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Abstract
Skeletal muscle has tremendous adaptive and regenerative ability, this is achieved
through a resource of stem cells which remain present in adults. These cells remain
guiescent until activated by myogenic factors, at which point they proliferate and then
differentiate into new fibres. To guide this process, the muscle stem cells express
different transcription factors: Pax7 when quiescent, MyoD when activated and during
proliferation, and Myogenin during differentiation. The present work focuses on the
muscle stem cell function of the of the Apolipoprotein E deficient (ApoE”) mouse, and
aims to understand the influence of hyperlipidaemia, as well as senescence on muscle

stem cell function.

This thesis uses the atherosclerotic ApoE deficient mouse model, to determine the
muscle stem cell function. Muscles of wild type and ApoE deficient mice were
dissected, and single fibres or stripped stem cells were cultured to determine the
expression patterns of Pax7, MyoD and Myogenin or the proliferation and
differentiation capacity respectively. Regeneration of injured muscle was also studied
in vivo by staining injured muscle of wild type and ApoE mice to detect necrotic fibres,
regenerating fibres, and macrophage infiltration. Experimental hyperlipidaemia was
induced in cultured myoblasts by culturing with palmitate to determine the influence of
oxidative stress in hyperlipidaemia by applying the antioxidant ebselen. Senescence
was induced in cultured myoblasts by adding doxorubicin to culture media to
determine the proliferation and differentiation capacity of senescent muscle stem cells.
Releasate of activated human platelets was applied to senescent cells as a treatment

to promote regeneration.

The thesis shows that hyperlipidaemia results in impaired myogenic progression, and
muscle stem cells have reduced capacity for both proliferation and differentiation, this
is underlined by the fact that the ApoE deficient mouse had impaired recovery after
muscle injury. Furthermore, the influence of oxidative stress in hyperlipidaemia was
highlighted as the antioxidant ebselen restored muscle stem cell function in culture.
Senescence using doxorubicin greatly inhibited proliferation and differentiation of
muscle stem cells, and application of growth factors released from activated platelets
only partially restored function.
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1.1  Skeletal muscle

Skeletal muscle, one of the largest tissues in the human body, comprises almost 40%
of total body weight in non-obese men (Frontera and Ochala, 2015). The composition
of muscle in the body is mainly water (75%), protein (20%) and other substances such
as inorganic salts, minerals, fat, and carbohydrates (5%). Muscle mass is dependent
on the balance between protein synthesis, and protein degradation, both of which can
be altered by hormone balance, physical activity and exercise, injury or disease, and
nutrition. Skeletal muscle primarily functions in movement, generating force by turning
chemical energy into mechanical energy, generating force and power, maintaining
posture, producing movement, and ultimately contributing to functional independence.
This requires a great deal of metabolic demand, and accounts for up to 40% of the
resting metabolic rate of humans and makes up 30-50% of the protein turnover in the
whole body (Matsakas and Patel, 2009). This in turn generates several by-products
such as lactic acid and reactive oxygen species. Metabolically, skeletal muscle
contributes to basal energy metabolism, serves as storage for important substrates
such as amino acids and carbohydrates, produces heat to maintain core temperature,
and consumes the majority of oxygen and fuel used during physical activity and
exercise. Furthermore skeletal muscle serves a number of metabolic functions such
as glucose and lipid metabolism the deposition of fat in the adipose tissue, and the
"browning" of the white adipose tissue, immune and redox effects, heat generation,
and it has been recently been discovered that skeletal muscle is important to cognitive
function (Barbalho et al., 2020; Chazaud, 2020; Pedersen and Febbraio, 2012;
Severinsen and Pedersen, 2020; Sui et al., 2020). Furthermore, muscle has a high
capacity for oxidative metabolism and is a major peripheral tissue in insulin mediated
glucose uptake, glycogen storage and triglyceride storage (Hargreaves and Spriet,
2020; Merz and Thurmond, 2020). Skeletal muscle has a role in storage of amino
acids needed by other tissues such as brain, skin, and heart for the synthesis of organ-
specific proteins. The reservoir of amino acids is also used to maintain blood glucose
levels during starvation conditions. A reduction in muscle mass impairs the ability of
the body to respond to stress and chronic illness, therefore the roles of the skeletal
muscle are of relevance to disease prevention and maintenance of health. Therefore,
skeletal muscle function and homeostasis is important in health and disease, the
balance of oxidative metabolism in a tissue with high oxygen consumption rates is one

important factor which is closely regulated and may be imbalanced in disease (Beyfuss
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and Hood, 2018; Roy et al., 2020, p. 1). The homeostasis between protein synthesis
and protein degradation can regulate muscle mass and is affected by nutrient
availability, exercise, hormonal profile, injury, and disease. Skeletal muscle is a highly
robust and adaptable tissue, able to alter size and functional properties, and able to
regenerate and repair throughout adulthood due to its resident population of stem cells
(Relaix and Zammit, 2012).

1.1.1 Skeletal muscle composition

Skeletal muscle is composed of myofibres, nerve tissue, capillaries, and connective
tissue. A detailed diagram of skeletal muscle structure is listed in figure 1.1. Individual
myofibres are grouped together into clusters known as fascicles, which themselves
form a muscle (Bottinelli and Reggiani, 2000; Frontera and Ochala, 2015). Each
myofiber is surrounded by connective tissue known as the endomysium, and each
fascicle is surrounded by connective tissue known as the perimysium (Morrissey and
Sherwood, 2015). Muscles are separated from one another by connective tissue
known as the fascia and surrounding this is the epimysium. A single individual muscle
fibre is approximately 100 uM in diameter and 1 cm in length and is surrounded by a
cell membrane known as the sarcolemma. The sarcolemma itself is associated with a
complex of several proteins connected to the internal structure of myofilaments,
attaching to actin present in the thin filament. Dysfunction or absence of these proteins
can result in damage to the sarcolemma, muscle weakness and atrophy. Dystrophin
is one protein in the sarcolemma involved in stabilizing the plasma membrane of
striated muscle — in loss of function mutation of the dystrophin gene, sarcolemma
instability and muscle loss are results, this is seen in neuromuscular disorders such

as Duchenne and Becker muscular dystrophies (Thomas, 2013).

Each myofiber is a multinuclear muscle cell stabilised in a post-mitotic state, excluding
their water content, single muscle fibres consist of 80% protein — including contractile,
regulatory and cytoskeletal proteins, and of 8% sarcoplasm (Hoppeler et al., 1973).
Nuclei are in control of the type of myosin heavy chain a specific region expressed in
proximity to them in the myofiber, known as a nuclear domain (Frontera and Ochala,
2015). Adjacent nuclear domains of a single fibre appear to coordinate protein
expression in order to produce a certain type of protein such as myosin similarly across
the length of the muscle fibre, though cases of different expression of contractile

proteins in adjacent myonuclear domains have been reported (Wilkins et al., 2001).
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Contained in myofibres are myofibrils, consisting of thick filaments of myosin and thin
filaments of actin, which function in force generation by pushing against one another
— myosin converting chemical energy (ATP) to mechanical energy to pull the actin
filaments (Clark et al., 2002). Each individual muscle fibre is estimated to be composed
of thousands of myofibrils and billions of myofilaments these units of the muscle are
assembled together to form sarcomeres — the basic contractile units of skeletal
muscle. Myofibrils are divided into segments known as sarcomeres, which are each
bookended by Z-lines — a cytoskeletal disk composed of proteins such as a-actinin, a-
spectrin, tropomyosin-a (Al-Khayat et al., 2010; Clark et al., 2002). These Z-lines allow
the actin to link to adjacent sarcomeres, which allows the fibre to contract. The
sarcomere is composed of | bands — containing actin filaments, and A bands —
containing myosin filaments. The main molecular motor of muscle contractility is
myosin — eleven sarcomeric genes with their corresponding protein products have
been described in mammals, though not all are expressed in humans. The A band is
further divided into the H zone which is a region where actin and myosin filaments do
not overlap while the muscle is at rest. Inside the H zone is the M line, which is
composed mostly of M line protein (Al-Khayat et al., 2010; Clark et al., 2002). Thin and
thick filaments comprise the majority of the protein content of myofibres, and other
proteins in the myofiber are associated with sarcomere function such as titin, nebulin
and desmin which are important for the stability and organization of filaments, (Li et
al., 1997; Pappas et al., 2011; Tskhovrebova and Trinick, 2010). Titin, for example
attaches to the Z disc of the sarcomere, and attaches to myosin to help stabilize and
align the thick filament, whereas nebulin integrates with the thin filaments containing
actin, and desmin connects the Z line to the sarcolemma and to the extracellular matrix
(Ottenheijm and Granzier, 2010).

Myofibres also contain organelles aside from the sarcomere, such as the sarcoplasmic
reticulum which functions in Ca?* transport, uptake, storage, and release. As a tissue
demanding high levels of energy production, the muscle also houses an extensive
network of mitochondria and a transverse tubular system for the transmission of action

potential in the interior of the myofiber (Schiaffino and Reggiani, 2011).
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Figure 1.1 Structure of skeletal muscle (adapted from Frontera et al.)

1.1.2 Skeletal muscle plasticity

Skeletal muscle has a remarkable plasticity and myofibre transitions can occur as a
result of significant changes in hormone levels, nerve activity or mechanical loading
(Blaauw et al., 2013; Caiozzo et al., 1997; Pette and Staron, 2000). Hypothyroidism
for example causes myofiber transition from a faster to a slower type (1IB— [IX — IIA
— 1), while hyperthyroidism has inverse effects (Schiaffino and Reggiani, 2011;
Westerblad et al., 2010). Nerve activity is also important in fibre type transition, with
fast nerves generally innervating fast twitch muscle and slower nerves innervating
slow twitch fibres (Schiaffino and Reggiani, 2011). Furthermore, cross-reinnervation
of a muscle i.e. fast nerve innervating a slow twitch muscle or vice versa leads to an
associated transition of myofiber type, and changes in neuronal activity due to cross-

innervation, denervation or paralysis are associated with myofiber transitions
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(Westerblad et al., 2010). Mechanical loading — exercise also induces functional
adaptations and changes in metabolism and structure of muscle. The adaptations of
skeletal muscle in response to exercise differ according to frequency, intensity, and

duration of exercise (Egan and Zierath, 2013).

Endurance training for example enhances mitochondrial biogenesis, improves cellular
aerobic fitness, and promotes transition to oxidative fibres (1A and 1), while resistance
training induces muscle fibre hypertrophy, increases satellite cells and myonuclei
count, enhances muscle net protein synthesis and decreases type IIAX fibres
(Blocquiaux et al., 2020; Qaisar et al., 2016).

