the inconsistency of culture conditions between groups, the

lack of systemic effects as well as some artefacts unique to tissue culture.

These artefacts typically arise from differences that exist between real microgravity and
simulated microgravity. In real microgravity there is close to zero spontaneous convection
(separation by density) and no shear stress imparted to cells by the surrounding media. Both of
these are induced in simulated models of microgravity, since rotation causes cell media to
move around the central point of rotation (Wuest et al, 2015; Leguy et al, 2017). In effect,
RPMs (Random Positioning Machines), clinostats and RWVs (Rotating wall Vessels) only change

the orientation of cells so that they cannot biologically perceive or respond to gravity over



time. In a physical and instantaneous sense, gravity still applies to the cells (Herranz et al,
2013). Additionally, it is not possible to perform microscopy or EPS on cells that are in an active
RPM. Magnetic levitation can also be used to simulate microgravity on cells and small animals
such as frogs (Berry and Geim, 1997). Whilst this does reproduce many of the changes seen in
cells exposed to real microgravity, there are concerns that it is the strong magnetic field and
not the levitation that induce the changes, leading many to question the representativeness of
results obtained by this method (Moes et al, 2011). Ultimately it is necessary to verify the
findings of simulated microgravity studies in real microgravity where possible, regardless of the
simulation method. In vitro studies using C2C12, P19, L6E9 cell lines among others, have
provided insight into the relationships between microgravity, metabolic disruption and
exercise, paving the way for more effective countermeasures both on earth and in space

(Nickolic et al, 2012).

In the C2C12 cell line used in this project the major limitations are threefold. Firstly, C2C12 cells
require pre-stimulation by EPS in order to form sarcomeres able to contract in a manner that
represents in vitro contraction patterns (Nedachi et al, 2008). This introduces the possibility
that EPS stimulated sarcomeres are in some way different from normal sarcomeres which
contract in response to neuromuscular junction derived excitation. That said, C2C12 have seen
successful use as a model of human exercise and insulin response. (Nikolic et al, 2012; Carter

and Solomon, 2018; Wang et al, 2016; Fraser et al, 1993).

Another potential issue is the physiological difference between mice and humans. Unlike
rodents, humans do not express the type 2 b fast muscle fibres, instead expressing an
intermediate fast fibre referred to as type 2x/d. In culture, c2c12 cells are capable of forming
mixed fibres as in vivo bundles do. Because fibre type is closely aligned with oxidative

metabolism, the culture conditions can greatly affect the fibre type being experimented upon,



which should be taken into consideration when planning experiments (Hanke et al, 2011,

Khodabukus and Baar, 2014).

The third problem of a cell model of microgravity is that under cell culture conditions the cells
are expressing a phenotype that is in many ways like foetal tissue (Tesseraux, 1987). An
example of this in the C2C12 line is the expression of the gamma subunit of the nicotinic
Acetylcholine receptor, rather than the epsilon subunit (Cetin et al, 2019). It is understood that
there are differences between adult and foetal muscle in response to fatigue, but other
differences may introduce inaccuracies when extrapolating results to adult human muscle
function (Racca et al, 2013). This is a limitation of many cell models, but it could also be a
useful indicator for culture or treatment conditions that shift the overall phenotype towards an

adult expression mode.

Finally, although ground-based simulation of microgravity is valuable because it improves
accessibility to a microgravity environment, it is not a full reproduction. This could cause issues
with formulation of drug countermeasures to microgravity disuse wasting, due to changes in
how cells interact with drugs (Kohn and Hauslage, 2019) and isoform stability in microgravity,
owing to changes in storage conditions, mainly lack of gravity and heightened radiation

exposure (Mehta and Bhayani, 2017).

1.7 Aims and hypothesis

Exercise is a known countermeasure to disuse induced atrophy and related reduction in

glucose uptake. The aim of this thesis is to establish a viable C2C12 model of disuse atrophy in



order to further the study of interventions for the treatment of disuse related reduction in
glucose uptake and muscle mass. To do so, there were several questions that needed to be

answered.

Chapter 2

In order to reliably track changes in glucose we needed to know if there was a dose of 2-DG
that could be applied for 24 hours in both the presence and absence of EPS that would be
detectable on mass spectrometer, but not so high as to inhibit glycolysis. We hypothesized,
based on linear uptake achieved by bathing excised muscle in 2-DG containing media (Hansen
et al,1991), that 200uM 2DG would be a high enough dose to be detectible on mass
spectrometer, yet low enough that glycolysis would not be disturbed, as measured by the
export of lactate to the media. Additionally, we aimed to prove that in our hands, C2C12 cells
would respond to EPS in a manner that was consistent with the wider literature. We
hypothesised that as well as an increase media lactate in response to EPS, there would be
changes in mTOR, 4EBP1 and P70 phosphorylation indicative of either exercise induced
suppression of protein synthesis or increased synthesis, given the low resistance of the exercise

being emulated by the chosen pulse train of 11.5V, 2ms pulse duration at 1Hz.

Chapter 3

One of the major challenges associated with the treatment of disuse atrophy and associated
insulin resistance is prescribing “enough” exercise. Having established that C2C12 cells would
respond to EPS in a manner consistent with the wider literature and that we could track
glucose uptake with 2-DG without disrupting glycolysis, we aimed to determine the point
between continuous and no EPS at which there were diminishing returns on glucose uptake or

protein synthesis measurements. We hypothesized that, as linear uptake had been established



over 24 hours of continuous EPS, the glucose uptake response would be directly proportional
to the time spent contracting. We expected that changes in pro-synthesis signalling may reach

maximum intensity or saturation after only a few hours of EPS.

Chapter 4

Two of the major pathological hallmarks of disuse atrophy at the cellular level are elevated
cytoplasmic calcium and reduced physical activity. In order to recreate the downstream
phenotype generated by chronic exposure to these conditions we aimed to impose them
through the addition of CPA and Blebbistatin. CPA is a SERCA pump inhibitor. By inhibiting the
re-uptake of calcium to the sarcoplasmic reticulum we intended to raise the cytoplasmic
concentration of calcium. Blebbistatin is an inhibitor of myosin || ATPase, which binds to the
ATPase and locks it in the tension free state, preventing actin-myosin bridge crawling. We
hypothesize that with the application of both of these drugs, conditions would be created that
would lead to reduction of glucose uptake and changes in signalling that favoured breakdown

of contractile elements rather than synthesis.

Chapter 5

Having established a model in which elevated calcium and lack of contraction prevented
glucose uptake and protein synthesis signalling changes in response to EPS, we aimed to test
the reversibility of the simulation of disuse imposed through CPA and Blebbistatin. We aimed
to reverse this by application of drugs that would specifically act in a manner counter to CPA
and Blebbistatin. AICAR, an AMPK stimulator would act downstream of the -now permanently
inhibited- contractile pathway, whilst dantrolene would prevent a CPA induced rise in
cytoplasmic calcium by stabilising the RyR in the closed conformation. We hypothesized that

this would only partially restore glucose uptake.



Chapter 2: Validation of the measurement of 2-Deoxyglucose
uptake in C2C12 with EPS



2.0 Introduction

Inactivity is linked to the development of insulin resistance (Shur et al, 2021). A reduction in
response to insulin throughout the body can have many effects, but in muscle the primary
effects are a reduction of growth hormone signalling through the IRS1- mTOR- P70 as a result
of overactivation of mTORC1 and reduction in mTORC2 (Ong et al, 2016). This results in
reduced muscle mass and strength through removal of insulin associated inhibition of
proteolytic pathways (Wang et al, 2006) as well as reduced glucose uptake (Merz and

Thurmond, 2020). The problem of insulin resistance derived from disuse is one of growing
severity, as more of the population take up jobs that involve sedentary habits (Khan et al,
2020). As well as reducing response to insulin, muscle disuse itself removes many of the
signals that act to maintain muscle mass and the recruitment of GLUT4, therefore astronauts- a
cohort that would otherwise be physically fit- are also at risk from the effects of muscle disuse
on strength and glucose uptake. In astronauts, the symptoms of muscle disuse could lead to
physical weakness that could result in personal danger and the potential failure to complete

mission objectives on mars or the moon.

2.0.1 Investigating muscle function and metabolism in vitro

A skeletal muscle model of disuse intended for use in measuring the effect of
pharmacological and exercise intervention would be useful. Though the results of
rodent cell line studies cannot be extrapolated 1:1 to human beings, they are a useful
and accessible platform to test initial assumptions. The C2C12 cell line has previously
been used as a platform to measure exercise response (Nedachi et al, 2008). Given that
this cell line can change its glucose uptake in response to physical activity and to a

lesser extent insulin, as well as undergo hypertrophy (Tsukamoto et al, 2019) it has the



necessary functionality required in theory to act as a model for disuse. To do this, it
had to be shown that in our hands the cells respond normally, as without a normal
initial response to EPS, it would be difficult to prove that inactivity had been achieved.
In order to induce the formation of functional sarcomeres, C2C12 cells must be pre-
stimulated with EPS, so that when experimental EPS is applied the cells will be capable
of contraction from the outset (Fujita et al, 2007). In order to minimise the risk of
overshadowing changes induced by the experimental EPS with changes caused by pre-
stimulation, the pulse train conditions were kept the same. As the rate of glucose
uptake in cells expressing multiple GLUT isoforms can vary at sub maximal glucose
concentrations, high glucose DMEM was chosen as the basis for cell culture media

(Chadt and Al-Hasani, 2020).

2.0.2 2-Deoxyglucose as a glucose tracer

To measure the uptake of glucose over 24 hours we elected to use 2-DG (2-
Deoxyglucose) as a tracer because it was non-metabolizable, had no route of exit from
the cell after phosphorylation and could be detected on mass spectrometer. 2-DG is an
analogue of glucose bearing a substitution on the second carbon atom. The expected
hydroxyl group found on D-glucose is instead replaced by a hydrogen atom (Aft et al,
2002). What remained to be seen was the exact concentration at which 2-DG could be
detected yet would not interfere with glucose uptake by inhibition of HKII (Hexokinase
I1), as well as other elements of glycolysis. A diagram of the inhibition of glycolysis is

presented below (Figure 2.1), adapted from Zhang et al, 2014. From the outset we



determined that changes in media lactate from baseline in the absence of EPS would

be evidence of disruption of glycolysis by excessively high concentrations of 2-DG.

2.0.3 EPS as an exercise model

Whilst there have been many papers published in recent years concerning the use of
EPS as an exercise mimetic, we are still some ways from full understanding how pulse
train parameters map to changes seen in muscle. For example, whilst it is often said
that low frequency EPS is mimetic of endurance exercise and high frequency EPS is
mimetic of resistance exercise, the boundary between high and low frequency is
indistinct, with some claiming low frequency exists between 1 and 20Hz, whilst others
say 1-5Hz (Lautaoja et al, 2023). Cell type and origin can also play a role in response to
EPS, as though 30Hz would be considered “high frequency”, human primary muscle
cells exposed to EPS at this frequency did not show increases in mTOR and P70
phosphorylation, when at 60Hz they did (Mettler et al, 2018). Additionally, the duration
of EPS seems to have some bearing on whether the muscle responds in a manner more
consistent with resistance or endurance type exercise. Though both modalities have
been demonstrated to increase glucose uptake in C2C12 cells (Lautaoja et al, 2021;
Burch et al, 2010), signalling changes relating to protein synthesis are more difficult to
interpret, with some studies showing increase in protein synthesis and other showing
reduction. Scheler et al (2013) report that in C2C12 myotubes they found an increase in
P70 phosphorylation after 24hr high frequency (30Hz) EPS, but not after low frequency

(5Hz). However, Tamura et a/ (2020) report -also in C2C12- depression of P70



phosphorylation immediately after low (2hz) and high (66Hz) frequency stimulation.
These differences could stem from small differences in pulse train setting that over
hours of EPS have a cumulative effect, but because of the lack of repeated use of
“established” pulse train settings, it is difficult to compare outcomes between studies
with a high degree of certainty (Nintou et al, 2022). Alternatively, differences could
stem from the intensity of the contraction relative to how developed the contractile
elements within the myotubes are. Tarum et al, 2017 showed that in human myotubes
immediately post EPS (12V, 2ms, 1Hz), phosphorylation of mTOR increased alongside a
matching increase in 4EBP1, yet P70 remained unchanged though hypertrophy did
occur, something that they attributed to time from contraction. This demonstrates the
importance of timepoints when taking readings during and after contraction in vitro.
We have chosen to harvest cells immediately after contraction for 0.5, 4, 8 or 24 hours

in this chapter.
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2.0.4 Aims and hypothesis

In this chapter our aim was to demonstrate that there was a viable dose of 2-DG that
could be used to trace glucose in the unstimulated (basal) and EPS stimulated state,
without disrupting glycolysis. This was to be determined by linearity of glucose uptake
as well as by confirming that there was no difference in lactate output between control
cells and cells provided with 2-DG. We hypothesized that 200uM 2-DG would be a
suitable dose, however this proved not to be the case, so the dose was revised down to

25uM.

Additionally, we aimed to show that 24 hours of EPS at 11.5V, 2ms, 1Hz would increase
lactate as glycolysis would increase to provide additional ATP for contraction. This
would provide evidence of normal metabolic response to EPS, along with increase in
glucose uptake. We hypothesized that in line with literature examples there would be a
2-3 fold increase in glucose uptake in response to EPS. Lastly, we aimed to show that in
our hands EPS would induce changes in phosphorylation protein synthesis related
targets mTOR, P70 and 4EBP1. We hypothesized that as we harvested cells

immediately post contraction that we would see suppression of mTOR and P70

phosphorylation alongside elevation of 4EBP1 phosphorylation.



2.1 General Methods

2.1.1 Material preparation
Dulbeccos Minimal Eagle Media (Sigma, D6546) amended with 10% FBS (Sigma, F9665)

and 1% L-glutamine (Sigma, G3126), pen-strep (Sigma, P4333) was used for growth and
freezing of C2C12 mouse myoblast cells (ATCC, CRL-1772). Differentiation media was
prepared to the same specification but with 2% horse serum (Sigma, H1270) replacing
10% FBS. Corning tissue culture treated T75 flasks were purchased from Sigma as were
cell scrapers. Corning 6 and 96 well plates were also purchased from sigma. For cell
harvesting, solutions of 75% methanol in water and homogenisation buffer (HB) were
used for cells intended for Mass spectrometer analysis of 2DG uptake and
immunoblotting, respectively. HB consisted of 7.88g Tris-HCl, 0.372g EDTA, 0.380g

EGTA, 2.16g B-Glycerophosphate and 2g NaF per litre.

A working stock of 2-deoxyglucose (sigma, 111980050) was prepared. Actrapid Insulin

was purchased from Novonordisk.

For western blotting and immunofluorescence imaging antibodies were purchased
from cell signal unless specified otherwise. Targets were, GAPDH, phospho-MTOR
(ser2448), Phospho-4EBP1 (Thr37/46), Phospho-P70S6k (Thr389). Gels were run in 1X
XT MOPS (Bio-Rad, 1610788). Per litre, transfer buffer was made up with 3.03g Tris,

14.4g glycine and 200m| methanol and 800ml dH,0. TBST was used for membrane



washes and for blocking and antibody solutions (8g NaCl, 2.42g Tris base, 1ml Tween -

20 per litre).

2.1.2 Cell culture
C2C12 cells were seeded to T75 flasks and grown to 80-90% confluence at 37°C, 5%

CO2 in 10ml growth media. Cell splitting was performed using two washes of Hank’s
Buffered salt solution (HBSS) (sigma, H9269), followed by detachment using trypsin
replacement TriplExpress (Gibco, 12605010). Stock building was achieved by freezing in
Recovery freezing solution (Gibco, 12648010) and a Mr frosty (Thermo Scientific, 5100-
0001) freezing apparatus followed by storage in liquid nitrogen. As cells would rapidly
fill a T75 flask, rather than use a haemocytometer, a flask at 90% confluence with
myoblasts would be split into three further T75 flasks. These receiving flasks would
then themselves reach 90% confluence 24-48 hours later. Cells for experimental use
were seeded to 6 well plates (corning, 3506) at passage number 10-12. Once cells had
reaches 80-90% confluence they were switched to differentiation media and allowed to
differentiate for 5 days. Throughout the growth and differentiation process media was
changed every 2 days. Cells were always fed 24 hours before beginning experimental

conditions in order to establish a consistent baseline metabolic state.

2.1.3 Cell pacing by electric pulse stimulation
EPS was performed on fully differentiated myotubes using an lonoptix C-Pace EP

(lonOptix, Milton, MA, USA) connected to two 6-well compatible C-dishes, also from

lonoptix. Before each use, the electrodes were drained of waste build up and sterilized



with ethanol before rinsing with dH20. The pulse train settings were as follows: 11.5V,
at a frequency of 1Hz with each pulse lasting 2ms, informed by previous studies which
used the same settings and saw release of exercise associated cytokines (Evers-van
Gogh et al, 2015). Similar pulse train settings also caused uptake of glucose (Nikolic et
al, 2917). A volume of 2ml media per well was sufficient to ensure electrodes were
submerged. Cells were subjected to 1 hour of pre- stimulation to allow time for
functional sarcomeres to form. Pre-stimulation used the same pulse train settings as
the experimental EPS, 11.5V, 1Hz, 2ms. After this, cells received constant pacing for
either 0 (control),0.5, 4, 8 or 24 hours. Control plates (unstimulated) were kept for 8-

and 24-hour timepoints to control for diurnal changes to glucose metabolism.

At the end of the experimental pacing, cells were harvested by removal of media —
retaining 1ml-, washing twice with PBS and then scraping into either HB or 75%

methanol.



2.1.4 Microscopy

<

Figure 2.2: Differentiation of c2c12 myoblasts to myotubes. Serum withdrawal is achieved

by switching from 10% FBS to 2% Horse serum, with media being changed every second

Bright field microscopy at 10X magnification on a Ziess ID 03 microscope was used to
inspect C2C12 growth and differentiation (Figure 2.2). Forimmunofluorescence
microscopy as well as real time video footage capture, an EVOS M7000 (Thermofisher,
AMF7000) imaging system at 20X magnification was used. Real time imaging in light
microscopy mode was used to confirm the contraction of myotubes during the

application of EPS. A video demonstrating contraction can be seen at the following link:



https://uniofnottm-
my.sharepoint.com/:v:/g/personal/euan_kirkpatrick_nottingham_ac_uk/ERiviBvnDJxN
hOSpEb-kdBcBzT5¢cJH-

N1Zkp2tORvm38sQ?email=mdzii%40exmail.nottingham.ac.uk&e=KkelW3

2.1.5 Western Blot

Sarcoplasmic fraction for western blot was isolated by centrifugation of C2C12 cells
lysed in HB at 11,000g for 15 minutes at 4°C. Protein present within each sample was
determined using a nanodrop one microvolume UV-vis spectrophotometer (Thermo
Scientific, ND-ONE-W) at 280nm. Samples were then made up with 4X laemmli with
10% B-Mercaptoethanolin a ratio of 1:3 buffer: sample, with 10ug protein being

loaded to each well.

Quantitative western blotting was employed to detect changes in the proteome over
the experimental timepoints. A precast Bio-Rad XT 12% Bis-Tris (Bio-Rad, 3450119) gel
was loaded with sample after submerging in running buffer, with 1 lane dual colour
chemiluminescent ladder (Bio-Rad, 161-0374) and the last two lanes with “All blue”
colorimetric protein standard (Bio-Rad, 161-0373). After running for 70 minutes at
170V in a “Bio-Rad criterion Cell” gel running tank (Bio-Rad, 4206272), gels were
washed and transferred to PVDF membranes by electrophoresis on ice in a “Bio-Rad
criterion Blotter” tank (Bio-Rad, 1656024). Membrane blocking was in 3% FBS in Tris
buffered solution with Tween20 (TBST). Primary incubation was overnight at 4°Cat a

concentration of 1:1000 in a TBST solution with 2.5% w/v BSA. Secondary antibody



incubation was for 1 hour at room temperature at a dilution of 1: 2000 with 2.5% w/v

BSA. The concentration of Strep conjugate in the secondary mixture was 1:20,000.

Imaging was on a Fujifilm LAS 3000 and densitometry analysis was performed in image
J (Schneider et al, 2012). Statistical analysis and presentation of data was performed in
GraphPad Prism version 9.1.1 (221) for Windows, GraphPad Software, San Diego,

California USA, www.graphpad.com. One-way ANOVA and mixed model ANOVA were

used as appropriate for data analysis.

2.1.6 Lactate Assay
The concentration of lactate in retained spent media was measured by assay. The

principle of this assay is the stochiometric conversion of lactate to pyruvate and
NADH*, the latter of which will absorb light at 340nm. This reaction is catalysed by
lactate dehydrogenase in the presence of NAD (Sigma, 10127965001) in a buffer of
0.4M hydrazine and 0.5M glycine. Absorbance is measured before addition of lactate
and then after 30 minutes of incubation at 37°C, with interpolation of the resulting
absorbance with a standard curve of known lactate concentrations. A Molecular
devices SpectraMAX 190 was used for measurement of absorbance on Corning 96 well
plates. Data analysis was performed on results normalised against the control group for

the respective experiment.


http://www.graphpad.com/

2.1.7 GC-MS measurement of glucose uptake
Cells that were harvested and scraped in 75% Methanol were then prepared for mass

spectrometry. Cell fragments were spun down and resulting supernatant collected.
Supernatant was spiked with C13-2DG6P as an internal standard. Spiked supernatant
was evaporated with nitrogen flow using a Turbovap (Biotage) and the sample plus
standard derivatized by addition of Methoxylamine chloride, with incubation at 90°C
for 1 hourin order to oximize the sample. The derivatization was completed by
silylation by addition of equal volume (75ul) of BSTFA followed by a further hour of

incubation at 90°C for 1 hour.

2.2 Experimental Design

2.2.1 Glucose uptake in the absence of stimulation
To determine the optimal concentration of 2DG for detection on mass spectrograph

without impacting glucose metabolism, 2DG uptake was measured at 0, 0.5, 4,8 and 24
hours for 200mM 2DG and later repeated for 25mM. The concentration of 2DG6P was
measured by gas chromatography mass spectrometer after separation using a DB-5

(Agilent) polysiloxane column.

2.2.2 Glucose uptake in response to stimulation
Cells were pre-stimulated (in the absence of 2DG) for 1 hour and then immediately

after provision of 2DG, EPS was carried out, with cells harvested at the same
timepoints as previously. GC-MS was then used to quantify the cytosolic 2DG6P

concentration as an indirect measure of 2DG and therefore glucose uptake.



2.2.3 EPS induced changes in glucose metabolism, MPS and MPB

Once the formation of myotubes had been confirmed by bright field microscopy a pre-
stimulatory session of EPS was applied for 1 hour to induce the formation of functional
sarcomeres. The settings for this EPS were as follows: 11.5V, 2ms, 1Hz. The effect of a
further 24 hours of EPS on MPB/MPS was determined by subjecting C2C12 myotubes

to EPS for 0.5, 4, 8 and 24 hours immediately after addition of 25uM 2DG to each well.

2.3 Results

2.3.1 Glucose uptake in response to 2-Deoxyglucose, with and without
EPS

To establish a measurement of basal glucose uptake, the rate of glucose uptake in an
unstimulated well containing myotubes was measured as described above. For cells
provided with 200uM 2DG it was found that uptake remained linear only across the
first 30 minutes before rate of uptake slowed (as shown in Figure 2.3). With linear
uptake persisting until 0.58uM 2DG, it was decided to lower the total concentration to

25uM.

This lower dose of 2DG was expected to produce a linear uptake across the full 24-hour

timespan, given that inhibitory concentrations would not be reached.
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Figure 2.3: Uptake rate of 2DG at 25 and 200 uM in the absence and presence of
stimulation. After treating with 200uM 2DG, cells were harvested at 0.5, 4, 8 and
24 hours. Linear uptake ended after approximetely 58 uM 2DG had been taken into
the cells. Uptake is displayed as the ratio of 2DG6P: corrected 2DG6P, where the
corrected 2DG6P value accounts for the discrepancy between the 2DG6P standard
and the 13-C-2DG6P internal standard. This proved necessary as some direct
values of uptake in uM returned negative values. Cells treated with 25 uM 2DG

showed linear uptake in the absence and absence of EPS.



2.3.2 Lactate output in response to 2-Deoxyglucose
Neither 200uM or 25uM of 2DG produced a significant change in media lactate

concentration at the 24-hour timepoint (Figure 2.4 A and B). Whilst 25uM 2DG did not
cause a change in media lactate at any timepoint, 200 uM produced an increase of 12.2
and 17mM when compared to baseline at 30 minutes and 4 hours (p=0.0121 and

0.0038 respectively). This represents a greater than 2-fold increase at each timepoint.
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Figure 2.4: Change in absolute media lactate concentration for cells treated with either
200uM 2DG (A) or 25uM 2DG (B). Error bars represent Standard error of the mean. N=6 for

200 and 25uM series and n=3 for the baseline series .



2.3.3 Effect of insulin on lactate output

In the presence of insulin, media lactate concentration was elevated from the time of
introduction of insulin and remained elevated until 24 hours. (Figure 2.5). Despite a
decrease in lactate output at the 0.5 hour timepoint, the passage of time did not

significantly change lactate output within the baseline cells.
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Figure 2.5: A: Absolute change in media lactate of cells treated with 2DG and insulin. Error
Bars represent the standard error of the mean. N=6. Significant difference between insulin

treated and untreated cells was observed. ***=p=0.0002. **** = p<0.0001.



2.3.4 The effect of EPS on lactate output
Electric pulse stimulation was carried out over a 24-hour period and media lactate

concentration measured by assay. The effects of EPS on 25uM 2DG first become
apparent at the 8-hour timepoint, with a high degree of significance (P=0.0004)
(Figure 2.6). This trend continues, with media lactate peaking at 24 hours of
stimulation, represented by a 2.6-fold increase in lactate concentration when

compared to 0-hour control.

When compared to an EPS only time course (Figure 2.6) there was little difference
between EPS only and 25uM 2DG + EPS. Though the 2DG treated cells showed lower
values at 24 hours there was no significant difference between treatments. The main
effect of 25uM on EPS on media lactate increase was weakly significant (p=0.0105). In
moles, the mean change in media lactate over 24 hours induced by EPS with and

without 25uM 2DG was +26.7mM and +30.6mM lactate respectively.
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Figure 2.6: Change in media lactate during EPS with and without the addition of
25uM 2DG. Error bars represent standard error of the mean. For both data sets

N=6.

2.3.5 EPS induced changes in MPS and MPB
Western blot analysis of cells treated with 25uM 2DG showed changes MTOR (524438),

4EBP1 (T37/46) and P70S6K (T389) phosphorylation but not GAPDH ( Figure 2.8), which

remained steady over time.

Phospho-MTOR S2448(Figure 2.7) showed a significant increase from baseline values at
8 hours (p=0.0343) and returning to baseline values by 24 hours of stimulation.
Similarly, 4EBP1 T37/46 phosphorylation increased sharply to 2-fold baseline by 0.5

hours, but by 4 hours had return to levels that were higher than baseline, but not

Figure 2.7: Change in phosphorylation of mTORC1 relative to the 0-hour control. Note the
apparent increase in the 24-hour control. Error bars represent standard error of the mean.

N=6



significantly so, where they remained until the end of the experiment. Unlike p-4EBbP1
(Figure 2.10) and p-P70SK (Figure 2.9), the 24-hour control for p-MTOR 52448 showed

significant increase from baseline values (p=0.0225).
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The Phosphorylation of P70S6K increased 2.1-fold after 4 hours of EPS and increased
marginally above this after 8 hours of EPS. The significance of these two increases over
baseline were p=0.0131 and 0.0263, respectively. The level of elevation in phosphorylation
was similar at 24 hours to what was seen at 4 hours, but was not significantly different from

the control value, presumably due to greater variance among the sample values.

2.4 Discussion
2.4.1 Cell culture conditions and variation in glucose metabolism

It has previously been shown that EPS can induce exercise like effects in cultured skeletal
muscle (Nikolic et al, 2012) and that glucose analogues can be used to detect glucose uptake in
vitro (Chen et al, 2015). We found that 25uM 2-DG but not 200 uM was suitable for tracing
glucose over 24 hours as determined by linearity of uptake and lack of significant change in
lactate output. Changes in glucose metabolism including reduction of glucose uptake rate
caused by 200 uM D-DG made the higher dose unsuitable for tracing. Additionally, we found
that EPS produced the expected changes in c2c12 cells, causing an increase in glucose uptake,
lactate output as well as inducing time appropriate alterations in anabolic signalling through
mTOR, P70 and 4EBP1 phosphorylation at relevant phosphorylation sites (Ser 2448, Thr 389

and Thr 37/46 respectively).

We determined that 200uM of 2-DG was too high a dose to trace glucose over 24 hours

without disruption of glucose metabolism, as shown by the changes to glucose uptake in figure



2.3. Additionally, the lactate output of cells provided with 200uM of 2-DG was significantly
higher than equivalent control cells (Figure 2.4). As a result, we revised the dosage down to 25
KM. This resulted in linear uptake of glucose and no change in lactate output, something that
had been shown with other glucose analogues before but never with 2-DG to our knowledge

(Chien et al, 2020).

We determined that in our hands EPS could be used to induce an exercise like response in
glucose metabolism as seen by the increase in both glucose uptake (figure 2.3) and lactate
output (Figure 2.6) that was indicative of increased glycolysis. Whilst this use of EPS is not

novel, it was required for establishment of the disuse model in later chapters.

We also saw changes in protein synthesis related signalling occur during the EPS protocol that
were indicative of changes in cellular function towards increased protein synthesis, with

increases in mTOR and P70 phosphorylation as well as decrease in 4EBP1 phosphorylation.

In order to half the volume of samples and number of western blots required we elected to
guantify protein phosphorylation against total cell protein as determined by Coomassie stain,
rather than against total (Phosphorylated and unphosphorylated) target protein. Whilst this is
an accepted technique (Eaton et al, 2013), it does have less sensitivity than comparison
betweentotal phosphorylated target and total target, which can detect more granular changes

in the ratio of phosphorylation (Tarum et al, 2017)

2.4.2 Investigating muscle function in vitro

A number of papers have compared cell lines for suitability for investigation of treatments
intended to manipulate glucose uptake and investigate insulin sensitivity (Wong et al, 2020;
Elkalaf et al, 2013; Luo et al, 2019). The conclusion drawn is that growth and differentiation

conditions have a significant effect on the metabolic state of cells. Whilst this does reflect



whole animal glucose metabolism, it introduces variables to be controlled. Specifically, the
relative levels of IGF-1, insulin and glucose as well as glutamine have important roles in the
basal response to provision of glucose as well as growth and differentiation characteristics. To
control for this, cells were always fed 24 hours before the beginning of an experiment.
Physiological glucose concentrations in healthy humans ranges from 3.5-5.5 mM/L (Guemes et
al, 2016). This is by far lower than the high glucose media used for the culture of C2C12
myotubes (24-25 mM/L depending on brand). Similarly, resting insulin concentrations in
humans are typically around 21uU — equivalent to 167pM/L (Polonsky et al, 1988). The
concentration of insulin provided during growthin the form of FBS and during differentiationas
horse serum is unknown and will vary by production lot. The amount of insulin provided to
cells per well in this study is 50nM. This is an intermediate value compared to those given in
other studies (100nM, 10nM, 17.2nM) (Yun et al, 2009; Tortorella and Pilch, 2002; Huard et al,
2007; Liu et al, 2020; Sanvee et al, 2019) which have used both concentrations for incubation
periods between 10 minutes and 16 hours. Our selection of 50nM insulin produced a 1.7-fold
increase in lactate production after 24 hours exposure, similar to the value of 1.65-fold increase
reported by Hirabara et al (2009) during 2-hour incubation with 7nM insulin. Overall, where
possible we picked conditions that would create stable baseline which, though performed in a

mouse cell line, recreates conditions relevant to human physiology.

2.4.3 2-Deoxyglucose as a tracer

Suginohara et al (2021) found that 500mg/Kg 2DG inhibited glycolysis in rats.

In our cell culture experiments, in terms of glucose uptake, 200uM 2DG clearly impeded
further glucose uptake as a result of the non-metabolizable nature of 2DG6P. Use of
radiolabelled 2DG as a glucose tracer has been successfully accomplished by our work group

(Chien et al, 2020) and by others (Turinsky et al, 1996; Mooradian and Haas, 2021), however



the use of unlabelled 2-DG and measurement by mass spectrometry as performed in the
current work is advantageous as it eliminates the need for radioactive materials and does not
rely on measurement of fluorescence, which can be impeded by improper selection of
laboratory plastics. Our method also has the additional benefit of being relatively high
throughput due to automation of the mass spectrometry portion of measurement and samples
are stable at room temperature for several weeks after derivatization, so long as they remain
sealed, which gives ample opportunity to revisit samples of interest, something which cannot

be done with scintillation counting and fluorescence quantification methods.

2.4.4 EPS as an exercise model

Having verified contraction was occurring by bright field microscopy, we were interested in
determining what effect the chosen pulse train settings had on anabolic signalling, as

demonstrating impairment of this signalling would be critical for establishing a model of disuse.

The western blot of 4EBP1, P70s6K and mTOR phosphorylation in cells subjected to EPS with
25uM 2DG showed mixed results in terms of evidence for or against alteration of MPB/MPS as
a result of 2DG induced glycolysis inhibition. Typically, factors which are pro-MPS are
downregulated during exercise to conserve energy for contraction (Kumar et al, 2009). In the
rest period after exercise, pro-synthetic pathways are seen to become upregulated, with
differences between endurance and resistance exercise (Mitchell et al, 2012; Ahtiainen et al,
2015). 4EBP1 and P70S6K are both downstream effectors of mMTORC1, that are also subject to
mMTORC independent regulation. Suginohara et al (2021) found that high intensity EPS
increased P70S6K phosphorylation and decreased 4EBP1 phosphorylation, as well as evidence

of mTORC1 activation in the form of raptor phosphorylation increase. Our own findings show



an increase of mMTORC1 phosphorylation at the 8-hour timepoint as well as increases in the
phosphorylation of the downstream effectors P70S6K and 4EBP1 after 4 and 0.5 hours

respectively.

One possible explanation for the difference in findings could be that the response of whole
animals to EPS incorporates signalling from multiple tissue types, especially adipose tissue,
which is not present in a cell model. A more likely source of difference, Suginohara’s protocol
was formulated to mimic high intensity resistance exercise (RE) (30V, 100Hz, ten 3-second
contractions with 7 second interval) whilst our own protocol was more similar to light
endurance exercise (EE) (11.5V, 1Hz, 2ms pulse duration every second). It is known that many
changes previously associated with exercise, respond more strongly or exclusively to RE rather
than EE or vice versa. Vissing et al (2013) found that when compared to untrained, unexercised
individuals, athletes participating in EE did not show significant upregulation of MTORC1, whilst
those participating in RE did. This scenario has previously been demonstrated by Atherton et al
(2005) using stimulation settings of 50V, 10Hz with 10ms contraction every tenth of a second
for 3 hours. This still does not explain the rise in phosphorylation of mTORC1 at the 8-hour
timepoint. Without blotting for total mTOR it is not possible to rule out an increase in total
mTOR, of which a proportional amount would be phosphorylated as part of the basal

regulation of MTOR.

This explanation would also go some way to explaining the changesin 4EBP1 and P70S6K in
that before the 8-hour mark, both would be under the influence of mTOR independent
regulators, such as MAPK p38 (Qin et al, 2016). The combination of confirmed contraction and
lack of suppression of muscle protein synthesis enabling pathways suggests that although the
EPS setting used evoked contraction, it was of a type not representative of that seen during

skeletal muscle exercise, where suppression of both P70S6K and 4EBP1 phosphorylation can be



seen even in the absence of changes to mTORC1 phosphorylation (Atherton et al, 2005).
However, there is precedent for the observed changes as noted by Ogasawara et al, (2014),
who draws attention to the finding that protracted low frequency EPS can induce MPB/ MPS
changes similar to endurance exercise does in vivo and for this reason it is often preferable to
use animal models when simulating EE. This is similar to a study of cardiac muscle during light
and heavy endurance exercise by Liao et al (2015). In this study hypertrophic signalling-
including that of mTORC1 was upregulated during light EE of animals but not heavy EE. This
demonstrates that hypertrophic signalling can exist alongside low frequency and intensity
contraction (such as basal heart rate and low frequency EPS). Indeed, C2C12 cells have been
shown to adopt some cardiac muscle-like responses when placed in an environment similar to
that of the heart- primarily continuous low frequency stimulation (present here) and cardiac
muscle conditioned media (not present here) (Zebedin et al, 2007). The results that we have
obtained fall within the scope of explanation using existing literature and as such we would

interpret them as a response to EPS rather than an artifact or erroneous finding.