Despite the noted myofibre transitions in response to exercise, myofibre transition in
regenerating and developing muscle is more extensive (Westerblad et al., 2010).
Adaptations on a cellular level however are more frequent — such as mitochondrial
biogenesis and respiration, oxidative metabolism, increased capillarization
(Westerblad et al., 2010). Muscle myofiber composition is also influenced by diet, age
and pathological conditions (Matsakas and Patel, 2009). An oxidative phenotype for
example is induced by food restriction, with an increase of oxidative myofibres
whereas a high fat diet will promote an oxidative phenotype initially, before leading to
glycogen and lipid storage, decreasing metabolic function and muscle insulin
resistance (Matsakas and Patel, 2009). Ageing is commonly associated with reduced
force generation capacity and atrophy (Frontera and Ochala, 2015). Furthermore, a
decrease in type 11X and IIB fibres is seen in elderly humans and rodents, regenerative
capacity becomes reduced due to loss of muscle stem cells, metabolic efficiency is
reduced and sarcoplasmic reticulum function is diminished (Frontera and Ochala,
2015).

Skeletal muscle fibre heterogeneity marks a significant variability in mechanical,
biochemical, and metabolic phenotypes from fibre to fibre, with each fibre type
representing a different phenotype(Salviati et al., 1982). Different muscles of the
human body are comprised of different percentages of the various fibre types. The
presence of different fibre types in the same muscle may be due to varying patterns
of activity induced by motor neurons, imparting different properties to different fibres.
The variability in physiological properties of fibres is important to enable various
metabolic and mechanical abilities in the muscle, maintaining flexibility through
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heterogeneity (Liu et al., 2012). Each muscle fibre type also responds differently to
stimuli such as denervation, hormonal levels, aging, inactivity, and disease. Atrophy
is particularly evident in fast type Il fibores compared to slow type | fibres in conditions
associated with muscle wasting such as cancer(Ciciliot et al., 2013). Muscle fibre
contraction speed is determined by the extent of sarcoplasmic reticulum development,
while mitochondrial content determines the oxidative capacity and fatigue tolerance.
Human limb muscles are comprised of three fibre types: type | (slow, oxidative, fatigue-
resistant), lIlA (fast, oxidative, intermediate metabolic properties), and IIX (fastest,
glycolytic, fatigable) (Vlahovic et al., 2017). Muscle protein isoforms have been used
to identify and distinguish muscle fibre types including myosin heavy chain type |, lIA,
[IX, which have been useful in determining muscle fibre types, and
immunofluorescence antibodies allow investigators to determine muscle fibre type
transitions. Muscle fibre transitions have been known to occur as a result of variations
in the pattern of neural stimulation, exercise, availability of substrates, and hormonal
signals. Myogenic transcription factors such as MyoD and myogenin play a significant
role in muscle protein synthesis for the specific fibre type isoforms (Hu et al., 1997,
Hughes et al., 1993).

1.1.3 Skeletal muscle action

In order to generate force, the muscle first receives transmission of the nerve stimulus
to the triad, then calcium is released from the nerve cisternae of the sarcoplasmic
reticulum, the whole process is known as excitation-contraction coupling (Costello et
al., 1986; Rios and Gyorke, 2009). The action potential arriving at the muscle fibre is
conducted into the muscle fibre via the transverse tubular (T tubule) system (Calderon
et al., 2014). The action potential reaches the triad where the T tubule is in close
proximity to the terminal cisternae of the calcium storing sarcoplasmic reticulum (Al-
Qusairi and Laporte, 2011). Stored calcium is released generating a calcium current
in the muscle fibre, the calcium current then triggers the opening of ryanodine
receptors in the terminal cisternae of the sarcoplasmic reticulum and releases large
amounts of calcium into the sarcoplasm (Dulhunty et al., 2017; Woll and Van Petegem,
2022). The release of calcium to the sarcoplasm means calcium binding to troponin C
on the actin thin myofilament, which displaces the tropomyosin blocking the active site
of the actin filament which in turn allows the myosin head to bind actin, forming a

cross-bridge (Fujita et al., 2004; Rayani et al., 2021). The myosin head then detaches
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from actin through the action of ATP and ATPase in the myosin head. The ATPase
hydrolyses ATP into ADP and Pi, and this results in the detachment of the cross-bridge
(Kiani and Fischer, 2016). The myosin head then binds the new actin molecule forming
a new cross-bridge. The release of Pi allows the myosin to push the actin filament
passed it. Through this process the actin and myosin filaments pull against one
another resulting in the generation of force.

As a high energy demanding tissue, the muscle demands a large amount of ATP in
order to perform muscle contractions. The muscle fibre uses three different energy
pathways to provide muscle action: through ATP and creatine phosphate stores,
through anaerobic glycolysis, and through oxidative phosphorylation (Hargreaves and
Spriet, 2020). Each energy pathway supports different activities, for example ATP and
creatine phosphate is used in short burst high intensity activities of a few seconds,
anaerobic glycolysis supports actions of a few minutes of activity by quickly generating
ATP, though this produces lactate and H* (Gastin, 2001). Longer duration activities,
however, are sustained by oxidative phosphorylation, which can support exercise from
minutes to hours (Conley et al., 2001). Oxygen reaches active muscle fibres through
a network of capillaries whose density is dependent on the metabolic demand of the

muscle fibre.

Skeletal muscle actions may be either static — generation of force without movement
of the limb, dynamic concentric — shortening of the muscle conferring movement, or
dynamic eccentric — lengthening of the muscle conferring movement. Static muscle
actions are actions which generate force without generating movement such as when
the resistance is greater than the force generated (i.e., pushing against a wall). These
muscle actions are supported by the generation of force under the sliding filament
theory, the force generated by actin-myosin cross-bridges as discussed above is
transmitted longitudinally and laterally along the length and breadth of the fibre
(Powers et al., 2021). The transmission of this force across the Z disks of sarcomeres
in series produces movement. The extent of the force generated by a skeletal muscle
depends on the degree of activation at the neuromuscular junction, the size of the
muscle, the space between myofilaments and the number of cross-bridges formed.
The force produced by a muscle in relation to its size is the specific force, and this can
be used as an indication of muscle functional quality. Specific force has been seen to

be reduced in both overweight and older humans.
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1.1.4 Skeletal muscle diseases, and current therapeutic approaches

The term ‘muscle disease’ relates to a large group of conditions, most of which are
progressive, with muscles gradually weakening over time. Muscle weakness and
impaired cardiorespiratory function are common in patients of muscle disease,

alongside pain, and fatigue which contributed to a decrease in quality of life.

The most common muscular dystrophy in children is Duchenne muscular dystrophy,
which is caused by mutation of the DMD gene which encodes dystrophin (Bushby et
al., 2010). In DMD, type Il fibres are the first fibres to degenerate and are the first fibres
to be lost, while slow type | fibres are not effected until later on in the progression of
DMD (Webster et al., 1988). Type | fibres remaining in the later stages of DMD are
often abnormally expressing embryonic myosin heavy chain — indicating that these
fibres have undergone degeneration and regeneration (Marini et al., 1991). The use
of corticosteroids, non-invasive respiratory support, and active surveillance and
management of associated complications have improved ambulation, function, quality

of life and life expectancy.

Facioscapulohumeral muscular dystrophy is a progressive muscular dystrophy
characterised by weakness and wasting of the facial, shoulder, and upper arm
muscles. Facioscapulohumeral muscular dystrophy is strongly associated with
aberrant activation of DUX4 — the gene encoding a double homeobox transcription
factor which induces expression of many germline, stem cell, and other genes and is
normally repressed in skeletal muscle (Tawil et al., 2014). Facioscapulohumeral
muscular dystrophy results in loss of maximum force generating capacity in type Il
fibres, but not tupe | fibres(Celegato et al., 2006). There are no approved treatments
that alter the course of facioscapulohumeral muscular dystrophy, one of the most

common forms of muscular disease.

Myotonic dystrophies are among the most common adult-onset muscular dystrophies,
and they involve multiple organ involvement, muscle atrophy and muscle
weakness(Thornton, 2014). Myotonic dystrophies are caused by microsatellite
expansions in DMPK or CNBP(Marsh et al., 2020). Active screening and management
have been suggested as a clinical approach to treating myotonic dystrophies, and

some genetic treatments have seen success in vitro and in vivo(Thornton et al., 2017)
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Commonly, muscle related weakness and atrophy appear as a result of ageing. The
prevalence of sarcopenia in the older population has been between 5% and 50%
depending on the study, gender and country of subjects(Papadopoulou, 2020).
Sarcopenia has been associated with the loss of muscle force in older people with
mobility limitations, and in an individual fibre a reduced number of skeletal muscle
stem cells may be seen, particularly in fibres expressing type Il myosin heavy chain.
Most of the motor unit and fibres lost with advanced age are type Il fibres, and muscle
stem cell activation in response to muscle damage is reduced in older men (McKay et
al., 2013). Furthermore sarcopenia in muscle is characterised by segregated calcium
stores of the sarcoplasmic reticulum which impairs excitation contraction coupling
efficiency (Weisleder et al., 2006). Mitochondrial loss and reduced function of
mitochondria is also associated with aging, though this can be reduced by exercise
training(Marzetti et al., 2013).

1.1.5 Skeletal muscle stem cells

Muscles have tremendous adaptive and regenerative ability after injury and are
capable of growth and regeneration in response to exercise. This is achieved through
muscle stem cells, also known as satellite cells, which are muscle progenitor cells that
reside in niches between the sarcolemma and the basal membrane of the myofibres
(Collins et al., 2005). Abundant evidence suggests that muscle stem cells are an
integral part of skeletal muscle growth and regeneration in response to injury (Relaix
and Zammit, 2012). In adult skeletal muscle, these stem cells remain mitotically
guiescent and are activated by myogenic factors when myofibore damage or
hypertrophy occurs, during which muscle stem cells become activated to proliferate
and then differentiate into myoblasts and fuse together for de novo myotube formation,
or fuse to damaged myofibres for replacement of myonuclei (Collins et al., 2005; Yin
et al.,, 2013). The fate of these satellite cells is influenced by extrinsic or intrinsic
factors, these contribute to their proliferation and differentiation, or recycling back into
satellite cells (Dumont et al., 2015). The recycling of satellite cells through asymmetric
cell division is an important aspect of the continued plastic and regenerative ability of
the muscle (Kuang et al., 2007). In several pathological conditions, such as muscular
dystrophy and chronic obstructive pulmonary disease, muscle stem cells have
impaired capacity for activation and differentiation (Girgenrath et al., 2005; Morgan

and Zammit, 2010; Pomiés et al., 2015). In metabolic diseases, such as obesity,
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muscle stem cells have been reported to exhibit decreased myogenic capacity after
skeletal muscle injury (X. Fu et al., 2016; Xu et al., 2018). Muscle stem cells’ reduced
functional capacity may be due to insufficient cues for proliferation or differentiation or
harmful extrinsic factors such as reactive oxygen species which in excess will

influence muscle stem cell development.