2.5 Conclusion

In summary, our aim of measuring of glucose uptake in unstimulated cells was successfully
achieved, though glucose metabolism was disturbed in the process. 200 uM 2DG caused
increases in lactate concentration in the absence of EPS and resulted in non-linear glucose
uptake. Revisions were made- decreasing provided 2DG from 200uM to 25uM. This reduced 2-
DG dose was found to have minimal effects on glucose uptake and lactate output, as
determined by linear glucose uptake over the measure period of disturbance of glucose

metabolism over 24 hours. The finding that contraction can be successfully induced in cells,



with accompanying changes to anabolic signalling that fall within expected ranges for the
C2C12 cell line is encouraging. Increases in media lactate as well as phosphorylation of
mTORC1, P70S6k and 4EBP1 are also positive signs of the efficacy of an EPS protocol of 24
hours, 11.5V, 2ms, 1Hz on inducing measurable effects, though they also highlight that there
are differences between the expected outcomes from low frequency EPS and the actual
outcomes, the wider literature shows that with some adjustment in the assumptions around
what the current EPS protocol achieves, EPS can still be used to mimic contraction in muscle, so
long as these discrepancies are kept in mind. These findings make the C2C12 cell line a suitable

platform to base a model of muscle disuse.



Chapter 3: Effect of varying frequency of intermittent EPS on
glucose uptake and related signalling.



3.0 Introduction

3.0.1 Role of muscle in glucose uptake

Skeletal muscle is essential to the normal regulation of glucose throughout the body. At rest
the majority of the energy required by the body is acquired from fat oxidation (Melzer, 2011).
In metabolically normal people, this changes during exercise and as exercise intensity
approaches maximum, so too does the proportion of whole-body energy that is derived from
glucose oxidation (Rose and Richter, 2005), with skeletal muscle accounting for up to 85% of
glucose disposal (Wendt et al, 2021). Correct regulation of glucose throughout the body is
important because high concentrations of glucose in blood can lead to inappropriate
glycosylation throughout the body, which has a number of deleterious effects including
increased oxidative stress, abnormal vasculature and inflammation in tissues (Negre-Salvayre et

al, 2009).

Skeletal muscle imports glucose from the bloodstream primarily through the glucose
transporter GLUTA4. This channel works via facilitated diffusion across a concentration gradient.
GLUT4 can be separated into two pools, which are recruited independently from one another.
The insulin sensitive pool is recruited in response to the binding of insulin at the insulin
receptor, which -through IRS-1- incites the activation of PI3K-Akt-AS160 pathway, resulting
recruitment of GLUT4 to the plasma membrane. The contraction sensitive pool responds to
exercise rather than insulin. Despite being referred to as “contraction sensitive”, it should be
noted that it is mechanical transduction of force that activates this pathway, as passive
stretching of muscle is sufficient to activate the “contraction sensitive” GLUT4 recruitment

pathway (Richter, 2021). Though it has never been decisively shown, it is thought that perhaps



the activity of the GLUT4 transporter can be increased by (and during) exercise, as the doubling

of GLUT4 in the membrane is associated with a glucose uptake increase of up to 100 times.

3.0.2 Exercise Dosing and Glucose uptake
Changes in the uptake and fate of glucose depending on the intensity of exercise have been

speculated upon for some time, given that blood lactate concentration only increases with
exercise above a certain intensity threshold (Cooper et al, 1989) and it has been shown that
high intensity exercise can spike blood glucose through stress hormone production, causing

hepatic release of glucose (glycogenolysis) (Trefts et al, 2015).

As well as changing intensity of exercise to increase glucose uptake, the duration of exercise
will naturally alter glucose uptake, with a longer exercise session requiring more generation of
ATP — and therefore more uptake of glucose- than a shorter session of equal intensity (Soo et
al, 2023). This has led to the belief that it is the work done, rather than intensity or duration
alone, that is the most important determinant of the efficacy of exercise as an intervention for
elevated blood glucose (Colberg et al, 2013), though this concept is still disputed (Fillmore et

al, 2010).

3.0.3 Cell culture models for studying skeletal muscle contraction

Cell culture models for exercise have been a subject of interest in recent years, with multiple
groups showing successful contraction of cultured myotubes with origins in humans (Guo et al,
2014) and rodents (Abdelmoez et al, 2020). The main advantage of a cell culture model over
animal models or isolated muscle groups is the ability to identify effects that have their origin
solely in muscle, rather than as a response associated with factors secreted from other tissues.
It allows us to deepen our understanding of the function of muscle itself. Whilst these
successful contraction models have shown exercise like responses to contraction in terms of

myokine release (Furuichi et al, 2018), capturing the exact changes induced by exercise on a



timescale that we would recognize as physiologically relevant has been difficult, likely owing to
differences in contraction parameters between work groups (Carter and Solomon, 2018),
differences in the timepoints of measurements, as well as differences inherent to donors for
human primary cells and differences between cell lines (Abdelmoez et al, 2020). What has
been established in C2C12 is that electrical current can be used to induce contractions in
myotubes, with recruitment of GLUT4 being enhanced (Nedachi et al, 2008), glucose uptake
and lactate production enhanced (Nikolic et al, 2012) and changes in the transcriptome that
are similar to the effects of exercise in mouse models of exercise (Lee et al, 2022). Though
there have been some studies that look at the effect of repeated bouts of exercise, methods
have been disparate, with Burch et a/ (2010) showing one 90 minute “bout” of EPS per day for
4 days upregulated PGC-1a in C2C12 myotubes in line with a normal exercise response.
Another study by Melouane et al (2019) used 8 hours of low frequency EPS on day one,
followed by 16 hours of high frequency EPS on day 2. They showed upregulation in PGC-1a and
osteonectin in response to this. Most investigations involving alternating EPS conditions focus
on changing the settings of the pulse train, rather than introducing a gap into the application of
the pulse train (Brown et al, 2015). Because of this, there is almost no data on the effect of rest
periods of multiple hours on changes in protein synthesis related signalling or glucose uptake,
when it seems that this would be a relevant parameter when considering extrapolating results
obtained in vitro to future work in animals and participants.

3.0.4 Aims and Hypothesis

We aimed to determine the point between continuous and no EPS at which there were
diminishing returns on glucose uptake or protein synthesis measurements. We hypothesized
that, as linear uptake had been established over 24 hours of continuous EPS, the glucose
uptake response would be directly proportional to the time spent contracting. We expected

that changes in pro-synthesis signalling may reach maximum intensity or saturation after only a



few hours of EPS, indicating that a certain number of bouts of EPS per day would cause a

plateau in the signalling of phospho-mTOR, phospho-P70, Phospho-4EBP1 and phospho-PKB.

3.1 Methods

3.1.1 Cell culture

Cell culture of C2C12 cells was performed as described in chapter 2. Cells used in the
intermittent EPS experiments were from 2 separate seedings, resulting in the 1EX experiments
using cells of passage 9, whilst 2EX and 3EX were of passage 10. Both seeding vials originated

from the same stock. For the purposes of this chapter, n=3 refers to 3 wells of a plate.

3.1.2 Intermittent EPS protocol

Rather than use the continuous contraction settings described in chapter 2, intermittent EPS
was performed with contractions varying in either frequency or duration per 24 hours.
Contraction patterns are labelled starting with the number of hours that each block of
contractions will last and ending with the number of hours elapsed before the next set of
contractions. Figure 3.1 shows the complete list of contractions. Frequencies were chosen
based on their ability to be paired with another duration that amounted to the same total

number of hours spent contracting per 24 hours, but at different intervals.

Pulse train settings were maintained at 11.5V, 2ms, 1Hz as described in chapter 2, witha 1-

hour pre-stimulation period to induce contractile sarcomere formation.



3.1.3 Lactate assay

Measurement of media lactate concentration was performed as described in chapter 2

3.1.4 Glycogen assay

Measurement of cell glycogen was performed as described in chapter 2

3.1.5 Glucose uptake

Measurement of glucose uptake as internal 2DG6P was performed as described in chapter 2,
with slight modification. Rather than performing 1 injection of 6 separate samples, 3 samples
were used for each timepoint, injected twice. This modification was made to reduce mass

spectrometer running time and cell culture requirements.

3.1.6 Measurement of signalling

Anabolic signalling was measured by western blotting as described in chapter 2. Additionally,

targets relating to glucose uptake and metabolism were blotted- GLUT4, GLUT1 and PKB (Akt).

3.1.7 Data analysis

Data analysis was performed as described in chapter 2.
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Figure 3.1: Diagrammatic representation of intermittent EPS protocols. One blue box

indicates one hour of continuous EPS. A white box indicates an hour in which no EPS is

applied. Cells were then harvested at the end of the 24t hour.

3.2 Results

3.2.1 Changes in lactate in response to intermittent EPS protocols

After an hour of pre-stimulatory EPS, cells were paced for 24 hours on one of several protocols
which would consist of a number of hours of EPS, followed by a number of hours resting. At the
end of the 24 hours, cells were harvested. It was found that none of the EPS protocols applied
here (Figure 3.2) induced a significant increase above the media lactate level recorded for

unstimulated cells. The greatest increase inthe 1EX group was from 8.8 +/- 0.9mmol to11.3 +/-



0.6 mmol. For the 2EX group the greatest decrease in media lactate came from 2E24 (8.8 +/-
0.8mmol to 5.9 +/- 0.3 mmol). The greatest increase in the 2EX group was minimal, increasing
t0 9.3 +/- 1.0mmol. The 3EX group showed the most change from the unstimulated state, with
3E24 increasing to 17.4 +/- 3.8mmol. The only significant difference was between the

intermittent EPS protocols and a 24-hour continuous stimulation protocol (p<0.0001).
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Figure 3.2: C2C12 cells were subjected to EPS intermittently for 24 hours. For example, 1E12 indicates 1 hour of contraction every 12 hours,

indicating 2 hours of contraction before harvesting at 24 hours. From left to right, graphs show the media lactate concentration of C2C12 cells

provided increasing durations of EPS at the same frequency intervals. **** indicates that the 24hr stimulation protocol was significantly

different from all other protocols (P<0.0001). *** indicates difference from 3E8 (P<0.005). ** indicates difference from 3E6. Values are mean %

SEM (n=3).



3.2.2 Changes in glycogen in response to intermittent EPS protocols

As with lactate, changes in glycogen concentration when compared to the unstimulated state
did not reach significance for any of the protocols. This is shown in Figure 3.3. There was no
difference recorded between any of the experimental protocols, though there was one
significant result recorded. When comparing the 1E6 protocol with 24-hour continuous EPS,
there was a weakly significant difference (p=0.015) owing to the lower-than-average glycogen
content of cells which had received this protocol. This was a decrease of 2.4mmol (from 4.3 +/-
0.5mmol to 1.9 +/- 0.5mmol. Glycogen remained steady for most of the 2EX group, with 2E24
producing the largest decrease (down to 2.8 +/-0.1 mmol). Conversely, the 3EX group’s
glycogen either remained the same or increased. Though 3E12 produced a large increase to

6.8mmol, the margin of error was large (+/- 2.2mmol).
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Figure 3.3: C2C12 cells were subjected to EPS intermittently for 24 hours. For example, 1E12 indicates 1 hour of contraction every 12 hours,
indicating 2 hours of contraction before harvesting at 24 hours. From left to right, graphs show the glycogen concentration of C2C12 cells
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are means +/- SEM (n=3).



3.2.3 Changes in Glucose uptake in response to intermittent EPS

protocols

Glucose uptake wasin line with lactate and glycogen measurements, with no significant change
from unstimulated values. However, as a weak visual trend, particularly when looking at 2EX
and 3EX protocols (figure 3.4), increasing duration of stimulation increased uptake, whilst
greater frequency lowered uptake, producing the stepped profile from left to right within each
graph. Again, the only protocols significantly different from the others was 24 hours continuous

EPS (P<0.0001).

Whilst there was no difference in glucose uptake between protocols which had matched work
done (Figure 3.5B), there was also no difference in glucose uptake between the protocols

which differed in work done by as many as 12 times (Figure 3.5A)
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Figure 3.4: C2C12 cells were subjected to EPS intermittently for 24 hours. For example, 1E12 indicates 1 hour of contraction every 12 hours,
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3.2.4 Signalling changes in response to intermittent EPS

Cells scraped in homogenization buffer were prepared as described and run on Bio-Rad gels.
Gels were normalized by the presence of the loading control, which was also the 0OE24 -or

unstimulated- sample.

At the lowest EPS duration- 1hr (Figure 3.6)- anabolic signalling appeared to decrease with
increasing frequency. At the greatest frequency of 1hour EPS per 6 hours, P70 phosphorylation
fell to 35% of the unstimulated value. This was in line with the change in mTOR which was 69%
of the unstimulated value. 4EBP1 phosphorylation for the 1EX series showed a non-significant
increase when frequency increased from 1E24 to 1E12 but increasing frequency further

beyond this resulted in phosphorylation which was only 70% of the unstimulated value.
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Figure 3.6: quantification of the western blotting of phosphorylated forms of
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For the intermediate duration of EPS stimulation, in which “bouts” lasted for 2 hours, the
patterns seen in changes were different from the 1EX series. P70 phosphorylation increased
with increasing frequency of bouts, up until 2E12, after which increasing frequency
progressively decreased phosphorylation. The 2E6 frequency significantly (p=0.0458) reduced
phosphorylation from the unstimulated state by one quarter. The changes in P70 were weakly
reflected in mTOR1 phosphorylation, but none of the changes were significant and values
never decreased from baseline more than 5%. 4EBP1 phosphorylation showed a steep decline
with the introduction of EPS, with increase thereafter with increasing EPS frequency, with 2E6

peaking at 31% greater than OE24 values (p=0.0022) (Figure 3.7).
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Figure 3.7: quantification of the western blotting of phosphorylated forms of
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3EX, the longest duration of EPS per bout, produced changes in anabolic signalling more similar
to the 1EX group than the 2EX group. P70 phosphorylation was, as a trend reduced when
compared to the resting state, with 3E12 and 3E8 significantly reduced (p=0.0202 and 0.0116
respectively). As 3E24 did not produce a change in phosphorylation, there was also a significant
difference between both 3E12&3E8 and 3E24 (p= 0.0136 and 0.0095) (Figure 3.8). Again, this
was not reflected in mTOR1 which showed a small increase in phosphorylation followed by
slight incremental decline, none of which reached significance. Changes in 4EBP1
phosphorylation when comparing to the resting state in the 3EX group were measurable only
at 3E24 and 3E12, both of which were elevated ~ 80% above resting values (p=0.0262 and

0.0149).
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Finally, changes in Akt/PKB phosphorylation were measured in response to the three durations
of EPS. All four frequencies decreased PKB phosphorylation to a greater or lesser extent
regardless of the duration (Figure 3.9). The duration groups 1EX and 2EX showed a trend of
decreasing phosphorylation of PKB with increasing frequency. However, 3EX showed increasing
phosphorylation of PKB- from the heavily depressed state induced by any amount of EPS- with
increasing frequency. Even so, at the highest frequency and duration combination of 3E6, PKB
phosphorylation was decreased by approximately one third when compared to the

unstimulated state (p=0.0181).
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3.3 Discussion

The main finding of the experiments listed above is that- within a 24-hour window-
intermittent EPS does not appear to significantly increase secretion of lactate into the
surrounding media, total size of cellular glycogen store, or the uptake of glucose when
compared to unstimulated C2C12 cells. Despite this, changes in anabolic signalling were
observed though they did not behave in a consistent manner when considering duration of EPS
and duration of the rest period. Decreases in the phosphorylation of PKB1, an important kinase
in both the insulin dependent and independent GLUT4 recruitment pathways were consistently
observed in response to all intermittent EPS protocols.

3.3.1 The impact of intermittent EPS on glucose uptake

The uptake of glucose by the intermittent EPS protocols chosen did not significantly increase
from unstimulated values. Importantly, the differences between protocols were not linearly
proportional to the number of hours cells spent contracting. This was reflected by the data

obtained by measuring the media lactate concentration.

Media lactate concentration did not change significantly from the unstimulated state in
response to intermittent EPS, at least at the 24-hour mark captured here. The greatest change
was seen in 3EX- the group with the longest duration of EPS per bout. This change was

equivalent to a 1.9-fold increase but was not significant.

Apart from 1E6, none of the intermittent EPS protocols caused a significant change in cellular
glycogen compared to continuous EPS. 1E6 caused a slight decrease in cellular glycogen, which

is surprising, since it was not harvested rapidly after EPS compared to other patterns of



stimulation. Similarly, the total volume of work performed was relatively low compared to

other patterns of EPS which would require more ATP to be performed.

Takentogether, the lactate, glycogen and glucose uptake data suggest that the intermittent EPS
protocols we applied had no effect- or at least no sustained effect- on glucose uptake or

glycolysis.



In the case of glycogen, it is well known that depletion of glycogen during exercise is
proportional to the effort required by the exercise as well as to the duration of exercise
(Murray and Rosenbloom, 2018). The applied EPS protocol was more similar toaerobic exercise
than it was to resistance exercise (Nikolic et al, 2018) as shown by comparison to values in mice
trained on a running wheel (Son et al, 2019). Whilst 1Hz is a low frequency of contraction
compared to values obtain during human voluntary movement (20-50Hz (Jones, 1996)) it is
necessary to limit the contraction frequency in order to avoid fatigue (Uchimura et al, 2021).
This could mean that there may have been no decrease at all in glycogen, as was seen in the
previous chapter’s experiments. Alternatively, owing to the time elapsed between the end of
contraction and harvesting, any loss of glycogen may have been masked by the resynthesis of
glycogen stores. In humans, resynthesis of glycogen without carbohydrate refeeding occursat a
rate between 1 and 2 mmol/Kg(wet)/hr (Burke et al, 2017). Furthermore, it has been shown
that in a high glucose media- as was used here- EPS using the same pulse train settings as we
used actually increases the size of the glycogen store (Farmawati et al, 2013). This matches
studies of running in humans, which show increased size of the glycogen store following
exercise and feeding due to supercompensation during resynthesis (Murray and Rosenbloom,

2018)

There are several possible explanations for the lack of increase in media lactate in response to

most protocols. One is that owing to the work performed being only a fraction of 24-hour



continuous EPS, the lactate produced was also only a fraction of that produced after 24 hours
of contraction. In vivo the liver removes much of the circulating lactate that remains after
exercise (Brooks, 2020). This is not possible in a cell culture environment, so it must be
considered that lactate was taken back up inside the cell via monocarboxylate transporters
(Juel and Halestrap, 1999) or that it was not produced in the first place. Brooks (2009) reports
that in the resting state, half of the lactate taken into the cell is oxidized in healthy humans.
Given a resting period of 3 to 23 hours following experimental EPS, it is possible that
differences in media lactate were equalized by re-uptake of lactate as part of normal lactate
shuttling activity. However, recent findings on the pro-hypertrophy effect of lacticacid on c2c12
myotubes (Zhou et al, 2022) suggest that if lactate had been produced as a function of
contraction, this would be reflected by changes in P70 mTOR and 4EBP1 phosphorylation

changes that would enable hypertrophy, which we did not find.

One possible explanation for the lack of increased glucose uptake in response to intermittent
EPS is that the disassembly of sarcomeres during the initial rest phase also disassembled or
otherwise isolated the mechanism allowing physical contraction to induce GLUT4 recruitment
to the membrane. Fujita et al (2010) report that after 2 hours of inactivity, 60% of cells which
had previously contained functional sarcomeres no longer did. By 4 hours approximately 75%
of cells had lost their sarcomeres. Much of the literature focused on the organization of
cytoskeletal elements suggests that dysregulation of structural elements within muscle cells
can have an impact not only on the contractile properties but also on the metabolic function. It
is known (Zaid et al, 2008) that in order for GLUT4 vesicles to correctly translocate to the cell
membrane in response to insulin, functional microtubules and filamentous actin is required in
both primary cultures and cell lines. Olson et al (2001) provide evidence for this in adipose

tissue, showing that Nocadozol treatment depolymerized 95% of microtubules, without



influencing the activity of PKB (previously a criticism of this method), resulting in an associated
fall in GLUT 4 translocation to less than one fifth the untreated value. In muscle, it is confirmed
that loss of the actin filaments arrayed by the plasma membrane results in a 30%- 45%
decrease in 2DG uptake in a time dependent manner (Brozinick et al, 2004). These papers and
others, collated in several reviews (Zaid et al, 2008; Batty and Langlais, 2021) highlight the
importance of the cytoskeleton in both myotubes and adipocytes for efficient GLUT4
translocation. Recent findings in mice support extrapolation of this requirement to include
contraction mediated uptake of glucose as experimental deletion of B-catenin in muscle
resulted in a severe reduction in the uptake of glucose elicited by exercise (Masson et al, 2021).
These findings are in line with previous studies (Salvi et al, 2021; Audzeyenka et al, 2021) which
reaffirm the necessity of cytoskeletal organization for trafficking of GLUT4 bearing vesicles.
Given the overlap in function of elements of contraction and insulin stimulated glucose uptake,
some (Jensen et al, 2014) have suggested that additive effects of AMPK signalling, and
contraction/stretch mechanisms produce the total glucose uptake induced by contraction. It
could be that for shorter EPS protocols there was insufficient nutrient depletion to greatly
activate AMPK, combined with subsequent disassembly of sarcomeric and potentially uptake

pathways, which hindered stimulation of glucose uptake.

It is unlikely that 2-DG escaping or export from cells is the cause of the lack of increase in
glucose uptake. Firstly, the accumulative mechanism of phosphorylation to 2-DG6P has been
described in the literature and also demonstrated in the previous chapter. Additionally, and
more importantly, muscle cells do not possess the necessary glucose-6-phosphatase for
dephosphorylation and subsequent transport of glucose to the blood stream (Jensen et al,
2011) and so can only export lactate. However, 2DG6P cannot be metabolized and so cannot be

converted to lactate. These same properties are what allow us to measure the uptake over



time. Though it is not possible in muscle for 2-DG escape or export to occur, it is thought that
both export and dephosphorylation of 2-DG6P occurs in neuronal cell lines such as astrocytes

(Forsythe et al, 1996).

3.3.2 The impact of intermittent EPS on anabolic signalling

The impact of intermittent EPS protocols on anabolic signalling is difficult to discern, based on
the lack of obvious patterns in changes to signalling when sorting protocols by contraction

session length or contraction session frequency.

PKB showed the most consistent response to altered duration and frequency of EPS, with a
consistent decrease in phosphorylation seen for all protocols. This is in line with previous
studies on signalling changes that occur during resistance exercise in fasted, untrained young
men (Deldicque et al, 2008). It is well accepted that during hypertrophy following resistance
exercise, PKB phosphorylation at Thr308 is seen to increase and is in fact required for an
increase in muscle mass and size (Schiaffino and Mammucari, 2011; Luciano et al, 2017). This
occurs as part of the traditional “Akt-mTOR” axis of signalling, though as noted by Bodine
(2006) endurance exercise has been known to phosphorylate PKB in the absence of any change
in mTOR1 signalling. In the fed state, using resistance trained, male participants it was shown
that no significant change to PKB phosphorylation in response to resistance exercise alone,
resistance exercise followed by endurance exercise or endurance exercise followed by

resistance exercise occurred, when measured 1hr post-exercise (Jones et al, 2016).

The next most internally consistent set of changes were seen with cells stimulated with the 1EX
protocol. In this case the significant reduction in P70S6K phosphorylation was accompanied by

the expected decrease- though not significant- in mTOR phosphorylation. If it is accepted,



based on the matching depression in mTOR and P70, that myotubes had entered a period of
reduced protein synthesis then it would be expected that 4ebpl phosphorylation would be
low, as this is the state in which 4eBP can bind and sequester EiFAF (Dreyer et al, 2006). EiF4F,
also referred to as the cap binding protein, facilitates the alignment of incoming mRNA with
the ribosome, which occurs in many cell types (Batool et al, 2019). In muscle specifically,
transgenic mice with constitutively active 4ebp1 (always bound to EiF4F) showed unimpeded
response to insulin when on a high fat diet. Additionally, they showed significantly lower blood
glucose despite a lower lean mass than control mice, without a reduction in total muscle
protein synthesis (Tsai et al, 2015). The removal of the initiation factor by binding is associated
with autophagy and a number of beneficial adaptations including increased mitochondrial
function and improved cardiac remodelling in mice with cardiomyopathy (Jin et al, 2020).
Increased autophagy as a response to exercise is a known occurrence and could explain some
of the changes seen here in a manner that is consistent with the known functions of 4ebp1 and
its binding target in humans (Brandt et al, 2018). For the most part 4EBP phosphorylation
remained unchanged in the 1EX EPS protocols, though the 1E6 frequency did produce a
significant decrease. It isimportant to note however that measurements from the 1E6
frequency effectively represent 5 hours post exercise. This is important as Nikolic et al (2018)
mention, the effects of EPS are dependent on the duration of stimulation, the pulse frequency
as well as the time since the last “bout”. It should be remembered that the depression of P70
phosphorylation cannot easily be explained as exercise induced suppression of protein
synthesis for the conservation of energy, as EPS had long since ceased by the time of

harvesting, unlike the previous chapter’s experiments.

The 2EX EPS protocol produced results that were less consistent. The only significant change in

P70 phosphorylation took place in response to 2E6, but this did not come with a reduction in



MTOR activity. Despite this, 4EBP1 was phosphorylated to a high degree. In this configuration,
P70 and mTOR would not be increasing anabolic signalling, whilst 4EBP1 would not be
inhibiting initiation of translation. This could be due to mTOR-independent regulation of 4EBP1
as previously proposed, which is a factor that is receiving more interest in recent years (Hodson
et al, 2019). Another possibility is that the difference between 1 hour of activity every 6 hours
and 2 hours of activity every 6 hours crosses a threshold for recovery, and that by reapplying
EPS during the recovery period, the response to the stressor is not beneficial and hypertrophic,
but deleterious (Kramer and Goodyear, 2007). However, this explanation seems unlikely given
that the EPS settings used have been applied chronically for 24 hours and that EPS of the same
setting was used as a “non-damaging” control for a study inducing damage via contraction
(Orfanos et al, 2016). In that study, the damage that was identified was speculated to be a
compensatory adaptation to muscle stress, which would both lessen future stress within the
same bout and form part of the normal response to exercise. In other words, it should not

induce abnormal effects in the signalling profile.

The only way in which 3EX matched 1EX and 2EX protocols was the lack of significant change in
mMTOR activity. However, this did not prevent a decrease in P70 phosphorylation by over half for
2 of the EPS frequencies- 3E12 and 3E8. This only partially overlapped with the changes seen in
4ebpl phosphorylation, in which 3E24 and 3E12 seemingly induced a ~1.7-fold increase in
phosphorylation. Half of this change (P70 decrease) suggests reduced anabolism, whilst the
other half suggests increased anabolism. Given that increased 4ebp1 phosphorylation is
indicative of translation initiation, additional blots of EEF2 may be useful to determine if that
initiation is proceeding to elongation. The lack of p-P70 would suggest low activity of ribosomal
S6- a protein whose activation is associated with increased cell size (Ruvinsky et al, 2005;

Gombos et al, 2021).



Though a number of explanations have been offered by this point, when considering all of the
results here, particularly glucose uptake and signalling changes it seems most likely that after
the initial bout of EPS, sarcomeres rapidly disassembled. This conclusion seems more likely
than depletion of nutrients, since we know that the media provided enough amino acids and
glucose to sustain 24-hours of continuous contraction. Though the same paper that
demonstrated their rapid disassembly also showed they reform under EPS, it could be the case
that the downstream signalling did not recover in the same manner, possibly being susceptible
to diminishing returns from the following bouts as seen in Kotani et al (2021), though that

experiment used EPS of live animals designed to elicit maximal tetanic contraction.

3.3.3 Limitations and Improvements

A key difficulty for interpreting the data generated by this experiment was the variable time
between the end of contraction and harvesting. This was necessary to provide the context of a
24-hour cycle to the resulting uptake of glucose generated by contraction. The finding that
none of the frequencies tested changed lactate, glycogen (except 1E6), or glucose uptake
significantly from baseline could be attributed to several factors. The rationale for choosing
frequencies shown in Figure 3.1 is that they could be compared on the basis of equal
contraction time but different frequencies- such as 12E24 and 3E6, or on the basis of increasing
EPS duration such as 1E24, 2E24 and 3E24. This was done in order to prevent confounding by
the possibility that a potential difference could be rooted in the amount of work performed as
measured in joules rather than due to some effect of the rest period between bouts (Petridou
et al, 2019). Similarly, cells were not harvested immediately after the end of EPS because of the
intention to draw a comparison between the intermittent EPS and 24-hour continuous

stimulation. If cells had been harvested immediately after cessation of EPS then we would have



been unable to measure any lingering benefit to glucose uptake provided by EPS (Atherton and
Rennie, 2006). However, for metrics other than protein phosphorylation, comparison to the
unstimulated state became more appropriate, as there was not sufficient difference between
the outcomes of the various frequencies to discern a real difference between the intermittent
EPS and continuous EPS. The lack of significant difference between 3E6 and 12E24 protocols
led us to conclude that the sarcomere disassembly mechanism was the most likely explanation
for lack of glucose uptake, rather than missing the increase in uptake due to measuring hours
after the end of contraction. We arrived at this conclusion based on the fact that whilst there
was a 12-hour gap between cessation of EPS and harvesting for 12E24, the same gap for 3E6
was only 3 hours and yet the difference in glucose uptake was negligible. Combined with the
inability of 2DG6P to escape from the cell or be reduced by metabolism, we suggest that
uptake was not elevated at any point. Given the linear uptake of glucose demonstrated in the
previous chapter and the fact that glucose uptake shown is normalized to total protein we
would have expected 12 hours of stimulation to produce an increase in glucose uptake half that

of 24 hours at 2.5uM, but the actual value was lower at only 1.6 M.

A suggested refinement of this experiment would reduce the number of contraction patterns
tested and introduce harvesting points at 30 minutes, 2 hours and 3-5 hours post EPS. This
would require adjustment of the protocols selected (and therefore also the premise of the 24-
hour window) in order to collect the 5-hour post EPS timepoint, which could land 11-15 hours
after the start of the experiment, which would be difficult for a single researcher to manage.
This would reduce the unknown factor of changes to signalling that occur after the end of EPS.
Additionally, a 0.1Hz maintenance pulse would be used in between “experimental” EPS bouts

to minimize or prevent disassembly of sarcomeres.



3.4 Conclusion

Using the methods outlined above, we were unable to identify a point of diminishing returnsin
either glucose uptake or anabolic signalling in response to intermittent EPS. Flaws in the
assumptions made during the conception of the experiment resulted in difficulty in decisively
ascribing the lack of change in glucose uptake, lactate output and glycogen that we reported to
a specific cause. We did, however, record changes in anabolic signalling, however, we again had
difficulty in establishing a rationale for the changes or lack thereof in phosphorylation of P70,
4EBP1 and mTOR. PKB phosphorylation behaved in a manner consistent with literature
description, showing a reduction in response to all contraction patterns, however a reliable
pattern in response to changes in frequency or duration could not be established within this
observed reduction. We highlighted two primary areas for improvement in the design of this
experiment for future researchers, namely the introduction of a maintenance EPS pulse to
prevent sarcomere disassembly and the suggestion that multiple harvesting points after the

end of EPS be introduced.



Chapter 4: Establishing a disuse phenotype in vitro using CPA
and blebbistatin.



4.0 Introduction

4.0.1 Impact of disuse on muscle

Skeletal muscle undergoes several changes when faced with extended periods of disuse. This
can be as a result of an immobilizing injury, sedentary lifestyle or exposure to microgravity.
These are a reduction in Strength and CSA (Cross sectional area) (Brian, 2009), which are
underpinned by a reduction in the rate of protein synthesis. Part of this change includes a
reduction in the sensitivity of muscle to the hormone insulin, which is critical for normal
glucose uptake as well as anabolic / anti-catabolic signalling (Fujita et al, 2006). As result of
insulin resistance, glucose uptake into the muscle slows, resulting in increased glucose in other
compartments, most notably the blood. Prolonged elevated blood glucose results in the
formation of AGEs (Advanced Glycation End products), which result in abnormal functioning of
the effected proteins, which is known to be involved in the commonly observed vascular

damage associated with diabetes (Vlassara and Uribarri, 2014).

One of the major changes that underpin the macro scale reduction in CSA and strength are
dysregulation of calcium signalling, specifically a sustained elevation in cytoplasmic calcium ion
concentration at a sub contractile level (Shur et al, 2021). This is known to alter the regulation
of many proteolytically active enzymes, which could have important implications in the muscle
synthesis/ degradation balance as well as in the mechanisms responsible for recruitment of

GLUT4 to the plasma membrane.

The second major change is the lack of mechanically induced signalling brought about by
physical activity. Removal of this stimuli removes much of the impetus for activation of pro-

synthetic pathways and muscle hypertrophy. It also has the effect of reducing ATP



requirements, which is suspected to have effects on maintenance of mitochondrial quality and

glucose uptake (Sorriento et al, 2021).

4.0.2 Limitations of in vivo study of muscle disuse

Two models of microgravity- dry immersion and head tilted bedrest- have shown that a
high degree of loss of strength occurs over28 - 55 days of muscle disuse- 32.9%
(Blottner et al, 2006) and 46% (Duchateau, 1995)- which is similar to that seen in
intensive care unit patients (Parry and Puthucheary, 2015). However, the underlying
changes that occur within each myotube to produce these changes happen much more
quickly and can be detected in as little as 72 hours. The problem with detecting and
assigning meaning to these changes in vivo is that they occur concurrently with many
other changes in signalling, making it unclear what is an adaptation to changing
environment and what is a compensatory response to adverse conditions. Additionally,
signalling at the tissue and whole-body level can have a significant effect on the
changes that occur within muscle, further complicating interpretation of cause and
effect. For example, abnormally functioning neuronal tissue can result in muscle which
is severely weakened, due to a lack of trophic factors that are received from nerve
tissue (Saini et al, 2021). Adipose tissue can secrete adipokines which are pro
inflammatory, leading to insulin resistance in muscle (Stanford and Goodyear, 2018).
Whilst it has never been decisively proven to occur in humans, “training” or browning
of fat in response to exercise, resulting in release of adipokines which improve the
function of muscle has been observed to occur in rodents as a result of exercise. This

complex loop of inter-tissue signalling makes determining muscle exclusive changes



more difficult and is therefore an argument for the development of muscle specific

models.

4.0.3 Cell culture study of muscle disuse (include EPS)

There are a number of ways in which muscle pathologies can be simulated in a cell culture
environment, ranging from cell lines derived from individual donors who suffer from a specific
condition, such as muscular dystrophy (Caviedes et al, 1994), to genetic knockout or
knockdown of target genes (Soblechero-Martin et al, 2021), as well as drug induced recreation

of pathological events.

Drug induced simulation of diabetes and muscle wasting have previously been used in
whole animals, such as by injection with streptozotocin (STZ), which causes failure of
the pancreatic islets, which then initiated downstream effects that lead to type 1
diabetes (Furman, 2021). This relies on the relatively specific toxic action of STZ rather
than acting through signalling pathways, so is not suitable for single cell models.
Similarly, glucocorticoid drugs have been used to create a diabetes like statein rats
(Severino et al, 2002) and that in L6 cells includes muscle protein degradation,
however, the action of dexamethasone in particular is known to be different from that
of endogenous glucocorticoids, with models of sarcopenia induced by dexamethasone
lacking upregulation of P70 and 4ebp1 seen in aged mice (Wang et al, 2023) An
alternative model would be useful (Itagaki et al, 2010). Other methods of inducing
diabetes-like metabolism in cell line based models include providing excessive lipid to
cells, which has a similar effect that a high fat diet might have in animal studies. One

reasons for discounting the use of lipids were that the effects would largely be localised



to changes to mitochondrial function, which whilst relevant, only make up part of the
desired phenotype (Bakar and Tan, 2017). Additionally, growth in high glucose media,
which is standard for C2C12 cells already induces a diabetogenic effect when compared

to low glucose media (Luo et al, 2019).

One of the key benefits of a cell culture system for studying skeletal muscle is the
ability to apply a controlled bout of activity by means of electrical pulse stimulation
(EPS). Unlike rodents allowed to run at will, which can be confounded by stressors like
housing conditions and handling stress, cells undergoing EPS should have a consistent
response between wells as conditions are identical. The benefit of using C2C12 cell
specifically for this purposeis their high contractile ability compared to human and L6
cells as well as their relatively high stability when passaging, which is not always the
case for human donor derived cells, which may or may not retain the phenotype (in
this case exercise response) of the donor (Chang et al, 2014; Balci-Hayta et al, 2018). Of
course, the advantage of simplified determination of cause and effect in a single cell
model comes at the price of reduced physiological representativeness, given that
muscle does not exist in isolation in vivo and that monocultured myotubes are typically

not as mature as myotubes found in living tissue.

4.0.4 The use of Cyclopiazonic acid and Blebbistatin in studying muscle
In order to recreate the desired phenotype, we decided that manipulating physiological
conditions to recreate two primary conditions, which are thought to be critical for the

initiation of the typical changes associated with muscle disuse. The first condition is that



contraction should be inhibited. Contraction or -in vivo- exercise is a powerful stimulant
for increasing glucose uptake (Flores-Opazo et al, 2020), pro-anabolic signalling
(Cuthbertson et al, 2006) and is seemingly responsible for the maintenance of normal
function in skeletal muscle, particularly mitochondrial function and recycling (Vainshtein
et al, 2015). The second condition is the elevation of cytoplasmic Ca2* which is known to
occur as a result of long-term muscle disuse/ immobilisation (Sharlo et al, 2021; Hyatt
and Powers, 2020). The importance of elevated cytoplasmic calcium in shaping the
disuse phenotype is suggested to be activation of proteases that disassemble contractile
elements within muscle. It has also been postulated that these proteases may exert
influence on glucose uptake, given the importance of actin and myosin-based structures

for trafficking GLUT4 bearing vesicles to the plasma membrane (Tammineni et al, 2020).