More precisely, muscle stem cells are governed by their expression of transcription
factors and myogenic factors. In quiescence, all muscle stem cells express Pax7,
whereas muscle stem cells will be expressing MyoD when activated (Halevy et al.,
2004, p. 7; Zammit et al., 2004). While expressing MyoD muscle stem cells proliferate
— generating the material to regenerate muscle fibres before differentiation. After a
period of proliferation, myoblasts halt their cell cycle and begin expressing myogenin
which initiates the differentiation processes (Sabourin and Rudnicki, 2000). While
myogenin expressing cells are committed to differentiation, some myoblasts will
instead express Pax7 which allows the muscle to maintain a pool of muscle stem cells
— meaning the muscle will be able to regenerate again (Collins et al., 2005; Sincennes
et al., 2021). The differential expression of these transcription factors allows the
myogenic progression and self-renewal of muscle stem cells to be modelled ex vivo
by determining their relative expression in cultured single fibres. This process is

summarised in figure 1.2.

Satellite Cell Myoblast Myofiber

Quiescent Activated Proliferative ~ Commitmentto Fusion into  Maturation into
differentiation myotube myofiber

Pax7 ................

Myogenin =

Adapted from Zammitet al, 2006
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Figure 1.2. Commitment to myogenesis through transcription factors.

Adult muscle stem cells remain quiescent and express Pax7 until activated whereupon
myoD expression begins(Zammit et al., 2006). While expressing MyoD muscle stem
cells proliferate and eventually either become committed to differentiation or begin
expressing Pax7 again in order to maintain the stem cell pool (Jin et al., 2007). After
a period of proliferation, committed myoblasts halt their cell cycle and begin expressing
myogenin which initiates the differentiation processes (Zammit, 2017).

1.2 Apolipoprotein E in health and disease

Apolipoprotein E is an important protein in lipid and lipoprotein metabolism, involved
in clearance of remnants of triglyceride-rich lipoproteins from circulation into the liver.
ApoE acts as the ligand for the LDL receptor family of proteins in order to clear these
remnants. ApoE transfers lipids in the brain, influences adipogenesis and decreases
fat absorption. The ApoE protein influences vascular function via its influence on
inflammatory responses, platelet aggregation, and maintaining the blood-brain barrier

integrity.

Apolipoproteins function in the transport of lipoprotein complexes through the
lymphatic and circulatory system, as well as acting as enzymes and cofactors in
cholesterol metabolism — mediating lipid catabolism and cholesterol esterification
(Irshad and Dubey, 2005; Morita, 2016). Apolipoproteins are important factors in
plasma lipid homeostasis due to their effects in lipid clearance and metabolism in roles
as cofactors for lipid metabolism enzymes and are important in cellular cholesterol
efflux and serve as markers of coronary artery disease (Chan and Watts, 2006; Mahley
et al., 1984; Yokoyama, 1998).

Apolipoprotein E (ApoE) is a 34kDa glycoprotein of 299 amino acids, synthesized in
the liver and in macrophages and is found in plasma at 3-5 mg/dl (Getz and Reardon,
2009; Huang et al., 2009; Imaizumi, 2011). The ApoE gene is located on human
chromosome 19 and contains 4 exons, comprising 3.6kb (Greenow et al., 2005; Lee
et al., 2010; Phillips, 2014). The first exon contains the translation start and the second
exon contains a signal peptide, while the third and fourth exons contain the structural
codons of ApoE and its copy deoxyribose nucleic acid (cDNA) comprises 1163 base
pairs (Paik et al., 1985).
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ApoE functions in lipid clearance — dietary fat transport, endogenous fat transport, and
reverse cholesterol transport and is suggested to have an important function in
cognition (Getz and Reardon, 2009; Mahley et al., 2009; Mahley and Rall, 2000). ApoE
has 3 common isoforms occurring by variation at two amino acids — amino acids 112
and 158 which can be either ApoE2 (Cys112,Cys158), ApoE3 (Cys112,Arg158) or
ApoE4 (Argll12,Argl58) (Greenow et al, 2005; Weisgraber, 1994). These
substitutions affect the structure of ApoE isoforms and influence their function. This
genetic variation at the ApoE locus (i.e. ApoE2 and ApoE4 variants vs the ‘wild type’
ApoE3) impacts lipid and amyloid-§ clearance and are associated with increased risk
of developing hypercholesterolaemia/atherosclerosis (in ApoE2) and Alzheimer’s
disease (in ApoE4) (Li and Liu, 2014; Lopez et al., 2014).

ApoE'’s function in cholesterol homeostasis is through a number of pathways including
clearing chylomicron remnants, lipid fragments and lipoproteins from circulation by
functioning as a ligand for low-density lipoprotein receptor (Go and Mani, 2012). ApoE
acts as a ligand for two membrane bound receptors — the low-density lipoprotein (LDL)
receptor and the chylomicron remnant receptor. ApoE functions primarily though Low
density lipoprotein receptor (LDLR) as its primary physiological ligand to clear very low
density lipoproteins (VLDL), LDL and intermediate density lipoproteins (IDL) or
through the chylomicron remnant receptor to IDLs (Sacks, 2015). ApoE’s main role in
lipoprotein metabolism is through activating enzymes essential to lipoprotein
breakdown. ApoE binds LDLR and is internalised through endocytosis, wherein
lipoprotein complexes are released from the receptor in the endosomes and are
transported to lysosomes, as the receptors return to the membrane (Go and Mani,
2012).

ApoE is a component of the reverse cholesterol transport pathway (the process by
which cholesterol is cleared from lipid-loaded peripheral cells such as macrophage
foam cells and is transported via the plasma to the liver), in cholesterol efflux from
peripheral cells into the plasma and in uptake of cholesterol esters into the liver (Getz
and Reardon, 2018). Initially, in reverse cholesterol transport, cholesterol must be
secreted from cells in the arterial subintima such as macrophages and the high density
lipoproteins (HDL) in the plasma takes up the cholesterol (Price et al., 2019). ApoE
appears to facilitate both the process of cholesterol secretion and uptake into HDL

(Mahley et al., 2006). While some evidence on the involvement of apoE in these
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processes is conflicting, ApoE levels are greatly increased in cholesterol-loaded
macrophages (Mahley et al., 2006). Less conflicting, however is evidence on the role
of apoE in the transport of tissue cholesterol to the liver. After uptake into HDL,
cholesterol is delivered to the liver via cholesterol ester transfer protein-mediated
transfer to apoB-containing particles (VLDL, LDL, IDL, LDL receptor), where apoE acts
as the primary ligand to remove apoB-containing lipoproteins (lkewaki et al., 2004;
Yakushkin and Tsibulsky, 1998). Cholesterol may also be delivered to the liver via
selective uptake of HDL cholesterol ester and apoE may be required for cholesterol
esters to diffuse from HDL to hepatocytes (Meyer et al., 2013). Furthermore, ApoE
may mediate another process of cholesterol delivery to the liver in binding to specific

hepatocyte receptors to allow hepatocytes to internalise HDL (Morton et al., 2019).

While ApoE is highly expressed in the liver and 90-95% of plasma ApoE is of hepatic
origin, ApoE is widely expressed with functions beyond cholesterol efflux (Getz and
Reardon, 2018; Klos et al., 2008). ApoE scavenges cell cholesterol chylomicron
remnants and lipid clearance, and deficits are seen in ApoE deficient models and
genetic variation at the ApoE locus is implicated in susceptibility to both

atherosclerosis and Alzheimer’s disease (Bejta et al., 2007; Getz and Reardon, 2009).

ApoE acts in an inflammatory capacity, inducing transformation of macrophages to M2
phenotype, inducing lymphocyte proliferation, and apoE has been suggested as a
biomarker of Nasal mucosal inflammation, and ApoE3 and ApoE4 transfected
macrophages show increased activity of redox sensitive transcription factor NF-kB as
well as increased production of pro-inflammatory proteins TNF-a, Interleukin 1b (IL1b),
IL6, MIP1a and decreased production of anti-inflammatory IL10 (Y. W. Chung et al.,
2020; Jofre-Monseny et al., 2007b). Furthermore these macrophages have increased
superoxide production and increased membrane oxidation (Jofre-Monseny et al.,
2007b). Neuronal and cognitive effects of ApoE3 and ApoE4 transgenic mice include
poor dendritic recovery of hippocampal neurons following innate immune response,
impaired neuronal remodelling, and decreased cognitive performance in spatial
learning and memory tasks (Bellosta et al., 1995; Maezawa et al., 2006; Raber et al.,
2000).
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1.2.1 Hyperlipidaemia and atherosclerosis

Hyperlipidaemia, an elevation of levels of total cholesterol concentration in the serum,
as well as elevated levels of triglycerides, which may be caused by genetic or
environmental causes, is a major risk factor for atherosclerosis and cardiovascular
disease (Nelson, 2013). The development of atherosclerosis in the endothelium is
contributed to by decreased bioavailability of nitric oxide and inhibition of endothelial
NO synthase, the resulting increase in chemokines causes an increase in the amount
of reactive oxygen species (Ellulu et al., 2016). Oxidised low density lipoprotein
(oxLDL) forms through oxidization of LDL in the vessel wall which is phagocytosed by
macrophages leading to the formation of foam cells as well as inducing
proinflammatory response in macrophages leading to more ROS production
(Gimbrone and Garcia-Cardefia, 2016).

Obesity-independent hyperlipidaemia induces intramuscular lipid accumulation and
skeletal muscle oxidative stress in ApoE deficient (ApoE~") mice, an established model
of atherosclerosis and hyperlipidaemia (Meyrelles et al., 2011). Moreover, previous
evidence suggests that ApoE”- mice have delayed skeletal muscle regeneration after
injury (Arnold et al., 2015; Crawford et al., 2013; Kang et al., 2008; Pellegrin et al.,
2014). This delay in skeletal muscle regeneration was attributed mainly to the
perturbed accumulation of proinflammatory macrophages and decreased
macrophage phagocytosis due to ApoE deficiency (Arnold et al., 2015; Crawford et
al., 2013; Kang et al., 2008; Pellegrin et al., 2014). Specifically, Kang et al. showed
that proinflammatory cytokines remained increased in ApoE™ injured muscle even
after 14 days of injury (Kang et al., 2008). Moreover, Arnold et al. reported that ApoE
deficiency impacts negatively on macrophage phagocytic activity and is at least
partially responsible for the impairment of skeletal muscle regeneration (Arnold et al.,
2015).