In order to prevent contraction, we have elected to use blebbistatin, a muscle specific
inhibitor of myosin Il ATPase. Blebbistatin inhibits contraction by preventing myosin-
actin bridge crawling, which under ordinary conditions would allow sarcomeres to
shorten. It does this by non-competitive inhibition of ATPase. Without this, the
sarcomeres remain in a position in which myosin and actin are not connected via cross
linking (Kovacs et al, 2004; Rahman et al, 2018). By applying blebbistatin before CPAIit is
hoped that we can achieve a rise in the cytoplasmic calcium ion concentration without
the accompanying contraction. Blebbistatin has been used previously in the study of
muscle to demonstrate the necessity of cortical actin for differentiation of myoblasts to
myotubes (Duan and Gallagher, 2009) and to prevent contraction induced glucose

uptake in a study of the effect of calcium on glucose uptake (Jensen et al, 2014).



Importantly, blebbistatin alone is not thought to have an effect on calcium handling,

making it suitable for decoupling contraction from calcium in these studies.

Cyclopiazonic acid (CPA)is a SERCA 2 inhibitor first isolated from Aspergillus. Its specific
inhibition of SERCA is the property that makes consumption of food contaminated with
CPA producing microbes dangerous as well as a useful tool for manipulation of calcium
transients in vitro (Hutchet and Léoty, 1993; Ostrey et al, 2017). Crystallography and
computer modelling of the binding site suggests that CPA inhibits the re-uptake of
calcium ions from the cytoplasm by blocking the channel (RyR) linking the sarcoplasmic
reticulum (SR) to the cytoplasm, which is achieved by binding at or near Phe2%6 (Moncoq
et al, 2007). Without calcium re-uptake, over time the concentration of CaZ* in the
cytoplasm increases, eventually leading to sustained contraction. This timescale is
relatively short, in the order of seconds to minutes, as CPA has been used to force
contractions to occur in muscle fibres (Rose et al, 2009; Méme et al, 1998). Additionally,
cytoplasmic calcium ion concentration can be lowered by diffusion to the extracellular
surface of the plasma membrane, if the extracellular concentration causes a gradient to
form. CPA has previously been used to prevent the reuptake of Ca*into C2C12 cells in
order to study caffeine and nicotine induced calcium transients, with the finding that
there were differential transients in mitochondrial calcium between the two (Challet et
al, 2001). It has also been successfully used to elicit an increase in cytoplasmic calcium
when testing the properties of the RyR in a calcium free media, in which it was found
that there was very little loss of calcium to the extracellular media from the cytoplasm

(Filip et al, 2019).



Both CPA and blebbistatin are poorly soluble in water, necessitating solutions of DMSO.
Not only do both of these solutions have short shelf lives, but at sufficiently high doses
and lengths of exposure, will exhibit toxic effects on cells (Rauscher et al, 2018; Norred
et al, 1985). Additionally, blebbistatin can exhibit phototoxic effects in response to
visible light, particularly blue light wavelengths, which are not proportional to the
length of the light exposure and rapidly induce cell death even at low doses (Kolega,
2004). For this reason, it is important that before and after administration of the drugs,

vials and plates should be shielded from natural light.

4.0.5 Aims and hypothesis

Two of the major pathological hallmarks of disuse atrophy at the cellular level are elevated
cytoplasmic calcium and reduced physical activity. In order to recreate the downstream
phenotype generated by chronic exposure to these conditions we aimed to impose them
through the addition of CPA and blebbistatin. CPA is a SERCA pump inhibitor. By inhibiting the
re-uptake of calcium to the sarcoplasmic reticulum we intended to raise the cytoplasmic
concentration of calcium. Blebbistatin is an inhibitor of myosin Il ATPase, which binds to the
ATPase and locks it in the tension free state, preventing actin-myosin bridge crawling. We
hypothesize that with the application of both of these drugs, conditions would be created that
would lead to reduction of glucose uptake and changes in signalling that favoured breakdown

of contractile elements rather than synthesis.



4.1 Methods
4.1.1 Cell culture

Cell culture of C2C12 cells was performed as described in chapter 2. Cells used for confirming
the effect of blebbistatin, CPA and DMSO on viability were of passages 8 to 10. Seeding vials
originated from the same stock. For the purposes of this chapter, n=6 refers to 6 wells of a

plate.

4.1.2 EPS protocol

EPS was performed on fully differentiated myotubes using an lonoptix C-Pace EP
(lonOptix, Milton, MA, USA) connected to two 6-well compatible C-dishes, also from
lonoptix. Before each use, the electrodes were drained of waste build up and sterilized
with ethanol before rinsing with dH20. The pulse train settings were as follows: 11.5V,
at a frequency of 1Hz with each pulse lasting 2ms, informed by previous studies which
used the same settings and saw release of exercise associated cytokines (Evers-van
Gogh et al, 2015). Similar pulse train settings also caused uptake of glucose (Nikolic et
al, 2917). A volume of 2ml media per well was sufficient to ensure electrodes were
submerged. Cells were subjected to 1 hour of pre- stimulation to allow time for
functional sarcomeres to form. Pre-stimulation used the same pulse train settings as
the experimental EPS, 11.5V, 1Hz, 2ms. After pre-stimulation, any treatments were

added, and cells then received 24 hours of EPS.



4.1.3 Drug treatment protocol for the establishment of a disuse

phenotype

C2C12 cells were cultured until mature myotubes were formed at day 5, at which point they
received a final media change (from differentiation media into fresh differentiation media).
Twenty-four hours after this media change, either blebbistatin alone, CPA alone, 100% DMSO,
C+B in 100 %DMSO or C+B 27% DMSO were added to cells, which were then returned to the
incubator, without electrical stimulation for 24 hours. After this period, the cells were
harvested as described in previous chapters. The final concentration of blebbistatin used was
10uM, whilst the final concentration of CPA used was 100uM, both of which were chosen on
the basis of the efficacious dose and concerns over toxicity due to the volume of DMSO
required to solubilize the concentration of blebbistatin required. For this reason, initial
experiments (“blebbistatin only”) with blebbistatin use 30mM blebbistatin in 100% DMSO
whilst later experiments using both blebbistatin and CPA use only 10uM blebbistatinina 27%
DMSO solution. Literature suggests (Rauscher et al, 2018) that muscle sensitivity to

blebbistatin is sufficiently high that a response would be seen at doses as low as 0.1-1uM.

4.1.4 Viability assay

Cell viability was assayed using resazurin. This was necessary thanks to the use of DMSO as a
vehicle, but also because both CPA and blebbistatin are known to be toxic at high does and in
the case of blebbistatin to produce toxic metabolites during photo-degradation. After
treatment with drugs for 24 hours, cell culture media was removed and replaced with a sterile
filtered 10ug/ml solution of resazurin in HBSS, made from a stock solution of 100ug/ml. Cells
were returned to the incubator for one hour to allow the dye to enter the cells and be reduced

from resazurin to resorufin. The detection of the reduction product was achieved by measuring



fluorescence with an excitation of 530nm and an emission filter of 590nm. For measurement,
the resazurin/resorufin mixture was gently mixed to ensure uniformity and 100ul taken off in
triplicate from each well of cells and added to a 96 well plate with black walls. The plate was

then measured without the lid attached.

4.1.5 Lactate assay

Measurement of media lactate concentration was performed as described in chapter 2

4.1.6 Glycogen assay

Measurement of cell glycogen was performed as described in chapter 2

4.1.7 Glucose uptake

Measurement of glucose uptake as internal 2DG6P was performed as described in chapter 2,
with slight modification. Rather than performing 1 injection of 6 separate samples, 3 samples
were used for each timepoint, injected twice. This modification was made to reduce mass

spectrometer running time and cell culture requirements.

4.1.8 Measurement of signalling

Anabolic signalling was measured by western blotting as described in chapter 2. Additionally,
targets relating to glucose uptake and metabolism were blotted- pERK1/2 (S217/221)), and

pEEF2 (T56) pPKB (T308).



4.1.9 qPCR

Messenger RNA was recovered by extraction using Trizol reagent (Invitrogen, Carlsbad,

California, US) and chloroform, following the manufacturer instructions, without the use of

Target-Direction Sequence (5'-3")

GAPDH-F ACTCCACTCACGGCAAATTC
GAPDH-R TCTCCATGGETGGETGAAGACA
CALMI-F GTEETECCGTTACTCGAAGTC
CALMI-R GACTTGTCCGTCGCCATCAA
ATPZAL-F GACGAGTTTGGGEAGCAGCT
ATPZAL1-R AGGTGGETGATGACAGCAGG

Table 4.1: Primer sequences used for gPCR. Targets are biomarkers known to become

upregulated in response to elevated calcium.

glycogen. cDNA was synthesized using a high-capacity cDNA reverse transcription kit (Applied
Biosystems, 4368814). gPCR was carried out using a 7900 HT fast real-time PCR system
(Applied biosystems, Foster City, California, US) in order to determine the change in expression
of CALM1 and ATP2A1. These genes are known to show upregulation of mMRNA transcripts even
during relatively short human bedrest protocols. Melt curves were run to confirm that only a
single product was present. In the event of unclear results from the melt curve a gel was run

using amplification products from the PCR plates.

4.1.10 Data analysis

Data analysis was performed as described in chapter 2.



4.2 Results
4.2.1 Viability assay

A dose response curve of DMSO against viability as a percentage of an untreated control was
established to determine the maximum permissible DMSO volume that could be used to
suspend blebbistatin and CPA. Four volumes of DMSO corresponding to 0.14%, 0.28%, 0.57%
and 1.15% v/v were added to cells. No dosages resulted in a significant change from the
untreated control, however, the highest dose- 1.15%- produced a slight decline in viability to
96.6%, which caused it to differ from all of the lower doses. The lower doses induced a slight
but non -significant increase in viability as measured by oxidation which is depicted in Figure

4.1 (1.15% vs 0.57% p=0.0006, 1.15 vs 0.28 p= 0.0003, 1.115% vs 0.14% p= 0.0305).

DMSO dose response
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Figure 4.1: A dose-response curve showing the effect of increasing DMSO concentration on
cell viability as determined by oxidation of resazurin to resorufin. N= 3. Error bars indicate

SEM.



4.2.2 lactate assay
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Figure 4.2: A) shows the effect of various single drug treatments as well as a vehicle
control on media lactate over time. n= 3. Barsindicate SEM. B) Graph of media lactate after

24 hours of treatment with both Blebbistatin and CPA or blebbistatin, CPA and EPS. n= 6.



Measurement of media lactate from cells that received either no treatment, treatment with
CPA alone, Blebbistatin alone or DMSO alone showed that over the 24-hour period of exposure
there was no significant difference between treatments. EPS alone significantly increased
media lactate from baseline values at 24 hours (p= 0.0091).For cells treated with either CPA
+ Blebbistatin or CPA + blebbistatin and EPS, after 24 hours, there was a slight increase
in media lactate, not reaching statistical significance. EPS alone saw an increase in
media lactate up to 26.9mM, which was significantly higher than any of the other

treatments (p <0.0001 in all cases)(Figure 4.2).

4.2.3 Glycogen assay

Comparison of cellular glycogen concentrations shows that there was no difference between
cells treated with CPA alone or DMSO alone (Figure 4.3). Cells treated with blebbistatin did not
differ from controls cells except at 24 hours (p=0.0072). At all timepoints EPS treated cells had

significantly higher glycogen content than baseline cells (p= 0.0011, 0.0014, 0.0048, 0.0054,

0.0037 at 0, 0.5, 4, 8, 24 hours respectively). Though there were differences between the
individual treatments over time, within each treatment there was no effect over time. For cells
treated with either CPA+ blebbistatin or CPA +blebbistatin+ EPS there was no significant
difference from control cells after 24 hours. Cells treated with EPS alone had significantly higher
glycogen content, representing approximately a 4-fold change from control and a 2-fold change

from
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Figure 4.3: A) Showing changes in cellular glycogen concentration over time in response to
individual drug treatments. B) showing an increase in glycogen with treatment with drugs

alone and with a combination of drugs and EPS. n=3. Error bars indicate SEM.



either treatment with CPA and blebbistatin (p= 0.0005 control vs EPS, p= 0.0053 EPS vs

Drugs+ EPS, p= 0.0225 EPS vs Drugs only).

4.2.4 Signalling changes

A vehicle control of DMSO at a concentration of 1.15% v/v was run in order to differentiate the
effect of the drugs CPA and blebbistatin from the solvent. mTOR phosphorylation showed a
steady increase over 24 hours, reaching a 2.9-fold increase above baseline by 24 hours
(p=0.0302). This pattern was reflected in the phosphorylation of P70, however, the only
significant change was an initial decrease in phosphorylation at 30 minutes post- treatment (p=
0.0336), after which phosphorylation increased steadily until reaching 1.7-fold greater than
baseline, which was not statistically significant. EEF phosphorylation fluctuated over the course
of 24 hours but were not significant owing to a high degree of variance. Significant increases in
PKB phosphorylation were seen at 30 minutes and 4 hours (p=0.0135 and 0.0076), reaching a

2.8-fold increase, which returned to baseline by 24 hours (Figure 4.4).

Cells treated with blebbistatin (Figure 4.5) showed no significant changes in signalling related
to muscle anabolism. Similarly, EEF2 phosphorylation did not change significantly, spiking at 4
hours at 1.8fold greater than baseline. PKB phosphorylation also did not change significantly,
though it did appear to increase at 8 and 24 hours post treatment. The only significant change
recorded due to application of blebbistatin was ERK1/2 phosphorylation, which dropped
sharply at 8 and 24 hours to a half and a quarter of the baseline value respectively. The change
at 8 hours was only significantly different from the 4hr value (p=0.0430), whilst the change at
24 hours was significantly different from both baseline and 4hrs (P=0.0244 and 0.0077

respectively).
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from the 24hr timepoint’s value. N= 3. Error bars indicate SEM.
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Cells treated with cyclopiazonic acid alone showed a steady increase in mTOR phosphorylation
over 24 hours, which peaked at a 1.8-fold increase. Though this was not statistically significant,
it was associated with changes to both 4EBP1 and p70 signalling. P70 signalling peaked at a
1.5-fold increase, which was not significantly more than baseline, but was significantly greater
than the value recorded at 24 hours, which was only 34% of baseline (p=0.0024). There was no
difference from baseline in 4ebp1 signalling, but there was a difference between values at 4
and 24 hours, which were 1.4-fold and 0.8-fold of baseline respectively (p= 0.0216) (Figure
4.6). CPA treated cells also showed decreasing phosphorylation of EEF2 until the 8-hour point.
At 24 hours phosphorylation had increased to 1.5-fold baseline. This was not significantly
greater than baseline, but was significantly greater than 0.5hr, 4hr and 8hr (p= 0.0428, 0.0072
and 0.0028 respectively). Neither PKB or ERK1/2 phosphorylation changed significantly though

ERK1/2 phosphorylation had fallen to 51% of the baseline value by 24 hours.
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Myotubes treated with both 30uM blebbistatin and 100uM CPA showed minor changes to
anabolic signalling with no change in mTOR and 4EBP1 phosphorylation. P70 signalling
increased at the 4-hour timepoint, showing a 1.5-fold increase over baseline (p= 0.0152). This
change was not significantly greater than baseline, but it was significantly greater than the
value recorded for 24 hours, which was 60% of the baseline value. EEF2 signalling was
decreased between 0.5hours and 8 hours, but not significantly so. At 24 hours EEF2
phosphorylation increased 1.9-fold above baseline values, making it significantly different from
all other timepoints (vs Ohr p= 0.0482, vs 0.5hr p= 0.0011, vs 4hr p= 0.0027, vs 8hr p= 0.0006).
PKB phosphorylation showed an inverse trend, with signalling increasing between 0 and 4
hours (p=0.0054 and 0.0004), peaking at a 5.4-fold baseline increase before dropping sharply at
8hrs and 24hrs, reaching a final low of 25% baseline, which though not significantly less than
baseline, was different from the values at 0.5hrs and 4hrs (p=0.0011 and 0.0001 respectively).
ERK1/2 phosphorylation showed the same pattern as PKB, increasing until 4 hours, after which
values decrease to levels below baseline. Only the 1.8-fold increase at 4 hours was significantly
different from baseline (p=0.0385), whilst the decrease at 8hrs to 48% baseline was
significantly different from 0.5hrs and 4hrs (p=0.0153 and 0.0019) but not baseline or 24 hours

(Figure 4.7)
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Figure 4.7: WB Data (See appendix A for representative blots and Coomassie stain). C2C12 myotubes were treated with both 30uM Blebbistatin

and 100uM CPA DMSO (final conc 1.175% v/v) for 24 hours and then harvested for western blot preparation. * Indicates a significant difference

from baseline (Ohr). # Indicates a difference from 0.5hrs. T indicates a difference from 4hrs. & indicates a difference from 8hrs. $ indicates a

significant difference from the 24hr timepoint’s value. N= 3. Error bars indicate SEM.



The final treatment group, cells treated with 100M CPA and 10 uM blebbistatin in 27% DMSO
(final DMSO concentration of 0.445%) was only measured at 24 hours post treatment and cells

received either drugs alone or drugs in combination with continuous EPS (11.5V, 1Hz, 2ms). In

this experiment, both cells treated with drugs alone and with drugs and EPS showed a
significant (p=0.0479 and 0.0148 respectively) decrease in p70 (T389) phosphorylation when
compared with unstimulated, untreated cells, but not when compared with cells that had
received EPS alone. Phosphorylation of 4EBP1 increased markedly in response to drug
treatment, with and without EPS. This was significantly (p<0.0001 for both) different from
baseline and from EPS alone, which itself showed significantly less 4ebpl phosphorylation

when compared to control cells (p=0.0070).

As with previous experiments there was no significant change in mTOR phosphorylation,
though EPS treated cells had much less phosphorylation than the other 3 treatments, often
below the limit of detection (Figure 4.8). EEF2 phosphorylation increased in response to drug
treatment alone (p=0.0326) and EPS alone (0.0016), but not drug treatment with EPS. EPS

alone showed the greatest increase in pEEF2 signalling at 2.8-fold greater than control.
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a difference from Drugs + EPS. N= 6. Error bars indicate SEM.



Changes in PKB phosphorylation compared to baseline were minimal, with only Drugs+EPS
showing a significant change, increasing 1.8-fold (p=0.0218). Lastly, ERK1/2 phosphorylation
did not change significantly from baseline in response to drug treatment, however, drug
treatment prevented the 4.3-fold increase associated with EPS only. The p values for

differences between EPS only and control, Drugs+EPS and Drugs alone were all <0.0001.