Atherosclerosis is the accumulation of fatty or fibrous material in the innermost layers
of arteries — the intima (Falk, 2006). Atherosclerotic plague progressively becomes
more fibrous, accumulating calcium, and encroaching on the lumen of the artery
(Bailey et al., 2016; Vink and Pasterkamp, 2002). This can lead to reduced blood flow
and tissue ischaemia, which can be particularly harmful to the muscle tissue, which
demands high oxygen supply. Atherosclerosis causes ischaemic strokes, transient

cerebral ischaemic attacks, formation of aneurysm, and in the peripheral arteries it can
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lead to intermittent claudication, and ulceration (Herrington et al., 2016).
Atherosclerosis occurs initially as a result of accumulation of LDL particles (Mineo,
2020). LDLs transport water-insoluble cholesterol through the blood and LDL-C
concentrations in excess of physiological needs (10-20mg/dL) over a long duration of
time. Furthermore, research has indicated that oxidized LDL particles can promote
atherogenesis, which could be a contributing factor to the increased reactive oxygen
species in the muscle of the atherosclerotic mouse, or vice versa (Park, 2014).
Oxidized LDL patrticles in the initiation of atherosclerosis have been suggested to act
as ligands for the scavenger receptors which facilitate foam cell formation (Luo et al.,
2017). Once established, atherosclerotic plaques progress by continued accumulation

of lipid and lipid-engorged cells.

1.2.1.2 Skeletal muscle deficits of the hyperlipidaemic and atherosclerotic
mouse

The ApoE’ mouse is used as a model for hypercholesterolemia, hyperlipidaemia and
atherosclerosis. Apolipoprotein E in the wild type associates with triglyceride rich
proteins such as chylomicrons and very low density lipoproteins, clearing them from
the plasma as well as activating proteins essential for the breakdown of lipoproteins,
and reduces the oxidation of LDL seen in mice with greater oxidative stress and
systemic effects of ApoE deficiency are summarised in table 1 (Marais, 2019).

Evidence suggests that skeletal muscle specifically is impacted by ApoE deficiency in
a number of ways, including decreased capillary density, increased H202, decreased
myogenin levels post ischemial/reperfusion, increased lipid deposition and
calcification, decreased fibre size and delayed muscle regeneration (Arnold et al.,
2015; Kang et al., 2008; Pereira et al., 2012; Stapleton et al., 2010). Recent evidence
suggests a variety of effects of ApoE deficiency on skeletal muscle, including muscle
fibre transitions from IIB fibres to IIX fibres which can rely on oxidative metabolism
rather than glycolytic metabolism in IIB fibres which are less able to obtain energy from
fat (Sfyri et al.,, 2018). ApoE deficiency furthermore has been shown to increase
intramuscular fat accumulation which has been associated with redox imbalance in
wild type mice on high fat diet. Redox imbalance was confirmed in ApoE deficient
mouse skeletal muscle with higher mRNA levels of Nox2, Tumour necrosis factor

alpha (Tnfa) and Il1b detected in gastrocnemius muscle alongside elevated levels of
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reactive oxygen species (ROS), protein carbonylation, tyrosine nitration, lipid
peroxidation and Deoxyribonucleic acid (DNA) damage (Sfyri et al., 2018).

ROS including superoxide anion, hydrogen peroxide and hydroxyl free radicals
function in intracellular signalling to prevent tissue injury and promote angiogenesis at
low levels, however at higher concentrations they are deleterious to cells due to their
action in lipid peroxidation, protein oxidation and DNA damage, resulting in their role
in the aforementioned diseases (Batna et al., 1997; Carbone et al., 2015; Farmer and
Mueller, 2013; Sies and de Groot, 1992). ROS have been implicated in a variety of
pathologies including cardiovascular disease, neurological diseases, and cancer, and
could be an important factor in the muscle deficits seen in hyperlipidaemia (Casas et
al., 2015).

Table 1.1. Systemic effects of Apolipoprotein E deficiency

Reference Findings

(Zzhang et al., 5x total plasma cholesterol
1992) 0.45x HDL plasma cholesterol
1.86x plasma Triglyceride

Multi-layered intimal foam cell deposits

(Plump et al., Increased ApoA-I and ApoA-IV in -/-
1992) 8.2x total plasma cholesterol

1.7x triglycerides

17.8x VLDL + IDL-C

14x LDL-C

<~ HDL-C

Mean lesion area of 3157 (chow) and 9200 (western)

(Gaudreault et 1 lipid accumulation in circulating monocytes
al., 2012) 1 inflammatory molecules on monocytes and

vascular endothelium

(Nunes et al., synaptic loss
2018) cognitive dysfunction
high plasma lipid levels
Cholesterol precursors desmosterol and lathosterol were detected

in apoE-KO mice plasma
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| cholesterol, desmosterol, campesterol and 24-hydroxycholesterol
in apoE-KO brains

| 7a-hydroxycholesterol and 7B3-hydroxycholesterol.

| Cholesterol content, synthesis rates (desmosterol) and export of
24-hydroxycholesterol in the apoE-KO brain

(Teng et al.,, Loss of tight junction proteins 7d after controlled cortical impact
2017) (traumatic brain injury)
TMMP-9 activity (BBB integrity, NFkB activity)

(Zheng et al.,, 1 MMP-9
2014) | Claudin-5, occluding (tight junction proteins)
(brain injury)

(Zzheng and 1 capillary vessel area, number of junctions in peripheral retina
Cai, 2019) | Mean E Lacunaroty

(Zhao et al.,, dyslipidemia and liver steatosis

2018) Significant atherosclerotic plagues were observed in the abdominal
aorta
mononuclear cell infiltration in early lesions
1 expression of inflammatory cytokines, as well as macrophage

accumulation in lesions

1.3 Cellular senescence and skeletal muscle

Cellular senescence is a product of ageing and cancer, involving indefinite cell cycle
arrest of aged or damaged cells, which arises in response to a variety of environmental
conditions, including increased oxidative stress, macromolecular damage or signalling
from activated oncogenes (Barnes et al., 2019; Passos et al., 2007; Wei and Ji, 2018).
Anthracycline antibiotic doxorubicin — used as a treatment in a variety of cancers, while
effective against cancer cells, is nonselective and its toxicity limits it's use (Carvalho
et al., 2009; Tacar et al., 2013). This toxicity has become evident in a variety of tissues
including the heart, brain, liver, kidneys and skeletal muscle (Alhowail et al., 2019;
Guigni et al., 2018; Lee and Harris, 2011; Prasanna et al., 2020; Songbo et al., 2019).
Prominently, cardiotoxicity had been catalogued as a side effect of doxorubicin,
however mounting evidence suggests that toxicity is seen in skeletal muscle and its
resident stem cells (Hayward et al., 2013). Doxorubicin induces cell cycle arrest and
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even cell death through a variety of pathways including apoptosis, autophagy, and
necrosis (Kim et al., 2009; Ma et al., 2017).

Previous research suggests doxorubicin induces formation of reactive oxygen species
(ROS) which induces cytochrome c release from mitochondria — leading to apoptosis
and cell death (Kim et al., 2010). Furthermore, senescent cells may acquire apoptosis
resistance, increased beta galactosidase activity and prooxidant activity, with reduced
homeostatic compensation to alleviate oxidative stress (Songbo et al., 2019). The
prooxidative environment induced in senescent cells further induces ROS and
therefore feeds back into increased senescence. Reactive oxygen species are
generated in normal cell function through mitochondrial respiration and energy
generation, predominantly by contracting in skeletal muscle (Powers et al., 2020).
These ROS function as essential mediators of cellular metabolism and gene
regulators. Their detrimental effects, however, can accumulate when present in
excess or ROS clearance is impaired. ROS mediated lipid peroxidation, synthesis of
proteins damaging to the cell, and activation of stress signalling pathways can play a
significant role in mitochondrial function, remodelling and repair pathways, protein
turnover and gene expression which is particularly impactful in skeletal muscle and
skeletal muscle stem cells (Diebold and Chandel, 2016; Moloney and Cotter, 2018;
Ochoa et al., 2018; Su et al., 2019).

Skeletal muscle stem cells have a built-in pathway for cell cycle arrest, as after a phase
of proliferation, growth is halted to initiate differentiation. Through myoD interacting
with retinoblastoma tumour suppressor protein, cell cycle arrest is initiated via cyclin
D1 and p16™“a which allows differentiation to occur (Chen and Wang, 2000; Rajabi
et al., 2014). Retinoblastoma tumour suppressor protein and p16"“42 however, also
increase ROS, which in turn activates protein kinase C & (PKCd) to induce
senescence. PKC® further increases oxidative stress by increasing ROS itself and
creating a positive feedback loop. In normal function, MyoD should signal through the
Six1/4-Mef2-Pbx1 pathway to induce myogenin expression, however in cases of
excessive ROS myogenin expression is inhibited, directly by ROS, and indirectly
through p53 — which is upregulated by ROS and doxorubicin, and both inhibit
myogenin expression and activate p21 to induce cell cycle arrest (Faralli and Dilworth,
2012; Sandiford et al., 2014; Yang et al., 2015, p. 53). The shared proteins in these

pathways are summarised in figure 1.3 (Barbouti et al., 2020; Faralli and Dilworth,
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2012; Harrington et al., 1998; Knudsen et al., 2000; Sandiford et al., 2014; Takahashi
et al., 2006; Yang et al., 2015).

Fra-1 - » Cyclin D1

MyoD *| Retinoblastoma protein ——— pleinksa
‘ DOXOFUbICIn - ROS +«—— PKC6 —> Ce” Cycle arrest
Positive feedback loop P
v ) /
Six1/4-Mef2-Pbx1 \ @h,,

| = 7
"

Myogenin. eff— p53 ——— p21

Differentiation Pathway Senescence pathway

Figure 1.3: The shared processes between cell cycle arrest and senescence
pathways in skeletal muscle stem cells. Green boxes highlight normal myogenic
progression driven by MyoD and Myogenin. First MyoD acts through retinoblastoma
protein and Fra-1 to activate cyclin D1 and begin cell cycle arrest (Chen and Wang,
2000; Rajabi et al., 2014). This allows differentiation to occur and myogenin to activate
through the Six1/4-Mef2-Pbx1 pathway(Faralli and Dilworth, 2012). Red box highlights
processes involved in senescence activated by doxorubicin and by elevated reactive
oxygen species levels. ROS are increased by doxorubicin, retinoblastoma protein and
pl6, these go on to activate p53 which inhibits myogenin, inhibit myogenin directly,
and arrest the cell cycle through protein kinase C &(Faralli and Dilworth, 2012;
Sandiford et al., 2014; Yang et al., 2015, p. 53).

In muscle stem cells the necessity for cell cycle arrest is governed by a number of
important pathways. First MyoD interacts with retinoblastoma protein to bring about
cell cycle arrest in order for differentiation to occur (Rajabi et al., 2014). Reactive
oxygen species also bring about cell cycle arrest through protein kinase C & and p53

signalling, but an excess of reactive oxygen species can also inhibit myogenin
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expression and prevent proper differentiation (Yamaguchi et al., 2007; Yang et al.,
2015).

Skeletal muscle retains a small population of stem cells throughout adulthood which
enables it's strong capacity for regeneration (Relaix and Zammit, 2012). These muscle
stem cells remain quiescent during adulthood unless activated by myofibre injury, at
which point they proliferate and either return to quiescence (to retain a population of
stem cells) or differentiate to support regeneration (Zammit, 2017). This regenerative
ability may however come at a cost, such as incomplete functional recovery, stiffness,
excessive inflammation, or fibrosis (Laumonier and Menetrey, 2016). There is
currently an increasing interest in the field of skeletal muscle regenerative research.
Many factors contribute to this interest such as the lack of effective treatments for
myopathies, neuromuscular disease, and muscle related effects of sarcopenia,

hyperlipidaemia as well as cancer therapies.

1.4 Platelets and platelet releasate

Platelets are intercellular communicators, which act as a conduit for inherent and
endocytosed factors from the bone marrow to the blood stream, and while in
circulation, act as sensors in the plasma which can be activated in response to injury.
Upon activation at the site of injury, platelets release their powerful cocktail of soluble,
cleaved, and vesicular factors, the platelet releasate, all of which can exert powerful
paracrine effects on target cells (Edelstein, 2017; Etulain, 2018). Platelet activation
leads to the degranulation of alpha granules (Rubenstein and Yin, 2018). Platelets
may be activated exogenously by thrombin, calcium chloride, or as the result of
mechanical trauma (Rubenstein and Yin, 2018). Therefore, it is possible to collect and
activate platelets in order to use the releasate therapeutically to improve regeneration
in injury (Pagel et al., 2017).

1.4.1 Platelet structure and function

Platelets are formed in the red bone marrow, through hematopoietic stem cells giving
rise to common myeloid progenitor cells, which then differentiate into megakaryocytes
(Boscher et al., 2020; Machlus and Italiano, 2013). These megakaryocytes migrate to
the vascular niche and generate anucleate platelets through long extensions into
vascular sinusoids. Platelets adhere to sites of vascular injury and become activated

due to exposure of prothrombotic extracellular matrix proteins. The major functions of
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platelets are to promote healing of damaged tissue, and to limit blood loss after injury
(Holinstat, 2017). Platelets release cytokines, chemokines and growth factors from
their granules at sites of injury to promote wound healing (Passaretti et al., 2014).

Platelet structure is summarised in figure 1.5.

The platelet granules include a-granules — which contain growth factors and cytokines,
dense vy-granules - which release calcium, serotonin, polyphosphates,
pyrophosphates, ADP and ATP, and lysosomes, which contain a number of hydrolytic
enzymes. The platelet is composed primarily of a-granules which are typically 200-
500nm and platelets hold approximately 50-80 per platelet (Harrison and Cramer,
1993; Smith, 2022). The a-granules can be secreted intracellularly or extracellularly
and their contents include a number of growth factors important to growth and
regeneration including, but not limited to, platelet-derived growth factor (PDGF),
vascular endothelial growth factor (VEGF), transforming growth factor beta (TGF),
insulin-like growth factor (IGF), epithelial growth factor (EGF), and fibroblast growth
factor (FGF) (Rendu and Brohard-Bohn, 2001). Once activated, platelets release
trophic factors through degranulation, the aforementioned growth factors interact with
injured tissue structures to improve the healing response. Aside from platelet
degranulation, aggregation is another major function of platelets, for haemostatic plug
formation and thrombosis (Hvas, 2016; Sang et al., 2021). Injured tissue and damaged
cells release soluble platelet agonists such as thrombin and ADP which signal to
platelets allowing for activation, platelet spreading and adhesion, then eventually
granule secretion (Estevez and Du, 2017; Li et al., 2010). Exocytosis of the contents
of a-granules, vesicle-associated membrane protein 8 (VAMP-8), synaptosomal-
associated protein 23 (SNAP-23) and syntaxin 2 (a Q-SNARE proteins participating in

exocytosis) activity causes platelet shape change, then granule exocytosis.

Platelets function in normal haemostasis in repair of damage to the endothelial cell
layer, where collagen is exposed from the subendothelial space (Golebiewska and
Poole, 2015). Platelets interact with collagen and von Willebrand factor through their
glycoproteins, initiating platelet adhesion at the site of damage, and forming a
monolayer (Li et al., 2010). Platelets aggregate and form a three-dimensional structure
through glycoprotein lib/llla integrins, more platelets are recruited through platelets
secreting aggregatory signals such as thromboxane A2, ADP, ultra large von

Willebrand factor multimers, serotonin, and thrombin (Fox, 1994). Further to collagen
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recruitment and activation of platelets, tissue factor is another mediator of vascular
homeostasis and thrombosis (Camera et al., 2015). Tissue factor is released from
deeper tissue damage to smooth muscle, adventitial cells and pericytes, mediating
conversion of pro-thrombin to thrombin, generation of fibrin and activation of the
closing cascade. Arterial thrombosis can occur in atherosclerosis in the event of
plaque rupture and clot formation leading to platelet aggregation, thrombus formation
and vessel occlusion (Mackman, 2008). Thrombus formation has been linked to
platelet secretion of protein disulfide isomerases, some of which react with reactive
oxygen species and induce thrombus formation. Protein disulfide isomerases are
essential for platelet aggregation and are used to regulate the increase of thrombin

production on the surface of activated platelets(Essex and Wu, 2018).

Glycogen

Mitochondrion

Metabolites
a-granules

Figure 1.4. Platelet structure. Adapted from Zapata et al (Zapata et al., 2014).

1.4.2 Platelet based therapies

Platelet based therapies have been used in regenerative medicine for 50 years.
Commonly platelet rich plasma (PRP) that is a solution of platelets generated through
differential centrifugation of whole blood — collecting the upper yellow layer after the
first centrifugation and the pellet after the subsequent centrifugation resuspending the

platelet pellet in either the lower third of the supernatant or modified Tyrode’s buffer
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(Coppinger et al., 2007; Dhurat and Sukesh, 2014; Vélez et al., 2015). PRP products
have been used in humans to treat a variety of medical conditions such as
musculoskeletal disorders, osteoarthritis and central nervous system pain (de Mos et
al., 2008; O’Connell et al., 2019). These whole platelet-based therapies do have
potential disadvantages however, such as the potential to induce aggregation which
may even occlude blood vessels. These drawbacks have led to the development of
platelet lysates — which offer a method of delivering the many growth factors found in
platelets without the cellular material (Meftahpour et al., 2021). These platelet lysates
have demonstrated therapeutic value in the treatment of pain and in orthopaedic
injuries (da Fonseca et al., 2021).

Recently the further refinement of platelet-based therapies has used activated
platelets rather than lysed them using specific mediators of degranulation (such as
PAR1) to release platelet secretome and discard cellular material via centrifugation
(Huang et al., 2015; Jiang et al., 2017; Scully et al., 2020). The resulting platelet
releasate is rich in numerous growth factors, cytokines, and myokines such as
vascular endothelial growth factors (VEGFs), fibroblast growth factors (FGFs),
Epidermal growth factors (EGFs), Hepatocyte growth factor (HGF), Transforming
growth factor beta (TGFf) and some studies have found ApoE precursor and ApoE
(Pagel et al., 2017; Parsons et al., 2018; Vélez et al., 2015). This cocktail of useful
growth factors serves as a powerful biomaterial for regenerative medicine and
provides a great potential use in increasing myogenic potential in myoblasts. Such use
has been demonstrated to promote differentiation ex vivo and in vivo, and in this study
the effects of platelet releasate in skeletal muscle regeneration was determined in
ApoE-" mice, palmitate treated myoblasts and primary muscle stem cells(Scully et al.,
2019).
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Figure 1.5: A schematic diagram showing the different stages in preparation of

platelet-based applications. (Adapted from Scully et al. 2019).

1.4.3 Platelet releasate and PRP in animal, cell, and human studies

Platelet releasate and PRP have seen limited use in human trials, however
a great deal more data has been recorded in animal studies of PRP and platelet
releasate. Applications of PRP and platelet releasate in regenerative medicine are
summarised in table 1.2. Initial studies using PRP showed promising results of
increased cell proliferation, differentiation, and muscle stem cell recruitment of the
regenerating mouse muscle (Dimauro et al., 2014). The suggested action of PRP was
in downregulation of myo-miR-113 (a regulator of myoblast proliferation via serum
response factor suppression), alongside increased Pax7, MyoD and myogenin
(Nakasa et al., 2010). While one of the most abundant growth factors in PRP TGF-3
is important to recovery, PRP supplemented with a TGF-f inhibitor has also been seen
to enhance myofibre regeneration, and decrease fibrosis, indicating that the vast array
of growth factors available in PRP together work to enhance regeneration (Kelc et al.,
2015). Furthermore, muscle stem cell number increased in response to PRP with TGF-
B inhibitor, further demonstrating the effectiveness of platelet-based therapies in
enhancing muscle stem cell activity. In vivo study of PRP cultured human muscle

derived progenitor cells saw a similar regeneration capacity to foetal bovine serum
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cultured cells on transplantation into injured gastrocnemius muscle (Li et al., 2013).
Furthermore, PRP has been used in rat models to improve recovery after local delivery
of PRP to an injured muscle. In vitro data suggests that platelet releasate upregulates
proliferation but inhibits myoblast fusion (Tsai et al., 2017). The role of ROS in
myogenic differentiation is multifaceted, and cellular response to ROS depends upon
a variety of factors such as ROS levels, ROS clearance and overall oxidative stress
(L.-H. Chung et al., 2020; Li et al., 2021; Rajasekaran et al., 2020). PRP has been
used to attenuate the oxidative stress resulting from muscle contusion — which
increases levels of oxidative stress markers in the muscle (Martins et al., 2016).
Antioxidant enzymatic defence is boosted by PRP in skeletal muscle, suggesting that
platelet-based therapies could be an effective treatment for oxidative stress related
muscle impairment. Platelet based therapies have further been used in cell studies,
one such study treated primary rat gastrocnemius muscle cells with platelet releasate,
finding that releasate increased proliferation of cells in a dose dependent manner (Tsai
et al., 2017). The increased proliferation could indicate an increase in cell cycle
progression from G1 to S phase. Another study found that in C2C12 cells the PRP

enhanced proliferation and differentiation (McClure et al., 2016).