4.2.5 gPCR
Expression of biomarker genes ATP2A1 and CALM1 both increased in response to CPA

and blebbistatin treatment for 24 hours, however, only the increase in CALM1 proved
to be significant, with a p value of 0.0401 for control vs drugs and EPS, whilst for
control vs drugs only p= 0.0182. The difference in value between the two treatments-

with and without EPS were not significant for either marker.
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3.5 Glucose uptake
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Individually in the absence of EPS, blebbistatin and CPA had no effect on glucose
uptake over 24 hours. This matched the DMSO vehicle control. EPS had a strong effect
on glucose uptake, with significance becoming apparent at 8 hours and increasing at 24
hours (p=0.0149 and <0.0001). In combination the drugs had a small significant effect
on glucose uptake (0.0137). When EPS was applied in addition to both CPA and
blebbistatin the increase in uptake was slightly larger, more significant (<0.0001)
(Figure 4.10). This increase was still smaller that the increase elicited by EPS alone

however (6.25uM vs 8.40uM, with a p value of <0.0001).

4.3 Discussion
Treatment of cells with blebbistatin alone, Cyclopiazonic acid alone orin combination

for 24 hours resulted in changes to anabolic signalling, calcium responsive biomarkers
and glucose uptake in line with what would be expected to correspond with a disuse

state.

The lack of change in glucose over time with either CPA or blebbistatin in the absence
of EPS could be due to growth and maintenance of the cells in high (4.5g/L) glucose
media, which contains much more glucose than cells would be exposed to
physiologically (0.7-0.9g/L) (Triplitt, 2012). This was necessary in order to achieve rapid
growth as well as to prevent depletion of glucose during EPS, which is known to occur
after approximately 18hr of culture in low glucose media (1g/L) (Farmawati et al,

2013). Under these high glucose conditions, it may not be necessary for contracting



cells to utilize glycogen stores, as oxidizable substrate is readily available in the
environment (Hamada et al, 2003). Many studies have demonstrated depletion of
glycogen stores in c2c¢12 in response to EPS (Manabe et al, 2012; Marotta et al, 2018; Li
et al, 2018), which might be explained by differences in voltage or pulse duration

between these studies and our own.

Media lactate behaved much more conventionally, with EPS producing a marked
increase in media lactate, which was not seen with any of the individual or combined
drug treatments. The magnitude of increase was consistent with the findings of other
groups using the same EPS protocol for the same duration with high glucose media,

approximately a 3-fold increase in lactate (Lautaoja et al, 2021).

4.3.1Signalling changes in response to CPA and Blebbistatin alone andin
combination.
Cells treated with only DMSO as a vehicle control showed a decrease in viability as well

as an increase in mTOR phosphorylation over time, which was matched by P70 (T389)
phosphorylation increase. This was taken as a sign that suspension of both CPA and
blebbistatin in 100% DMSO resulted in excessively high DMSO concentration
(approximately 1.15% v/v) and so blebbistatin was instead suspended in 27% DMSO for
future experiments. This resulted in a lower (0.44% v/v) concentration of DMSO whilst

still solubilizing the required blebbistatin mass.

As expected, treatment of cells with blebbistatin alone did not induce changes in
anabolic signalling. Similarly, EEF2 (T56) phosphorylation did not change, interpreted

here as a lack of change in calcium signalling, again, in line with expectation. This



assumption was made because EEF2 phosphorylation is controlled by a single kinase-
EEF2K- which is considered dependent on calmodulin (Hizli et al, 2013). Indeed,
changes in calmodulin that regulate EEF2 are associated with suppression of protein
synthesis during exercise, which was not dependent on AMPK activation (Rose et al,
2009). Therefore, EEF2 phosphorylation can be used as an indirect measurement of
cytosolic calcium. The only significant change over time with treatment with
blebbistatin was in ERK1/2, which declined from 8 hours onwards. As it pertains to
cellular survival (Lu and Xu, 2006), a decrease in phosphorylation of ERK1/2 is generally
a pro-apoptotic change, though not always. Though this could reflect changes in
survival signalling owing to reduction in cell movement, the fact that this change is also

seen with CPA treatment alone suggests that this is not the case.

Treatment with CPA alone coincided with more significant changes in cell signalling as
might be expected given the importance of calcium flux in normal function of skeletal
muscle (Hyatt and Powers, 2020; Shur et al, 2022). The large increase in EEF2
phosphorylation between 8 and 24 hours of CPA treatment is a good indication of an
increase in cytosolic calcium ion concentration. CPA has been used in other studies
(Sekiguchi et al, 1999) to invoke contraction on an acute timescale. The switch from

low to high EEF2 phosphorylation roughly matches the switch from high to low P70
phosphorylation. If the two were related it could be indicative of a reduction in protein
synthesis brought about by dysregulated calcium signalling, as seen in rodents (Lewis et
al, 1982) and strongly suspected in humans (Agrawal et a/, 2018; Parry and

Puthucheary, 2015). The increase in 4EBP1 (T37/47) phosphorylation at 4 hours when



compared to the 24-hour timepoint could be seen as contradictory to reduction in
protein synthesis due to elevated calcium, however, this could be explained by an
increase related to autophagy (Tsai et al, 2015). Calcium responsive mechanisms
involved In modulation of skeletal muscle protein synthesis, but independent of 4EBP1

activity (Ferreira et al, 2019) have been demonstrated in mice previously.

Whilst the purpose of many signalling proteins is understood in isolation, exactly how
they function in cross tissue interactions and in the establishment of stable feedback
loops within skeletal muscle under dynamic conditions is not well understood. We
found that by applying both CPA and blebbistatin for 24 hours phosphorylation of P70
at Thr-389 decreased significantly, with and without EPS. Additionally, a matching
increase was seen in 4EBP1 phosphorylation at Thr37/46. Whilst no significant change
was observed in mTOR phosphorylation, it was clearly seen that EPS alone depressed
mMTOR phosphorylation below the basal level, which was also seen with 4EBP1. This
could beinterpreted as exercise induced suppression of anabolic signalling, given that
cells were harvested immediately after finishing the 24-hour EPS program. Suppression
of P70 and 4EBP1 during exercise has been reported previously (Atherton and Smith,
2012; Dreyer et al, 2006), with most suppression being seen to occur in resistance
exercise rather than endurance exercise. Despite this, a sufficient volume of work could
deplete ATP to the point of inhibition of mTOR via AMPK activation (Knuiman et al,
2015). In humans this is generally accompanied by depletion of glycogen, which we did
not observe. Treatment with CPA and blebbistatin (CB) as well as CPA and blebbistatin

with EPS produced the same change in P70 and 4EBP1 expression (decrease and



increase respectively), which was expected, as blebbistatin prevented contraction from
occurring as a result of depolarization caused by EPS. The increase in 4EBP1
phosphorylation seen with CB indicates increasing rates of translation initiation, which
occurs when 4EBP1 becomes unbound from elFAE as a result of phosphorylation (Qin

etal, 2016).

Many health conditions and behaviours lead to loss of muscle mass, including bedrest
and immobilization. Both of these coincide with development of insulin resistance
(Stuart et al, 1988; Alibegovic et al, 2009) however, despite the shared outcome of
reduction in muscle mass, the signalling events leading to this can be quite different
(Greenhaff et al, 2019). It is generally accepted that as the primary controller of muscle
protein synthesis, mTOR phosphorylation and by extension P70 and 4EBP1
phosphorylation should decrease during muscle wasting (Gao et al, 2018). However,
human immobilization studies do not consistently show this, instead showing reduction
in muscle mass, without change in mTOR, 4EBP1 or P70 Phosphorylation, instead
seeming to rely on autophagic processes (Mgller, et al, 2019). This suggests either that
multiple mechanisms work alongside the traditionally considered mTOR pathway to
facilitate muscle loss during unloading or time sensitive changes in signals that feed
back into their own regulation. A similar discrepancy can be seen in rodents whereby
the processes involved in muscle wasting appear to differ between HLS (hindlimb
suspension) and casting, given that the mass of muscle lost in the cast limb is
significantly more than the suspended limb, yet protein synthesis, P70 and 4EBP1

phosphorylation are also significantly higher (Speacht et al, 2018). Rodent studies have



shown that in early immobilization- up to 3 days- mTOR activity is increased, after
which activity is reduced or equivalent to baseline (You et al, 2015). Importantly, the
early increase in mTOR phosphorylation has a negative effect on maintenance of
muscle mass, thought to be caused by reduction in ribosomal biogenesis (Rozhkov et
al, 2022; Leermakers et al,2019). This would explain the lowering of P70

phosphorylation whilst 4EBP1 rises in response to CB treatment.

EEF2 phosphorylation significantly increased in response to EPS alone and drugs alone
but not EPS and Drugs in combination. This would suggest that the increase in calcium
concentration in response to EPS is greater than in response to CPA or CPA and
blebbistatin, according to our results. Presumably, the difference in outcomes can be
attributed to EPS inducing a transient release of calcium, whilst CPA application leads
to sustained elevation of calcium due to the prevention of reuptake by SERCA pumps

(Wakizaka et al, 2017).

Protein Kinase B phosphorylation (T308) only changed slightly from control in response
to CB applied alongside EPS. PKB phosphorylation is known to play a role in GLUT 4
recruitment, however, this is primarily as part of the insulin responsive pathway
(Hajduch et al, 2001), which we did not directly manipulate here. The likely explanation
for the change is suppression which becomes greater the longer contraction persists,
which is supported by the presence of an initial spike in PKB phosphorylation at 0.5and
4 hours, followed by return to baseline levels at 8 and 24 hours in cells treated with

DMSO or CB (100%).



4.3.2 Glucose uptake in response to drugs
Treatments which did not include EPS did not alter glucose uptake significantly from

untreated control values. As was expected and in line with literature (Nikoli¢ et al,
2012), EPS of myotubes increased glucose uptake approximately threefold. For all
groups a significant increase in glucose can been seen with increasing time, which for
the most part can be explained as constitutive GLUT1 activity in a high glucose
environment. In the case of CPA only, a calcium derived increase in glucose uptake was
expected to occur as a result of calcium mediated glucose uptake (Youn et al, 1991, but
this was not apparent in our timepoint experiment. An explanation for this could be
that 24 hours is a long enough time for elevated calcium to cease its function as an
acute stimulator of glucose uptake and begin processes which inhibit glucose uptake
chronically (Uryashi et al, 2022). Glucose uptake over time shown in figure 4.10B
suggests that rather than reducing glucose uptake CPA and blebbistatin —in
combination or alone- prevent the increase in glucose uptake that contraction would
otherwise bring about. This would not impede calcium dependent glucose uptake
(Saito et al, 2016), which is likely the cause of the increased glucose uptake shown in
figure 4.10A for cells treated only with drugs. Multiple studies have shown that calcium
release, even at levels too low to induce contraction (Youn et al, 1991; Rockl et al,
2008) are capable of stimulating glucose uptake. The mechanism for this has not been
fully explored, though CamKIlI- AMPK interaction is proposed (Witczak et al, 2010) as is
crossover with the insulin dependent glucose uptake pathway (Kjgbsted et al, 2019).

However, the slight rise in glucose uptake above untreated control values (shown in



figure 4.10A) suggests that a calcium mediated increase in glucose uptake via CPA

activity may still be possible at 24 hours.

4.3.3 gPCR Biomarker response
Expression of mRNA transcripts for CALM1 and ATP2A1 (encoding calmodulin 1 and

SERCA1 respectively) were seen to decrease considerably compared to untreated
controls in response to EPS, to undetectable levels for CALM1. Conversely, expression
increased with drug treatment, both with and without EPS. Several studies have shown
expression of these transcripts increases in response to bedrest (Shur et al, 2022;
Chopard et al, 2009). Deruisseau et al (2005) observed that in diaphragm muscle,
calmodulins 1 and 2 undergo opposing regulation, with CALM1 increasing during
atrophy and CALM2 decreasing and speculated that this may be related to sub-cellular

localisation of signalling changes requiring calmodulin.

Changes in ATP2A1 transcript expression are less well studied, however it is known that
mutation in the gene can lead to muscular disease characterised by calcium handling
irregularities such as Brody myopathy (Guglielmi et al, 2013). Elevation in these two
biomarkers as well as in EEF2 phosphorylation in response to combined CPA and
blebbistatin treatment was taken as an indicator that a state of persistently elevated
cytosolic calcium had been achieved. It was hoped that by recreating the calcium
dysregulated environment that is found in vivo, the required signalling patterns for
impaired glucose uptake would also be established. The fact that glucose uptake did

not drop below the level seen in untreated cells suggests that glucose uptake had been



prevented but not necessarily impaired. Itis possible that glucose uptake was in fact
impaired, but that the difference between impaired and basal uptake was not

pronounced enough to be apparent at 24 hours.

4.4 Limitations section
One of the main concerns with using CPA to manipulate cytosolic calcium

concentration was that it might become difficult to differentiate an effect that is
indicative of acute contraction from one which is indicative of a developing disuse
phenotype. In order to minimize this issue, blebbistatin was applied before CPA in all
experiments where the two were used together in order to prevent contraction as a

result of calcium release.

Use of blebbistatin to prevent contraction came with the possible drawback of the
potential for phototoxicity, in which visible light wavelengths, particularly blue light,
causes rapid degradation of blebbistatin. Cytotoxicity is thought to be a function of the
intermediates produced during breakdown, rather than persistent products (Kolega et
al, 2004), the production of which does not stop once the drug is returned to darkness.
Viability was assessed by resazurin to resorufin conversion (not shown) and it was
determined that phototoxic products were not being produced. The second issue is
that both CPA and blebbistatin were suspended in DMSO, which can have a number of
effects on cells depending on the concentration. At high concentrations (>5%) DMSO
Exhibits noticeable effects on contractile elements of skeletal muscle (Mariano et al,

2001), whilst at lower doses the effects can be more subtle, but still potentially



experiment confounding (Orzechowski et al, 2001). We ruled out excessive effects of
DMSO based on a lack of change in EEF2 phosphorylation once blebbistatin was

suspended in a 27% solution as well as no change in cell viability.

Another potential limitation of this study is the use of biomarkers to indirectly

ascertain the calcium ion concentration in the cytoplasm. This method was chosen over
more precise means such as calcium probes because excitation wavelengths often fell
within the band that would cause phototoxicity due to breakdown of blebbistatin, as

well as requiring additional microscopy (Russell 2011; Bkaily et al, 2017).

Conclusion
After adjusting the concentrations of drugs to reach a sustainable final concentration of DMSO

we were able to achieve a treatment of CPA and blebbistatin which did not impair cell viability.
Individually, CPA was able to elevate cytosolic calcium and blebbistatin was able to prevent
contraction as we had hypothesized. By applying blebbistatin and CPA together we were able
to prevent glucose uptake from being stimulated by EPS. This was accompanied by a matched
decrease in lactate output, suggesting that the EPS induced increase in glycolysis had been
entirely prevented We were also able to induce changes in anabolic signalling that is consistent
with what we have come to expect from muscle disuse, with reduction in phosphorylation of
P70 as well as ERK1/2. Judging by changes in EEF2 phosphorylation as well as the significant
increase in CALM1, CPA was able to increase the cytosolic concentration of calcium as we had
predicted, though direct measurement of calcium would be needed to confirm this. These

endpoints suggest that the CPA+ blebbistatin treatment induced changes that were



comparable to what is seen in muscle disuse and that this could be used as a model of disuse

with some refinement.



Chapter 5: Attempted treatment of the CB model with AICAR
and Dantrolene in conjunction with EPS



5.0 Introduction

In the previous chapter we demonstrated that application of blebbistatin and CPA could
prevent contraction in response to 24 hours of continuous EPS and induce changes in
biomarkers and protein EEF2 phosphorylation that is indicative of persistently elevated
cytosolic calcium. We observed that these changes were paired with a reduction in glucose
uptake, lactate output and reduction in P70 (T389) phosphorylation when compared to cells
that only experienced EPS. Prevention of decrease in 4EBP1 (TT37/46) and mTOR (52448)
phosphorylation as well as increase in ERK1/2 (5217/221) phosphorylation associated with EPS
was also recorded. Following on from this, we were interested to know if molecular
manipulation intended to prevent elevation of cytosolic calcium or stimulate AMPK could

reverse changes initiated by CPA and blebbistatin.

Dantrolene is a muscle relaxant used to treat malignant hyperthermia- a condition that most
commonly occurs as an adverse reaction to anaesthetics (Glahn et al, 2020). It binds the
ryanodine receptor and stabilizes the channel in the closed position, preventing the passage of
Ca?* to the cytoplasm (Kobayashi et al, 2005). In a previous study (Park et al, 2013), it was
shown that dantrolene can be used to prevent calcium release elicited by caffeine application
to C2C12 cells. Our own model elevates calcium not by enhancing release with caffeine, but by
preventing re-uptake from the cytosol. By preventing initial release to the cytosol from
occurring, we hope to prevent the establishment of abnormal calcium signalling, negating the
effect of inhibition of SERCA caused by CPA. Whilst contraction from EPS will cause an increase
in cytosolic calcium, this will be transient. It also will not occur in the presence of CPA alone, as

CPA will cause a sustained release of calcium, depleting the SR calcium store and producing a



sustained contraction. Furthermore, this sustained CPA induced contraction will not be present

when blebbistatin is also present, leaving only elevated cytosolic calcium.

In the previous chapter, blebbistatin wasapplied in order to prevent contraction from occurring
in response to EPS. Though this is an irreversible process, some of the downstream signalling
that leads to contraction mediated glucose uptake can likely be restored by application of
AICAR.As this acts downstream of excitation-contraction coupling, the remainder of the
pathway should be exploitable, allowing GLUT4 recruitment and subsequent glucose uptake to
continue unimpeded. AICAR is a molecular mimic of AMP and as such can activate AMPK, the
cellular energy sensor (Kim et al, 2016), which is partly, but not wholly responsible for
contraction mediated glucose uptake. Activation of AMPK is known to associate with
phosphorylation and subsequent activation of TBC1D1 and TBC1D4, which are implicated in
both insulin stimulated and contraction stimulated GLUT4 vesicle trafficking through
interaction with Rab proteins which coat the GLUT4 bearing vesicles (Cartee, 2015; O’'Neill,
2013). It is the AMPK-TBC1D signalling pathway which we expect remains intact downstream
from the blebbistatin impaired contractile apparatus The remaining fraction can be attributed
to mechanical stimulation that occurs during contraction, but which can also be reproduced by
stretching muscle ex vivo (Jensen et al, 2014).

5.01 Aims and hypothesis

The aim of this set of experiments was to determine the ability of the drugs AICAR, dantrolene,
as well as an AICAR and dantrolene combination to restore glucose uptake in cells treated with
CPA and blebbistatin. Additionally, we wished to know if EPS could improve the ability of these

drugs to restore glucose uptake.