The use of platelet releasate has been effective in a variety of settings, such as
improving angiogenesis (Chou et al., 2014; Huang et al., 2009; Jiang et al., 2017,
Kakudo et al., 2014), nerve pain and injury (Akeda et al., 2017; Chuang et al., 2020;
Obata et al., 2012), osteoarthritis (Kosmacheva et al., 2014), and proliferation and
differentiation of various stem cells (He et al., 2017; Kark et al., 2006; McLaughlin et
al., 2016; Suess et al., 2020; Tanaka et al., 2007) notably muscle cells (Kakudo et al.,
2014; Scully et al., 2019; Tsai et al., 2017) presented in table 2. While the applications
of releasate are wide and far reaching, this study focuses on the benefits to skeletal
muscle regeneration and muscle stem cells. As early as 2006 releasate of thrombin
activated platelets was demonstrated to increase proliferation and scratch wound
closure of rat bone marrow derived cells, indicating a potential use during fracture
healing to promote proliferation of osteogenic cells (Kark et al., 2006). Further study
utilized releasate in mouse skin wounds showing accelerated regeneration (Tanaka et
al.,, 2007), human adipose derived stem cells treated with releasate increased
proliferation and maintained the capacity to differentiate along osteogenic,

chondrogenic, and adipogenic lineages (McLaughlin et al., 2016), releasate was also
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found to induce differentiation of mouse and human fibroblasts to myofibroblasts
(Suess et al., 2020).

Tsai et al first identified platelet rich plasma as a source of various cytokines and
growth factors beneficial to the process of muscle healing and investigated the effect
of releasate on skeletal muscle cell proliferation (Tsai et al., 2017). The study found
that rat platelet releasate enhances rat skeletal muscle cell proliferation by shifting
cells from G1 to S phase and G2/M phase and that PRP releasate treated muscle cells
expressed more cyclin A2, Cyclin B1, cdkl, cdk2 and PCNA in a dose dependent
manner, whereas PRP releasate had no effect on cyclin E1 expression. Further work
went to show that PRP releasate treatment could enhance the muscle-healing process
and decrease CD68-positive cells and apoptotic cells — establishing the effectiveness

of platelet releasate in treating muscle injury.

Further study by Scully et al. then refined the method of releasate generation by
analysing the effect of releasate on C2C12 myoblast activation and differentiation
using releasate from human platelets activated via collagen, TRAP6 (a PAR1 agonist)
or thrombin, demonstrating greater proliferation when activated by collagen or TRAPS6.
This study demonstrated that platelet releasate promotes skeletal myogenesis through
the Platelet derived growth factor (PDGF)/VEGF-CyclinD1-MyoD-Scrib-Myogenin
axis and accelerates skeletal muscle regeneration after acute injury (Scully et al.,
2019). Evidence of platelet releasate use in the promotion of proliferation and
differentiation in cell progenitors as well as promotion of healing presents the
possibility of skeletal muscle regeneration, as skeletal muscles house their own

population of stem cells.

Stem cell capacity to proliferate, differentiate and maintain stemness decreases with
age (Liu et al., 2014). PRP injections in aging cartilage have resulted in reversal of
senescence processes and based on a number of studies demonstrating increased
proliferation in response to PRP releasate treatment alongside decreased apoptosis
evidence indicates that platelet releasate can counteract cell senescence (Chou et al.,
2014; do Amaral et al., 2015; He et al., 2017; Jiang et al., 2017; Kakudo et al., 2014;
Kark et al., 2006). Specifically in skeletal muscle regeneration, PRP and PPP were

identified as potential biological treatments to aid muscle repair. While these
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treatments aid in reducing senescence based attenuation of muscle regeneration,

platelet releasate presents a superior alternative (Oberlohr et al., 2020).

Table 1.2. The applications of platelet releasate in regenerative medicine.

Reference Species Intervention Findings
(Jiang et Human PAR1 or PAR4 t MCF-7 and MFA-MB-231
al., 2017) activated Platelet Breast cancer cell proliferation
releasate 1 in vivo tumour growth
(He et al., Human SMCC.7721 and 1 Proliferation
2017) HepG2 treated with | apoptosis
PR | GO/G1 phase cells, 1 S and
G2/M phase cells
(Kakudo et Human HUVECs treated with 1 proliferation, migration and
al., 2014) PR tube formation
(Huang et Human Endothelial progenitor 1 EPC migration
al., 2015) cells 1 capillary-like network formation
of EPCs
(Chou et Bovine Corneal endothelial 1 proliferation & viability
al., 2014) cells
(do Amaral Human nasoseptal 1 proliferation
et al., chondrogenic cells
2015)
(van Buul Human Human osteoarthritic inhibits inflammatory processes
et al., chondrocytes
2011)
(Kosmach  Human multipotent 1 osteogenic differentiation
eva et al., mesenchymal stem
2014) cells
(Akeda et Human PRP releasate | lower back pain
al., 2017) injected into nucleus No adverse effects
pulposus of patients
with Lower back pain
(Kark etal., Rat Releasate on 1 Proliferation + scratch wound
2006) osteogenic bone closure
marrow derived cells
(McLaughli Human Grown in  media 1Growth of human adipose
n et al, containing PR derived stem cells, maintained
2016) ability to differentiate along
chondrogenic, adipogenic and
osteogenic lines
(El Bakly et Rat IP injection of 1 B1 integrin
al., 2020) releasate 1 mTOR signaling
| apoptosis
(Yu et al., Rat Treated achilles 1 collagen synthesis
2021) tenotomy | apoptosis

1 proliferation
| macrophage infiltration
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(Tanaka et Mouse Releasate applied to 1 rate of skin wound area
al., 2007) excisional skin decrease.
wounds in type 2 1 mean vascular density
diabetic mice
(Scully et Mouse Treated with releasate 1 myoblast proliferation
al.,, 2019) and | myoblast fusion
C2C12 | Differentiation
cells
(Tsai et al., Sprague- Transverse incision 1 Regeneration (accelerates
2018) Dawley injured rats were healing)
rats treated with PRP | inflammation
releasate | apoptosis
1 Tetanic strength
(Tsai et al., Sprague- Treated with PRP 1 Proliferation
2017) Dawley releasate 1 cyclin A2, cyclin B1, cdk1, cdk2
rats and PCNA
Shift to S and G2/M phase.
(Suess et Primary Treated with releasate induced differentiation of
al.,, 2020)  human cultured murine and human
fibroblast fibroblasts into a myofibroblast
S and phenotype
NIH-3T3
cells

1.4.3.2 Platelet releasate components and their function

In order to determine the potential use of platelet releasate, it is important to
understand the composition of the variety of signals released on platelet activation.
Releasate contains megakaryocyte-derived and endocytosed plasma components
which play a role in hemostasis, wound healing, and inflammation (Machlus and
Italiano, 2013). Recent evidence suggests that platelets actively sense their
environment and release signals relevant to the environment i.e. inflammation, or
wounds (Bye et al.,, 2016; Stalker et al., 2012). Platelet releasate generated for
therapeutic use however may be easily replicated and is generated using Parl agonist
thrombospondin each time. To determine the composition of platelet releasate,
various studies have used proteomic qualitative and quantitative approaches to
characterise the contents of releasate, often yielding differing results due to inter-
individual variability (Pagel et al., 2017; Parsons et al.,, 2018; Vélez et al., 2015).
Therefore, the composition of platelet releasate should be taken as a whole — a
collection of growth factors and cytokines, considering the specific effects of individual

growth factors.
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Parsons et al. undertook proteome profiling using label-free quantitative proteomics in
32 healthy adults in order to determine a core set of 277 proteins with low variance
between healthy adults with high reproducibility when releasate is generated from
human whole blood (Parsons et al., 2018). The study found that 177 of these core
proteins were found in exosomes - both human and murine platelets release exosome-
sized vesicles upon activation indicating they are a major contributor to intercellular
communication. Of particular note the core set of proteins included PDGF, TGF,
VEGF, CTGF, PF4, Actins — including actin alpha 1 which is found in muscle, as well

as some cytoskeletal actins, and non-sarcomeric myosins.

Many of the growth factors from releasate have effects in skeletal muscle — PDGF and
VEGF, induce angiogenesis which can improve blood flow to injured muscle, TGF,
EGF, FGF, IGF, HGF and SDF-1a have been shown to improve muscle stem cell
activation or differentiation; FGF, ang-1 and TNF attenuate atrophy; and TGF VEGF,
FGF, IGF, and SDF-1a has been shown to improve injury regeneration (Benoit et al.,
2017; Brzoska et al., 2012; Delaney et al., 2017; Gianni-Barrera et al., 2018; Sanchez-
Encinales et al., 2015; Tidball and Spencer, 1993; Wagner, 2011; Wang et al., 2020).
The effects of important individual proteins and growth factors found in releasate are

summarised in table 1.3.

However, there are possible downsides to using platelet releasate as a therapy,
chemokines found in releasate contribute to pathological conditions such as
thrombosis, and atherogenesis (Bakogiannis et al., 2019; van der Meijden and
Heemskerk, 2019). While soluble growth factors such as PDGF, VEGF and TGFf
promote tumour growth and metastasis anti-angiostatic factors such as PF-4,
endostatin and TSP-1 are also released from platelets and serve a protective role

against tumour survival and growth (Lazar and Goldfinger, 2021).

Table 1.3: releasate growth factors and proteins effects in skeletal muscle

Reference PGF Cell sources Effect in skeletal muscle

(Gianni- PDGF Platelets, regulates splitting angiogenesis in
Barrera et endothelial skeletal muscle by limiting VEGF-
al., 2018) cells, induced endothelial proliferation.

. macrophages, ) )
(Tidball and smooth muscle  induces phosphorylation of talin and
Spencer, cells cytoskeletal reorganization.
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1993)

(Delaney et TGF regulation of muscle repair via satellite
al., 2017) cells activation, connective tissue
, Macrophages,  formation, as well as regulation of the
(Weist et al., T lymphocytes, immune response intensity.
2013) keratinocytes
enhances contractility in engineered
skeletal muscle.
(Wagner, VEGF Platelets, Angiogenesis + blood flow.
2011) macrophages, )
keratinocytes, Improves regeneration after acute
(Frey et al., endothelial trauma.
2012) cells
(Wang et EGF Platelets, musculoskeletal tissue regeneration and
al., 2020) macrophages, activate the myogenic differentiation of
monocytes satellite cells.
(Benoit et FGF Platelets regulates skeletal muscle mass and
al., 2017) macrophages, ameliorates muscle wasting in mice.
(Pawlikowsk mesenchymal  gqgential for self-renewal of skeletal
ietal., cells, muscle stem cells (satellite cells) and
2017) chondrocytes,  raquired for maintenance and repair of
osteoblasts skeletal muscle.
(Petrosino CTGF Platelets, ECM remodelling.
etal., 2019) fibroblasts
(Yoshida IGF regulates both anabolic and catabolic.
and Platelets,
Delafontain plasma, improves myoblast activation.
epithelial cells,
e, 2020) eﬁdothelial IGF-I is involved in increasing muscle
(Witt et al., cells, mass and strength, reducing
2017) fibroblasts degeneration, inhibiting the prolonged
osteoblasts, and excessive inflammatory process due
(Song et al., bone matrix to toxin injury, and increasing the
2013) proliferation potential of satellite cells.
(Sanchez- HGF improves glucose homeostasis in diet-
Encinales et induced obese mice.
al., 2015) Platelets, . -
improves myoblast activation.
. mesenchymal
(Witt et al., I ) . ) )
2017) cells crucial for inflammation resolution and
the completion of repair in dystrophic
(Proto et al., skeletal muscle.

45



2015)

(Aravena et Decreases Myostatin-Induced NF-

al., 2020) kappaB Signaling and Skeletal Muscle
i Platelets, Atrophy.

(Morales et AL 1eitrophils

al., 2016) attenuates disuse skeletal muscle

atrophy in mice via its receptor, Mas.

(Brzoska et Sdf-1 (CXCL12) improves skeletal

Platelets, : : L
al., 2012) SDE-  endothelial muscle regeneration via the mobilisation
_ 1q cells of Cxcr4 and CD34 expressing cells.
(Kowalski et N
al., 2017) fibroblasts Increases stem cell migration and fusion.
(Patel and TNF-alpha has a direct catabolic effect
Patel, 2017) on skeletal muscle and causes wasting
) of muscle by the induction of the
(Lietal, Macrophages,  ypiquitin-proteasome system (UPS).
2020) TNF mast cells,
T lymphocytes  Age based atrophy.
(Meyer et
al., 2015) Alpha. Inhibits SC differentiation (in
opposition to IGF-1.
1.5 Ebselen

Ebselen is an antioxidant and anti-inflammatory drug with ROS reducing qualities
which has not yet been approved for any treatment by the FDA, however they have
allowed several clinical trials including phase Il clinical trial for ebselen in the
treatment of Meniere's disease, hearing loss, bipolar disorder and COVID-19
(ClinicalTrials.gov: NCT03013400, NCT01452607, NCT00762671, NCT04677972,
NCT04483973 and NCT02603081). Ebselen was first recognised as an antioxidant
and has superoxide scavenging qualities as well as a number of protein interactions
involving the reduction of thiols (Muller et al., 1984; Smith et al., 2012). Glutathione
peroxidase (GPx) is an endogenous antioxidant, which acts as a catalyst in reducing
H202, and ebselen works in a similar fashion, as a glutathione peroxidase (GPx)
mimetic (Sies, 1993). As a lipid-soluble compound, ebselen can permeate the cell
membrane and has rapid absorption following oral administration, making ebselen a
potentially useful drug candidate, and a lack of toxicity has been observed in clinical

trials (Noguchi et al., 1992; Takasago et al., 1997). Ebselen induces transcriptional
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expression of detoxifying and antioxidant genes. As a consequence of its antioxidant
properties, ebselen has a variety of effects such as, anti-thrombotic, anti-
atherosclerotic, cytoprotective and more (Azad et al., 2014; Chew et al., 2009;
Schewe, 1995). As such, ebselen is being studied as a treatment of atherosclerosis,
neurological diseases, and cancer, as well as a number of other potential uses. The
well accounted for effect of ebselen in inhibition of NADPH oxidase (nox) dependant
superoxide generation has the expected consequence of reduction in ROS, which
themselves cause DNA damage and apoptosis in the cardiovascular system and the
brain (Lee et al., 2012; Maulik and Yoshida, 2000). The rapid reaction of ebselen with
peroxynitrite and other free radicals, protecting against ROS and reactive nitrogen
species, good pharmacokinetic profile and wide array of beneficial interactions, makes
it a potential therapy for ROS induced injuries (Guven et al., 2008; Masumoto and
Sies, 1996).

Ebselen has also been effective in treating endothelial damage, and structural
changes in the endothelium are ameliorated by ebselen treatment (Phinikaridou et al.,
2013). ApoE”’ mice have a greater width of gap junctions and fewer gap junctions,
causing a reduced structural stability, this is also alleviated by ebselen. An increase of
collagen type 1, MMP1, MMP9 and TIMP1 protein expression in ApoE”- UNX mice
compared to wild type is reduced by ebselen. These metalloproteinases are involved
in the breakdown of the extracellular matrix, alongside TIMP1, an inhibitor of matrix
metalloproteinases, and Collagen 1, the protein which MMPs degrade (Baragi et al.,
2009). Despite the altered expression of both counteractive proteins, this clearly
demonstrates some level of altered matrix remodelling in ApoE”- UNX mice which is
resolved by treatment with ebselen. These UNX mice also had similar expression of
VEGF receptor flt-1, which was alleviated by ebselen, preventing the proliferation of
endothelial cells which leads to atherosclerotic lesions. The ApoE”GPx1” double
knockout studies confirm ebselen’s effects on oxidative stress, lesion progression and
endothelial reorganisation, as ebselen restores a lower expression of GPx3&4, MCP-
1, Collagen IV, TGF-f signalling as well as Collagen | & IV (Chew et al., 2010). It's
GPx-like action compensating for the ablation of GPx1. An attenuation of
glomerulosclerosis and mesangial expansion as well as a reduction in matrix

accumulation in the tubulointerstitium were also seen by ebselen treatment of the
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ApoE’"GPx1”7 double knockout, implying a role for ebselen in treating diabetic
complications (Tan et al., 2013).

Ebselen also causes a reduction in macrophage proliferation in ApoE”"GPx1”- mice —
a phentotype with reduced antioxidant capacity. In atherosclerosis macrophages
phagocytose oxLDL, for slow degradation in the lysosome, this accumulates and foam
cells form. The proliferation of macrophages acts through the MAP kinase, ERK 1/2
pathway by abrogating ERK phosphorylation (Cheng et al., 2013). In a study on
oxLDL, ebselen essentially abolished the peroxides but not the aldehydes of oxLDL,
and had no impact on oxLDL uptake by macrophages (Shen and Sevanian, 2001).
There is also a decrease in alpha smooth muscle actin in the aortic sinus in response
to ebselen treatment, which implies a reduction in myofibroblasts; ebselen is effective
in treating the inflammatory aspects of atherosclerosis in the aorta. These data
suggest a role for ebselen in tempering the inflammatory response as a response to

an increase in ROS which leads to macrophage infiltration.

1.5.1 Ebselen in ApoE’ mice

The ApoE protein shows antioxidant activity in vitro, although it's in vivo relevance
remains to be established. Interestingly, the antioxidant activity appears to be allele
specific. Miyata and Smith found that at physiological concentrations all three apoE
proteins significantly reduced H202-induced cell death, but in the following order of
effectiveness E2, E3, E4, with the E2 protein being approximately twofold more
effective compared with E4 (Miyata and Smith, 1996; Pellegrin et al., 2014).However,
evidence regarding the contribution of apoE genotype to oxidative stress-dependent
processes is limited. In the Northwick Park Heart Study Il the authors speculated that
the 2.79-fold increased risk of CVD events in apoE4 smokers relative to the non-
smoking group may be due to the different antioxidant capacity of the apoE protein
isoform, although no direct evidence was provided (Talmud et al., 2006). Importantly,
significantly higher (29%) circulating levels of F2-isoprostanes, a surrogate biomarker
of lipid peroxidation, in mildly hypercholesterolemic(45.6 mmol/L) apoE4 as
compared with non-apoE4 carriers have been observed (Sfyri et al.,, 2018). This
finding is in line with other studies reporting higher plasma concentrations of oxidised
LDL and malon-dialdehyde-modified LDL in apoE4versusnon-apoE4 allele carriers
(Metso et al., 2003; Tsuda et al., 2004). In cell culture studies, apoE4 macrophages

exhibited increased membrane oxidation and produced more reactive oxygen and

48



nitrogen species upon stimulation with the phorbol ester PMA and bacterial LPS,
respectively (Jofre-Monseny et al., 2007a). A higher transactivation of the key redox
sensitive transcription factor NF-kB was evident in apoE4 as compared with
apoE3macrophages and was accompanied by a higher production of pro-
inflammatory molecules (tumour necrosis factor a, interleukin 1b, macrophage
inflammatory protein 1a). Amounts of the anti-inflammatory cytokine interleukin 10
produced inapoE4 macrophages were lower than in apoE3 cells (Huebbe et al., 2010).
These data may indicate that apoE4 macrophages have an altered inflammatory

response, which may contribute to the higher CVD risk observed in apoE4 carriers

As ebselen has a variety of effects on a number of different pathologies, it has been
used to reduce oxidative stress in more rodents than simply ApoE” mice, as
summarised in table 1.4. In cultured wistar rat brain cells, ebselen suppressed
Hydrogen peroxide (H202) induced release of cellular proteins heat shock protein
(HSP) 90 and HSP110, (Ito et al., 2013). Malondialdehyde, the end product of lipid
peroxidation, is elevated in oxidative stress and levels are decreased in the rat lung
by treatment with ebselen, however ebselen was unable to inhibit Inducible nitric oxide
synthase (iNOS) activity in the same study (Yaren et al., 2007). While other studies
have seen a decrease in INOS activity in response to ebselen each shows a reduction

in oxidative stress.

A study on wild type mice neutrophils found an increase in microparticle expression
after exposure to high pressure gas (Thom et al., 2014). These microparticles are
small membrane encapsulated cell fragments, and they initiate a systemic
inflammatory process that is related to neutrophil activation. Ebselen was able to
decrease expression of microparticles after exposure to high pressure gas, indicating
that the oxidative stress caused by periods of low oxygen availability can be alleviated
by ebselen, making it potentially useful to deep sea divers and astronauts, similarly
periods of low oxygen exposure during open heart surgery can be alleviated as tested
by Maulik et al (Maulik and Yoshida, 2000). Furthermore, the same study saw a
reduced actin turnover by ebselen, as in neutrophils a higher actin turnover can
contribute to oxidative stress through activation of INOS; ebselen has a multiplicity of
action in relieving oxidative stress. Another study saw ebselen used to reduce
osteogenic responses to oxidative stress in aortic myofibroblasts; it's abrogation of

Msx2 after myofibroblast induction by TNF preventing aortic calcification (Lai et al.,
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2012). These results suggest a role for ebselen in ischemia-reperfusion, where a
tissue is without oxygen and the reperfusion of oxygen introduces a sharp rise of ROS.