5.1 Methods
5.1.1 Cell culture

Cell culture of C2C12 cells was performed as described in chapter 2. Cells were seeded such
that all of the cells used were between days 5 and 6 post-differentiation at the time of
harvesting. Vials containing cells between passages 9 and 11 were used. For the purposes of

this chapter, n=3 refers to 3 wells of a plate.

5.1.2 Drug treatments

Three groupings of drug treatments were performed in order to examine both the response of
cells to the treatment as well as the potential mechanism by which the reaction was induced.
Firstly, to ascertain the effect of the drugs with contraction, cells were treated with dantrolene
(D) (D9175) or AICAR (A) (A9978) or with both AICAR and dantrolene (AD), with EPS (Figure
5.1). All of the drugs were purchased from Sigma. Dantrolene was dissolved with 187 mg/ml
mannitol, however no additional vehicle control was run as mannitol is present in commercial
formulations of dantrolene to allow physiologically useful concentrations of dantrolene to be
achieved without DMSO (Krause et al, 2004). EPS was performed as described previously at

11.5V, 2ms, 1 Hz for 24 hours.

Secondly, to determine the interaction of CPA and Blebbistatin when applied individually with
dantrolene, AICAR or AD these drugs were applied and incubated for 24 hours to compare the
reaction between each combination. EPS was applied to all treatment combinations in this

experiment. Cells were harvested after 24 hours of treatment.

Lastly, in order to determine the effect of EPS on the interaction of drugs in the absence of
interference by CPA or blebbistatin, cells were split into two groups, those receiving a rescue
drug with no EPS and those receiving a rescue drug alongside EPS. Cells were harvested after

24 hours of treatment.






Figure 5.1: Diagrammatic depiction of the major treatment combinations

performed in this chapter and the expected outcomes from each intervention.

Dantrolene (A) is a muscle relaxant that works by stabilising the RyR pore in the
closed position, preventing Ca2*ions from entering the cytoplasm. This is
intended to counteract the effect of CPA, which was applied to induce elevated

cytosolic Ca%* by preventing reuptake by SERCA2 ion pumps.

AICAR (B) was chosen to stimulate the contraction related glucose uptake that
remained viable after treatment with blebbistatin prevented contraction. This is
achieved by mimicry of AMP, which causes activation of AMPK via
phosphorylation of T172. AMPK, alongside cytosolic Ca%*/ calmodulin is
responsible for regulation of the phosphorylation of TBC1D1 and TBC1D4,

involved in GLUT4 vesicle trafficking.



5.1.3 EPS protocol

EPS was performed continuously as described previously. Pulse train settings were maintained
at 11.5V, 2ms, 1Hz as described in chapter 2, with a 1-hour pre-stimulation period to induce
contractile sarcomere formation. Drugs were applied immediately after pre-stimulation and

before 24 hours of contraction was applied.

5.1.4 Lactate assay

Measurement of media lactate concentration was performed as described in chapter 2

5.1.5 Glycogen assay

Measurement of cell glycogen was performed as described in chapter 2

5.1.6 Glucose uptake

Measurement of glucose uptake as internal 2DG6P was performed as described in chapter 2,
with slight modification. Rather than performing 1 injection of 6 separate samples, 3 samples
were used for each timepoint, injected twice. This modification was made to reduce mass
spectrometer running time and cell culture requirements.

5.1.7 Measurement of signalling

Anabolic signalling was measured by western blotting as described in chapter 2. Additionally,
targets EEF2, ERK1/2 and PKB (Akt) were measured.

5.1.8 Data analysis

Data analysis was performed as described in chapter 2.



5.2 Results
5.2.1 Dantrolene or AICAR do not restore glucose uptake in the disuse

model when paired with EPS.

The disuse model createdin the previous chapter- referred to as the treatment “CB” in figures-
was subjected to combinations of the drugs AICAR and Dantrolene in conjunction with EPS in
order to determine the most effective method to restore normal glucose metabolism.

5.2.2 Dantrolene

The disuse model reduced glucose uptake from 8.4uM to 6.4uM (p=0.0002), but treatment of
the model with dantrolene in addition to EPS further decreased glucose uptake down to 4.3uM
(p<0.0001) over a 24-hour period. However, this further decrease in glucose uptake was not
reflectedin lactate output, which was restored to control levels by dantrolene + EPS treatment.

No significant change in glycogen concentration compared to the EPS receiving control group



was observed as a result of the disuse model or treatment of that model by dantrolene (Figure

5.2).
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Figure 5.2: Diagram of expected changes occurring during experimental drug treatment.
The C2C12 disuse model was treated with EPS and 60uM dantrolene for 24 hours before
harvesting. CB= CPA+ Blebbistatin. Data are presented as means. Error bars indicate SEM.

N=3 (Glucose and Glycogen). N=6 (Lactate). ****indicates p<0.0001

The restoration of lactate output was associated with a significant (p= 0.0193) reduction in
4EBP1 Phosphorylation, back to the level seen in unstimulated c2c12 cells (Figure 5.3).
Changes in P70 phosphorylation (T389) and mTOR (52448) from EPS alone were not found to
be statistically significant. A large and significant (p<0.0001) increase in ERK1/2
phosphorylation was also observed, increasing 5.7 times above the basal level, which was not

seen with EPS alone. EEF2 phosphorylation at Threonine 56 decreased to near undetectable



levels with Dantrolene and EPS treatment (p=0.0033). Change in p-PKB (T308) was minimal and
not statistically significant, with the Dantrolene+ EPS treatment having the highest variability of

the 4 treatments.
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Figure 5.3: Changes in anabolic signalling and EEF2, PKB and ERK1/2 phosphorylation and
accompanying representative western blots. Cells were treated with either EPS alone, CPA
and blebbistatin (CB) with EPS or CB and dantrolene with EPS for 24 hours and then
harvested. Error bars indicate SEM. N=6 or 3 as indicated by representative western.
Dashed line indicates baseline phosphorylation found in cells at the same timepoint that

received no treatment or EPS.



5.2.3 AICAR

Treatment of the disuse model with AICAR alone (Figure 5.4) caused glucose uptake to
decrease even further from the EPS treated control than CB treatment alone (p<0.0001).
Lactate output was elevated back towards normal values for EPS treated cells (dantrolene=
47mM, AICAR= 24mM, AD= 27mM compared to BC= 10mM.) AICAR treated lactate output
remained significantly below EPS treated control values (p<0.0001). AICAR treatment did not

produce a change in glycogen concentration.
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Figure 5.4: Diagram of expected changes occurring during experimental drug treatment.
The C2C12 disuse model was treated with EPS and 1mM AICAR for 24 hours before
harvesting. CB = CPA + Blebbistatin. Data are presented as means. Error Bars indicate SEM.

N= 3 (Glucose and Glycogen). N=6 (Lactate). **** indicates p<0.0001. *** indicates p=

0.0001.



Treatment with AICAR+EPS significantly (p= 0.0056) reduced P70 phosphorylation at T389,
depressing it even further than the treatment with CB (Figure 5.5). There was no change in
4EBP1 Phosphorylation at T37/T46 and mTOR phosphorylation at S2448. No change was
observed in p-EEF2 (T56) and p-PKB (T-308) and ERK1/2 at S217/5221.

A Anabolic Effect AICAR B

AICAR Effect on p-EEF2 (T56)

-] (5]
= =l contro+EPS £
@ = CB+EPS -
Ne) 0
= = CB+A+EPS =
s s
‘2 @ o
[=] o
G ]
= = 14
[X] [X]
o z
s .
=] =] =]
& e,e? .;QS
) (¢ *
00&!‘ &
Treatment
Anabolic Target
AICAR Effect on p-PKB (T308) AICAR Effect on p-ERK1/2 (S217/5221)

2.5

2.0

1.5

1.0+

0.5

Fold change from baseline

Fold change from baseline

Treatment Treatment

Figure 5.5: Changes in anabolic signalling and EEF2, PKB and ERK1/2 phosphorylation and
accompanying representative western blots. Cells were treated with either EPS alone, CPA
and blebbistatin with EPS (CB) or CB and AICAR with EPS for 24 hours and then harvested.
Error bars indicate SEM. N=6 or 3 as indicated by representative western. Dashed line
indicates baseline phosphorylation found in cells at the same timepoint that received no

treatment or EPS.



5.2.5 AICAR+dant

A combination of dantrolene and AICAR, also failed to restore glucose uptake to the levels
seen with EPS alone (p<0.0001). Combined AD treatment (Figure 5.6) lactate output remained
significantly below EPS treated control values (p= 0.0370). A decrease from 1.9mM to 1.5mM

glycogen was seen with AD treatment though this was -again- not significant statistically.
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Figure 5.6: Diagram of expected changes occurring during experimental drug treatment.
The C2C12 disuse model was treated with EPS and 60uM Dantrolene+ 1mM AICAR for 24
hours before harvesting. CB = CPA + Blebbistatin. Data are presented as means. Error Bars
indicate SEM. N= 3 (Glucose and Glycogen). N=6 (Lactate). **** indicates p<0.0001. ***

indicates p value between 0.0001 an 0.001.

Treatment with a combination of 1mM AICAR and 60uM Dantrolene as well as EPS depressed
both P70 and 4EBP1 phosphorylation when compared to EPS control (Figure 5.7). P70
phosphorylation decreased to levels significantly less than the EPS control (p=0.0058)-from 1.6
to 0.2-fold baseline-whilst the depression of 4EBP1 phosphorylation was not significantly
different from the EPS control. Conversely, though lower than phosphorylation during CB

induced disuse, P70 did not significantly differ during AD treatment, whilst 4EBP1



phosphorylation was significantly lower as a result of AD treatment than it was during CB
induced disuse (p<0.0001). Though it was not significant, there was a matching decrease in
mTOR phosphorylation, approximately the same as seen with dantrolene+EPS treatment.
Interestingly, although AICAR+EPS and AICAR+dantrolene+EPS show the same pattern of
effects on mTOR and P70 phosphorylation, this is not the case for 4EBP1. Despite
dantrolene+EPS and AICAR+EPS having a similar and small effect on 4EBP1 phosphorylation,

AICAR and Dantrolene together with EPS massively reduced 4EBP1 phosphorylation.
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Figure 5.7: Changes in anabolic signalling and EEF2, PKB and ERK1/2 phosphorylation and
accompanying representative western blots. Cells were treated with either EPS alone, CPA
and blebbistatin with EPS (CB) or CB and 1mM AICAR+ 60uM dantrolene with EPS for 24
hours and then harvested. Error bars indicate SEM. N=6 or 3 as indicated by representative
western. Dashed line indicates baseline phosphorylation found in cells at the same

timepoint that received no treatment or EPS.



As with dantrolene+ EPS, dantrolene+AICAR heavily reduced phosphorylation of EEF, resulting
in a significant difference from EPS control (p= 0.0040), though not from CB induced disuse.
Despite a moderately large decrease in phosphorylation of PKB, the difference between
dantrolene+ AICAR+ EPS treatment and EPS control as well as CB induced disuse was not
significant. Unlike any of the other drugs applied alone, there was a weakly significant decrease

in ERK1/2 phosphorylation when compared to the EPS control (p=0.0481).

5.2.7 EPS does not improve the ability of selected drugs to increase
glucose uptake in normal baseline cells.

In order to differentiate universal effects of dantrolene and AICAR over 24-hours

from state specific effects, the drugs were provided to 2 groups of cells, those receiving EPS
and those not receiving EPS. Only two treatments saw significant changes to glucose uptake
with EPS vs Without EPS. Cells treated with AICAR saw a significant (p<0.0001) decrease in
glucose uptake in response to EPS, leading to uptake that was only around 1 quarter of the
uptake without EPS at 2.3uM. As expected, control cells saw an increase in glucose uptake with
EPS from 3.6 to 8.4uM (p<0.0001). Only AICAR treatment also showed a significant difference
between EPS and no EPS, with EPS causing a decrease in lactate that corresponded with the

decrease in glucose uptake (p<0.0001 (Figure 5.9-1 and 5.9-2).
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AICAR and AICAR+EPS reduced P70 phosphorylation from control +EPS value (p<0.001 and
=0.025 respectively), whilst dantrolene+ EPS produced a non-significant increase in
phosphorylation when compared to controls. As with P70 phosphorylation, both AICAR alone
and AICAR+EPS resulted in 4EBP1 phosphorylation that was significantly lower than control +
EPS (p=0.0189 and <0.0001 respectively). Additionally, AD+ EPS, but not AD alone reduced
4EBP1 phosphorylation (p=0.0309). There were no significant differences in mTOR, PKB or
ERK1/2 phosphorylation with the addition of any drug + EPS compared to control. Only
dantrolene treatment resulted in EEF2 phosphorylation that was significantly less than control
whilst EPS was applied (p<0.0001). Whilst AD and control saw an increase in EEF2
phosphorylation with EPS application (p=0.0003, 0.0003 and <0.0001 respectively), AICAR

alone showed a decrease in phosphorylation with EPS application (p<0.0001).
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Figure 5.12: Graphs of the changes in glucose uptake, media lactate (lactate output) and
Glycogen when cells were treated with a single rescue drug in the presence or absence of
EPS for a 24-hour duration. Error bars indicate means with SEM. N=6 (lactate) n=3
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5.3 Discussion
After treating the previously established disuse model with drugs targeted to correct the

increase in markers of high cytosolic calcium and inactivation of the contraction stimulated
glucose uptake pathway (Dantrolene and AICAR) alongside EPS, we found that none of the
drugs were able to restore glucose uptake. In fact, the opposite was shown, in which glucose
uptake was lowered beyond CB treatment, which itself was lower than baseline uptake.
However, full or partial restoration of lactate output was possible. Additionally, we saw that
even in the absence of CPA and blebbistatin, EPS completely prevented AICAR from increasing
glucose uptake, whilst dantrolene did not significantly change glucose uptake or lactate output,
regardless of EPS presence.

5.3.1 Dantrolene treatment

Dantrolene was expected to rectify the changes in calcium handling brought about by CPA
which prevents re-uptake by inhibition of the SERCA2 calcium pump. Dantrolene achieves this
by preventing passage of calcium through the ryanodine receptor to the cytoplasm. The large
reduction in EEF2 phosphorylation at threonine-56 that was not seen with AICAR treatment
indicates that calcium leak was prevented as EEF2 phosphorylation is solely controlled via
EEF2K - a CamKII sensitive kinase (Hizli et al, 2013). Despite the importance of CamKll as a
regulator within the EEF2 pathway recent research suggests that CamKiI|l itself has minimal if
any direct effect on glucose uptake in skeletal muscle due to low abundance or even absence in
adult mouse muscle (Negoita et al, 2023). However, it remains true that EEF2 activation is
impacted by calcium concentration and there is the possibility of other CamK isoforms such as
IV having an effect on glucose uptake in skeletal muscle (Shi et al, 2017; Ryder et al, 2005).
Preventing calcium dysregulation negates some of the dysfunction brought about by CB
treatment, and this was reflectedin glucose uptake during dantrolene+EPS treatment that was

higher than AICAR+EPS treatment.



5.3.2 AICAR treatment
That AICAR+EPS treatment of cells treated with CB did not fully restore glucose uptake which is

consistent with the lack of contractile ability of CB treated cells as well as the ability of
blebbistatin to interfere with stretch derived glucose uptake as well as contraction derived
uptake (Saito et al, 2016). What is surprising is that the treatment intended to restore glucose
uptake actually depressed glucose uptake below the level of what the disuse model achieved.
Whilst it is tempting to ascribe this as an effect or interaction of either blebbistatin or CPA and
AICAR, the fact that EPS of AICAR treated cells prevented an increase in glucose uptake in the
absence of CPA or blebbistatin suggests that the interaction is between EPS and AICAR. Though
both exert effects through AMPK, the downstream signalling of EPS and AICAR differs in the
exact Rab GTPases that are needed, with EPS requiring recruitment of Rab8a, 13 and 14, whilst
AICAR recruits Rab8a and 14 (Li et al, 2018). Though not a concrete explanation as to how this
may have caused EPS to prevent AICAR induced glucose uptake, it is possible that elements
present in this stage of signalling play a role, as there are GTPases such as 8b which have been
identified, but have no identified purpose (Benninghoff et al, 2020). Additionally, both EPS and
AICAR result in endogenous IL-6 vesicle depletion (Hojman et al, 2019; Hernandez-Albors et al,
2019), IL-6 interacts with AMPK as part of the normal sensing of energy and stress state of the
cell (Lauritzen et al, 2013). It may be possible that the combination of EPS and AICAR caused
disturbances in IL-6 outside the range- either of duration or magnitude- of what is normally
seen in muscle, resulting in the unexpected lack of stimulation of glucose uptake stemming
from changes at the mitochondrial level (Abid et al, 2020). However, this argument is difficult
to explain with existing literature given that IL-6 secretion is tied to exercise intensity and by
extension glycogen store size/ depletion (Steensberg et al, 2001). As we did not see any

significant changes in glycogen, it is unlikely that IL-6 perturbation caused the depressed



glucose uptake seeing as even relatively extended incubations of IL-6 in muscle resulted in

glucose uptake increasing (Kistner et al, 2022).

Lastly it is possible that the prolonged EPS protocol elevated cytosolic calcium levels sufficiently
to create an environment in which chronic calcium signalling induced effects prevented AMPK
phosphorylation, which has been shown before to prevent glucose uptake induced by AMPK

manipulation (Park et al, 2011).

5.3.4 AICAR+dantrolene treatment
AICAR+EPS and AICAR+dantrolene+EPS showed greater suppression of glucose uptake and

lactate output than the other two treatments. It remains unclear where the additional
decrease in glucose uptake seen in AICAR and AICAR+ dantrolene comes from. It can be
assumed that AICAR is being taken into the cell and activating AMPK as both AICAR+EPS and
AICAR+ dantrolene and EPS show reduction in mTOR phosphorylation, which would be a
natural outcome stemming from increased AMPK signalling given the antagonism between
mMTOR and AMPK (Mounier et al, 2011). Therefore, the disruption in signalling that would

otherwise lead to glucose uptake must lie downstream of AMPK activation.

The fact that AICAR+ dantrolene treatment reduced glucose uptake further than dantrolene
alone does not necessarily invalidate the idea that dantrolene reduced cytoplasmic calcium
concentration but can be explained by a negative interaction between dantrolene and AICAR.
Dantrolene is known to inhibit the effects of AICAR by preventing AMPK phosphorylation as
well as prevention of the upregulation of mRNA transcripts for MCT1 and MCT4 (Takimoto et

al, 2013). Lack of increase in glucose uptake could be caused if the decrease induced by



reduction in AMPK activity was greater than the increase that is derived from preventing
chronic calcium leak using dantrolene. Alternatively, the large increase in ERK1/2
phosphorylation seen with dantrolene treatment but not with AD treatment may be related to
the difference in glucose uptake. Possible evidence for inhibition of dantrolene’s effects by
AICAR is that whilst AICAR alone did not have much effect on ERK1/2 phosphorylation and
dantrolene produced a large increase, AD heavily suppressed ERK1/2 phosphorylation. In
pancreatic B-cells and Chinese hamster ovary, sustained ERk1/2 phosphorylation at serine 217
is a result of GLP-1 agonism (Ehses et al, 2002). Overall GLP-1 agonism has beneficial effects
that extend to muscle by improving vasculature (Mabilleau et al, 2018). A direct effect in c2c12
involving increased production of cAMP has been described with some GLP agonists (Hong et
al, 2019). Given the involvement of ERK1/2 ser217 phosphorylation in both cases, it is

therefore possible that dantrolene is indirectly producing a similar effect.

Throughout the previous chapters, the media lactate concentration has always followed
glucose uptake as measured by 2-deoxyglucose-6-phosphate accumulation. Lactate is exported
from the cell when the rate of pyruvate formation from any sources outpaces the rate of
breakdown of pyruvate in the mitochondria (Stallknecht et al, 1998). At the very least, an
increase in media lactate is indicative of an increase in glycolysis (Schmiedeknecht, et al, 2022).
In vivo skeletal muscle lactate production is also associated with utilization of glycogen stores,
however, we did not record any changes in cell glycogen content that reached significance. An
explanation for this might be that the super physiological concentrations of glucose present in
high glucose media were sufficient to sustain a favorable AMP:ATP ratio, preventing the
activation of glycogen phosphorylase as well as phosphofructokinase which would be
responsible for liberation of glucose from glycogen (Hardie, 2011). Based on this understanding

of the generation of lactate, it can be assumed that increasing lactate concentration in the



media is reflective of an increase in glucose metabolism, which is why it increases in tandem
with glucose uptake. This interpretation suggests that glucose metabolism - with the exception
of uptake- was increased by all of the treatments +EPS (AICAR, dantrolene, AICAR+

dantrolene).

5.3.6 EPS does not improve the ability of selected drugs to increase
glucose uptake in normal baseline cells.

In order to differentiate effects of EPS from drug induced effects we provided cells with either
AICAR, dantrolene or AICAR+ dantrolene. This was repeated with cells that also received EPS
alongside the drug treatment. No CPA or blebbistatin was applied. Our finding that EPS in
conjunction with drugs did not improve glucose uptake but in fact reduced glucose uptake is
surprising, particularly for AICAR, which had been expected to show a greater increase than
drugs alone given that EPS should impact the AMP/ADP to ATP ratio. However, an interesting
pattern is found in the two highest glucose uptake conditions: AICAR without EPS and EPS with
no drug treatment. Whilst AICAR without EPS had both a high glucose uptake and high media
lactate concentration, EPS alone had a high glucose uptake but only a moderate increase in
media lactate. Furthermore EPS alone had a relatively large glycogen store, measured at 2.0
mM, whilst AICAR without EPS had a glycogen content of 1.3mM. This may be indicative of the
fate of glucose taken up by each method of stimulation, oxidation and storage respectively.
Presumably, this difference stems from the lack of physical movement present in cells treated
only with AICAR, whilst EPS produces both movement and AMPK phosphorylation. Whilst the
increase in glycogen content with EPS is not significant, it is a departure from the expected

result as glycogen is usually depleted during strenuous or prolonged exercise (Manabe et al,



2012). It is possible that sustained phosphorylation of AMPK as a result of contraction resulted
in buildup of glucose-6-phosphate which then goes on to activate glycogen synthase directly

(Hunter et al, 2011).

Paired with the increase in glucose uptake with AICAR treatment was an increase in EEF2,
suggesting that cytosolic calcium concentrations increased with AICAR alone, but not with
AICAR+ EPS, as EEF2 phosphorylation with AICAR+EPS was less than half that of EPS alone
(P<0.0001). Interestingly, whilst dantrolene, with and without EPS kept EEF2 phosphorylation
low, this was not the case when administered alongside AICAR. This supports the earlier
assertion that as well as the known ability of dantrolene to blunt the effects of AICAR, the
reverse may also be true. Changes in anabolic signalling when drugs were applied alongside
EPS were as expected, with a depression in both 4EBP1 and P70 phosphorylation likely derived
from AMPK activation. Indeed, mTOR phosphorylation was reduced below detectable limits by
application of AICAR alone and was depressed by AICAR+EPS, dantrolene, dantrolene+ EPS, AD

and AD+ EPS.

5.4 Limitations
One of the limitations of the method chosen to replicate disuse was that the binding of

blebbistatin is irreversible. Once applied it is not possible for the myotubes to regain the ability
to contract. Therefore, it can be considered that any stimulation of glucose uptake that is
dependent on contraction- rather than change in AMP:ATP ratio- will not be reproduced by the
intervention chosen to rescue the disuse phenotype and so we will not be able to gauge the
degree to which the physical movement component of contraction stimulates glucose uptake

independent of energy or stress perception.



Another imitation of this experiment is the difficulty in determining where in the time course of
acute to chronic the 24-hour timepoint is. Calcium signalling and downstream changes in
muscle are by nature rapid as skeletal muscle must respond to changing conditions that can
change from inactive and fasting to active fasting and then to fed all within a matter of minutes
or hours and there is also evidence that the speed and duration of transients are part of the
adaptation of muscle to physical activity (Boulware and Marchant, 2008; Salanova et al, 2013;

Gejl et al, 2020; Tavi and Westerblad, 2011).

One of the reasons for choosing to attempt to restore contraction mediated glucose uptake
rather than bolstering insulin dependent pathways is that C2C12 cell’s glucose uptake in
response to insulin is low when compared to L6 or other muscle cell models (Abdelmoez et al,
2020). The drawback to this is that in vivo both the contractile and insulin dependent pathways
function together to produce a more complete level of glycaemic controlthan can be recreated
in a rodent model currently. Of course, drawback is paired with the advantage of removing
inter individual variability as well as the fact that we aimed to determine the effect of exercise

specifically on glucose uptake.

5.5 Conclusion

The results above show that whilst it is possible to simulate key aspects of muscle disuse such
as depression in glucose uptake, lactate output and anabolic signalling and calcium
dysregulation with the application of CPA and blebbistatin it is not possible to restore normal

function to C2C12 myotubes with any combination of AICAR, dantrolene and EPS. In fact,



glucose uptake is suppressed further by the addition of these drugs. The results highlight the
importance of cytosolic calcium in the maintenance of normal glucose control. They also make
apparent potential incompatibility between chronic effects of drugs intended to target
speculated intervention points in the signalling chain that propagates the effects of inactivity.
Despite the inability to restore glucose uptake, the findings related to the established model
offer scope for future work to develop the model in a way that might provide useful
information for our understanding of the development of disuse related insulin resistance. The
first avenue is direct imaging or measurement of calcium transients at specific timepoints
during the application of drugs to the cells, which might elucidate the key subcellular locations
that play a role in within the first 24 hours as well as when they occur. Secondly, future work
might focus on isolating the contents of vesicles containing relevant myokines in order to
understand the changing that occurs in the myokine profile and if they match sufficiently well

with what is seen in muscle disuse in vivo.

6.0 General discussion

With the recognition of the importance of inactivity as a major factor in the formation of
insulin resistance and subsequent health issues such as type 2 diabetes (Booth et al, 2012;
Lavie et al, 2019), there has been an increasing demand for pharmaceutical interventions for
the management of blood glucose independently from insulin (Gubert and Hannan, 2021;
Narkar et al, 2008). In order to research possible pharmaceutical countermeasures against
inactivity a readily available model of the condition in skeletal muscle is required. This thesis
presents the work carried out to attempt to create, validate and utilize such a model, using the

C2C12 cell line.



6.1.1 Validation of the measurement of 2-Deoxyglucose uptake in C2C12

with EPS

Analogs of glucose have seen use as tracers for some time, with detection achieved either by
scintillation counter or by quantification of fluorescence (Fatangare and Svatos, 2016). We
utilized the non- metabolizable nature of 2-Deoxy-D-glucose in conjunction with triple
guadrupole GC-MS to detect phosphorylated 2-DG. As 2-DG is a known inhibitor of glycolysis
(Ralser et al, 2008) it would be troublesome for the development of any model using this
technique, if glucose metabolism were to be disturbed by the tracer used to detect uptake. We
showed that at a low dose of 25uM 2-DG there was no inhibition of glycolysis as a result of the
tracer’s uptake. We also demonstrated that a higher dose of 200uM is not suitable for tracing
in C2C12 cells. This is somewhat surprising as previous work had shown that in human primary
muscle, relatively high doses of 250uM and 4mM could be provided without causing inhibition

of hexokinase or depletion of ATP (Jacobs et al, 1990).

Additionally, verification of the contraction of C2C12 cells in response to EPS in our hands was
necessary as there are many factors which could influence the ability of cells to contract
(unpublished observation) as well as the response that cells would have to contraction. This
refers to the contents of the media as well as the growth conditions such as regularity of media
changes. For example, we initially found that the presence of amphotericin B, a commonly
used anti-fungal agent in tissue culture- prevented the attachment and proliferation of
myoblasts. Whilst the pulse train settings we used were not novel, where we had access to
points of comparison, they induced appropriate changes in glucose uptake and lactate output,

allowing us to gauge that the myotubes were metabolically “normal” for their type.



6.1.2 Effect of varying frequency of intermittent EPS on glucose uptake

and related signalling.

As we were unable to identify a difference between intermittent EPS protocols as a result of no
change in glucose uptake or lactate output, we can only highlight the importance of
maintaining electrical input to myotubes throughout the experimental period. Though there
has been much made of the ability of acute bouts of exercise to elicit beneficial effects such as
increased glucose uptake for at least 3 hours post exercise (Soo et al, 2023) and improvements
in measurements of glycemia (Babir et al, 2023), but from the measurements we made, we
were unable to recreate this effect in C2C12 cells. This may be caused by the effects relying on
cross-talk between tissues, or it may be that the post exercise glucose uptake response is not
as strong in rodents, though this second explanation is not supported by existing evidence
(Ryder et al, 1999), with 3 hours of swimming elevating glucose uptake even after 5 hours of
resting. We suggested that the explanation for the lack of change in glucose uptake was
impairment of the signalling pathway due to disassembly of sarcomeres or other key areas
related to contraction, but were unable to verify this with the measurements we had made.
This prompts us to ask, how quickly does this disassembly process eradicate changes to glucose
uptake if 12 hours of contraction followed by 12 hours of rest showed no difference in uptake

from resting cells?

That there were changes in anabolic signalling in response to intermittent EPS confirms that
electrical current was indeed reaching the myotubes, however the interpretation of the
resulting patterns was difficult. Even accounting for a delay in harvesting it would be expected
that at the end of the change, signalling would normalize towards the basal state, however,
even patterns of contraction that we had expected to be highly similar did not show matching

changes. The 1E23, 2E24 and 3E24 series were expected to produce similar results as they



differed only slightly, however 1 hour contraction produced no change in 4EBP1
phosphorylation, 2 hours contraction produced a significant fall and 3 hours produced a
significant increase in 4EBP1. Almost all of the work done on intermittent Electrical pulse
stimulation uses human participants who undergo NMES (Neuromuscular Electrical
stimulation) with fatigue and pain related measurements rather than biochemical changes
(Matsunaga et al, 1999; Russ et al, 2002). Unfortunately, much of the work that has been done
in rodents compares response to high and low frequency EPS against one another rather than
to a baseline control or otherwise assesses functional outcomes as in humans (tsutaki et al,
2013; Dalise et al, 2017; Ichihara et al, 2009). This makes drawing parallels to the literature

difficult as there are no 1 to 1 comparisons to be had.

6.1.3 Establishing a muscle disuse phenotype in vitro using CPA and

blebbistatin

The importance of calcium handling in the function of skeletal muscle has long been
appreciated, however the idea that cytosolic calcium could regulate muscle health is relatively
new as much of the work before now concerned calcium transients that were sufficiently high
to induce contraction and how modifications to calcium handling can influence the contraction
rate and fatiguability of muscle (Gordon et al, 2000; Taylor et al, 1982). Findings that serum
calcium levels (Massry and Smogorzewski, 1997) as well as cytosolic calcium (Hyatt and
Powers, 2020) can be disturbed during diabetes and bedrest led us to believe that given our
understanding of calcium as a regulator of calpains, reproducing a condition of elevated
calcium in the absence of contraction may reproduce disuse-like changes within cultured

myotubes. Our finding that application of 100pM CPA and 10uM blebbistatin will prevent EPS



induced glucose uptake and lactate output is useful for future skeletal muscle study and
confirms findings in rat cardiomyocytes (Ruben et al, 2010). More interesting is the finding that
anabolic signalling changes that occur in response to this treatment mimic disuse in many
ways, with biomarkers CALM1 and ATP2A1 suggesting elevated calcium was achieved. We
confirmed suppression of P70 and ERK1/2 phosphorylation, which is in line with current
understanding of disuse (Rudrappa et al, 2016; Nakanishi et al, 2021). With some further
development, this model could be useful for the study of different interventions intended to
rescue glucose uptake as well as protein synthesis, such as enhanced amino acid provision or

novel natural products.

6.1.4 Attempted treatment of the CB model with AICAR and Dantrolene

in conjunction with EPS

The inability of dantrolene or AICAR to revert the impairment of glucose uptake brought about
by treatment with blebbistatin and CPA demonstrates a flaw with the choice of blebbistatin for
preventing contraction and that is the irreversibility of the binding. We attempted to
circumvent this and expected that a portion of contraction related glucose uptake could be
retained by stimulating the downstream pathway with AICAR, however the results indicate that
this is seemingly not the case. Exactly why this is not the case remains unclear, however It may
be that the force transduction element of the pathway that responds to contraction (and thus
passive stretch) (Kerris et al, 2019) was impaired by blebbistatin, as non-muscle myosin can be

effected by blebbistatin (Horvath et al, 2020).

Alternatively, it may not be a side effect of blebbistatin that prevented restoration of glucose
uptake by pharmaceuticalintervention. We found that EPS prevented AICAR from exhibiting it’s

glucose uptake stimulatory effect on C2C12 myotubes that were not treated with any other



drugs. We could not find a satisfactory explanation for this in the literature, so it may be that
an as yet unknown signalling conflict between EPS and AICAR prevented glucose uptake
restoration, as when attempting rescue of the disuse model EPS was applied under the
assumption that the effects of EPS and AICAR would be additive as a result of both shifting the
perceived AMP:ATP ratio towards depletion of ATP by changing the phosphorylation of AMPK

(Visnji¢ et al, 2021).

6.2. Future considerations and conclusion

6.2.1 Validation of the measurement of 2-Deoxyglucose uptake in C2C12

with EPS

Though we established that 25uM 2DG was suitable for tracing glucose in c2c12 cells in the
basal and EPS stimulated state over 24 hours, we did not attempt to find an upper limit to the
time that glucose could be measured with this dose. It may be of interest to expand the
measurement out to 36 hours, as increasingly the lingering effect of exercise on glycaemic

control is being recognized.

6.2.2 Effect of varying frequency of intermittent EPS on glucose uptake

and related signalling.

Given the lack of difference between contraction bout frequency and our attributing this to
disassembly of sarcomeres and potentially other signal transducing elements, the most
immediate modification that could be made to a repeat of this experiment is the addition of a

low frequency electrical pulse for the purpose of maintaining sarcomeres. Though it is an



important aspect of contractability, there is little discussion of the use of maintenance pulses
even in papers that utilize large gaps between contraction bouts (Manabe et al, 2012; Fujita et
al, 2007), particularly when sarcomere formation is by electrical pulses rather than novel or
enhanced substrate (Denes et al, 2019). Future work could consider the effect of different
pulse lengths and frequency as well as investigating the need or effect of a maintenance pulse
as the culture ages asit is known that with additional time in culture C2C12 cells will begin to
spontaneously contract, eventually tearing themselves from their substrate (Jensen et al, 2020;

Denes et al, 2019).

6.2.3 Establishing a disuse phenotype in vitro using CPAand blebbistatin

The application of CPA alone was visually confirmed to prevent twitch contraction induced by
EPS, as the release of calcium caused by CPA produced a tetanic contraction which was not
released. The effects of a lower dose of CPA or initiating calcium leak by other means such as
repeated low dose caffeine might show interesting differences which would give insight into
the requirement magnitude of calcium leak for disuse-like changes to occur. Following on from
this, measurement of changes in calcium sensitive proteases might also be useful in

assessment of the model’s ability to simulate disuse.

6.2.4 Attempted treatment of the CB model with AICAR and Dantrolene

in conjunction with EPS

There are three main questions that arise from the results of the experiments performed in the
fifth chapter. Firstly, what are the conditions for the apparent inhibition of AICAR induced
glucose uptake by EPS. Second, the permanence of blebbistatin binding to myosin ATPase Il
limited the degree to which glucose uptake could ever have been recovered. The use of

another agent with reversible binding might provide interesting insights based on the



difference in outcome as it could separate effects of electrical current in general from those of
contraction. Lastly, the possibility of inhibitory effects between AICAR and dantrolene is of
interest, both from the perspective of potential treatments, but also as a research tool.
Understanding the interaction between the two would allow for better planning of
experiments in the future. An important starting point could be to determine the

phosphorylation state of AMPK at Thr172 to determine what effect if any AICAR is exerting.

Conclusion

In the course of this work, we demonstrated the suitability of C2C12 myotubes as an exercise
responsive platform for the measurement of changes in glucose uptake in our hands.
Additionally, we confirmed the viability of a low dose of 2-deoxyglucose for tracing of glucose
over a 24-hour period when both EPS and drugs were applied. Though we were able to
reproduce disuse-like changes in myotubes including prevention of glucose uptake and
reduction in protein synthesis signalling as judged by increased 4EBP1 (T37/46) and reduced
P70 (T389) phosphorylation, we were unable to restore glucose uptake pharmaceutically.
Though cytosolic calcium was not measured directly CPA treatment was deemed successful in
causing persistent calcium elevation due to changes in calcium sensitive mRNA transcripts
CALM1 and ATP2A1 as well as phosphorylation of EEF2 (T56). We suggested that the
irreversibility of blebbistatin binding was a potential issue with the model and that a reversible
substitute could be useful. Despite this we were able to highlight several questions arising from
this work, the answers to which may provide useful insights into muscle physiology,
particularly, what was the reason for EPS negating AICAR induced glucose uptake? To conclude,
the basis of the model appears sound, however the capacity for reverse of the disuse
phenotype is important if the model was to be used to determine the efficacy of

pharmaceutical treatments for inactivity or immobilization.
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