Therefore, ebselen is useful to help reintroduce oxygen without the ROS.

Ebselen prevents vasculopathy and prevents an increase in senescent endothelial
cells in Zucker diabetic rats (Brodsky et al., 2004). Patients with metabolic syndrome
develop premature senescence of the cardiovascular system; ebselen prevents the
increase in advanced glycation end products — proinflammatory mediators
upregulated under oxidative stress. Ebselen also decreases abundance of
nitrotyrosine modified proteins in diabetic rats, prevents the increase of senescent
endothelial cells and prevents vasculopathy, all of which contribute to an atherogenic

phenotype and are elevated in oxidative stress.

Skeletal muscle is also affected by oxidative stress, exposure to hypoxic conditions,
tissue trauma and even ageing can result in a production of ROS. The hypoxia-
reperfusion response is well documented to cause an increase in ROS and can cause
oxidative stress in skeletal muscle. Ebselen mitigates muscle fatigue and ROS
generation in reperfusion after exposure to hypoxic conditions (Zuo et al., 2013).
Mouse denervated muscle exhibits increased ROS production; ebselen has fatty acid
hydroperoxide scavenging qualities and reduced H202 expression in denervated
mouse muscle (Bhattacharya et al., 2009). Mechanical loading of skeletal muscle
stimulates ROS production which activates AMP kinase and increases glucose
uptake, ebselen decreases this by decreasing ROS (Chambers et al., 2009). After
increase of ROS subject to soft tissue trauma in rats, ebselen restores disturbed
microcirculation and reduces the inflammatory response which in turn prevents
secondary injury due to leukocyte infiltration (Gierer et al., 2010). Ebselen has also
been seen to have counteractive effects at differing concentrations, increasing high
affinity binding of ryanodine to the skeletal muscle type ryanodine receptor at
nanomolar concentrations, but inhibiting this at low micromolar concentrations (Xia et
al., 2004). This effect is the result of ebselens oxidation of thiols, at lower
concentrations fourteen free thiols of ryanodine receptor are oxidised, enhancing
Ca2+ release; however greater concentrations oxidise more thiols to inhibit this. Ca2+
release initiates muscle contractions. The ryanodine receptor is a Ca2+ releasing
channel which initiates muscle contractions by rapid release of sarcoplasmic reticulum

Ca2+, therefore ebselen can modulate contractions of muscle.
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Table 1.4. The effects of ebselen on ApoE" mice in regenerative medicine

Reference Species Intervention Findings
(Chew et Male Ebselen, dissolved | diabetes induced weight loss
al., 2009)  ApoE™" in 5% CM-cellulose, | total aortic plaque
mice (8 was gavaged twice | nitrotyrosine levels
wks), daily at 10 mg/kg | nox2 mRNA & protein levels in
diabetic body weight (i.e. aorta
20mg/kg/day) | RAGE mRNA & protein in aorta
For 10/20 wks Ebselen attenuated diabetic
induced VEGF increase in aorta
| a-SMA in aorta
|F4/80 staining (macrophage
marker)
NO change in: SOD1,
1 Glutathione peroxidase-1
(Chew et Male apoe” Ebselen gavaged | diabetes induced weight loss
al.,, 2010) ~ GPx1”’ twice daily dissolved | Organic hydroperoxides in
mice (8 in 5% CM-cellulose plasma
wks), (10gm/kg) at 10 | total aortic plaque
diabetic weeks, | nox2 mRNA & protein levels in
maintained for 10/20 intimal and medial layers of
weeks diabetic aortas
| nitrotyrosine & 4-HNE levels,
aorta
| GPx3, GPx4, aorta
Ebselen attenuated diabetic
induced VEGF increase, aorta
| MCP-1 & VCAM-1, aorta
(Tan et al., Human Diabetes  induced | total aortic plaque, | aortic
2013) aortic with 2 daily doses of lesions
endothelial streptozotocin, (100 |  Aortic  oxidative  stress
cells, mg/kg/day) (nitrotyrosine staining)
normal rat | accumulation of matrix in the
kidney At 10 weeks ebselen tubulointerstitium
cells, gavaged twice daily | collagen IV protein
(10mg/kg) (i.,e. mesangial expansion and
ApoE" 20mg/kg/day) for 12 glomerulosclerosis were
GPx1 dKO weeks attenuated in Ebselen
mice (8 | Kidney oxidative stress
wks) | TGF-B signalling in kidney
| Collagen | & IV expression in
NRK52E cells
(Phinikarid male Left untreated or | vessel wall enhancement
ou et al, ApoE™” treated with ebselen (brachiocephalic artery)
2013) mice by daily gavage | plaque burden
(8wks), ND (5 mg/kg body | endothelial damage, gap
or HFD weight dissolved in junction width
(21% fat, 5% CM-cellulose) for | monocyte/ macrophage content
0.15% 12 weeks of endothelium
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cholesterol (concurrent with
) for 12 HFD)
wks. MRI measured
(Piecha et ApoE” At 10 wks, unilateral No effect on Systolic blood
al., 2008) mice (8 nephrectomy or pressure,
wks), ND sham operation, 1 capillary length density,
ad received either | mean intercapillary distance in
libintum, ebselen  (30mg/kg myocardium.
body weight/day by UNX induced Aortic intima-media
gavage), tempol, or thickness increase prevented by
trandolapril ebselen,
Atherosclerotic plaque formation
prevented,
Prevents increased deposition of
collagen I, increase of
MMP1,MMP9,TIMP1,
No change in TGFBR1 or R1
| VEGF, 1 VEGF receptor - flt1
No change in nitrotyrosine vs
untreated UNX, but Sham
untreated had lower nitrotyrosine
than sham ebselen
No change in eNOS,
L INOS
(Laursen et ApoE™ Treated with ebselen | peroxynitrite
al., 2001) mice(6-18 (although not main
months), focus of paper and
no intervention really
listed)
(Park etal.,, Prdx27/~ Ebselen dissolved in Ebselen reduced atherosclerotic
2011) ApoE~"~ 80% (v/iv) DMSO plaque,
mice, HFD administered via | aortic H202 & VCAM-1 & iCAM-
(0.15% osmotic pump at a 1.
cholesterol dose of 10 Ebselen blocked MCP-1, aorta
, 20% fat, mg/kg/day effectively suppressed the
and 0.05% Or aortic sections transmigration of CD11b+
sodium pretreated with 20 monocytes
cholate), pumol/L ebselen.
ApoE~"
mice,
(Cheng et ApoE” Macrophages from Ebselen decreased macrophage
al.,, 2013)  GPx17” ApoE’-GPx17 proliferation in  ApoE’"GPx1"
standard mouse  pretreated mouse.
diet for 5 with 10 uM Ebselen Abrogated ERK phosphorylation
months or for 1 handincubated in ApoE’GPx1’but not ApoE™.
HFD for 8 with 10 mg/ml oxLDL
wks for 12 and BrdU for another
wks 48 h.
After preincubation

with 10 ng/ml MCSF
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for 3 days, cells

incubated with
ebselen for 5 min.
(Jeong et ApoE™" Peritoneal Restoration of lipophagic flux &
al.,, 2018) mice, ND macrophages cholesterol efflux.
20 wks or isolated from Prdx1"
HFD 10 mice were
wks (20% pretreated with
fat, 0.15% 10mM ebselen
cholesterol
)

1.5.2 Ebselen in cell studies

Cellular studies can be a powerful method of assessing the benefits of ebselen on
oxidative stress. Oxidative stress has been simulated in these studies (summarised in
table 1.5) through viral transfection of Nicotinamide adenine dinucleotide phosphate
(NADPH) oxidases, overexpressing them, application of insulin to induce production
of H202, direct exogenous application of H202, nitrogen mustard or t-butyl
hydroperoxide (Lai et al., 2012; Muller et al., 1984; Sies, 1993; Smith et al., 2012).
While these studies may not fully recapitulate the extent of oxidative stress - not simply
a matter of increased production of ROS, free radicals, reactive nitrogen species
(RNS), a decreased anti-oxidative capacity or a reduced ability to reduce ROS, but a
combination of these factors, the positive effects of ebselen are clear. Cellular studies
have seen ebselen improve myofibroblast expression of Msx2, inhibition of tau
phosphorylation, induction of glioma cell death and alter wound healing (Datla et al.,
2007; Lai et al., 2012; Sharma et al., 2008; Xie et al., 2012).

ROS function in intracellular signalling to prevent tissue injury and promote
angiogenesis at low levels, however at higher concentrations they may be deleterious
to cells due to their action in lipid peroxidation, protein oxidation and DNA damage,
resulting in their role in the aforementioned diseases (Batna et al., 1997; Farmer and
Mueller, 2013; Yang, 2019). The primary enzymatic sources of ROS production in the
cell are Nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (Nox),
multimeric protein complexes which produce superoxide via their catalytic Nox subunit
which is membrane bound and transfers electrons from cytosolic NADPH to molecular
oxygen (Miller et al., 2006). Of the four Nox isomers, expression of Nox1, Nox2 and

Nox4 has been reported in skeletal muscle, and Nox4 appears to have a greater
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impact on the expression of ROS in skeletal muscles (Ferreira and Laitano, 2016).
Nox inhibitors have a great deal of therapeutic potential in their ability to reduce ROS
and restore homeostasis, their use has been shown to potentially alleviate

atherosclerosis, asthma and ischemic stroke.

One such study in human microvascular endothelial cells found reduced tube
formation and wound healing responses in Nox4 siRNA mediated gene silenced cells
(Datla et al., 2007). This implicated the actions of NADPH oxidase in angiogenesis
and wound healing, indicating a beneficial role for ROS after injury. The prevention of
proliferation of cells by ebselen may not be useful in all cells, as satellite cells
differentiation to regenerate muscle may be impaired as they need to be activated for
a period of proliferation. This effect was further demonstrated in human microvascular
endothelial cells with viral overexpression of Nox4 or the dominant negative form of
Nox4 (Nox44ndphy enhancing or attenuating these responses respectively (Datla et al.,
2007). The exogenous application of H202 further enhanced tube formation and
wound healing, while ebselen had an opposing effect (Sies, 1993). As ROS tend to
induce an inflammatory response, the action of ebselen is counterintuitive at sites of

injury as wound healing will be inhibited.

Msx2-Wnt signalling has been suggested as a pro arteriosclerotic pathway, initially
discovered as an important osteogenic pathway in craniofacial skeletal development.
The pathway also contributes to arteriosclerotic calcification and the process of ROS
activation of TNF induces this osteogenic action. The study of aortic myofibroblasts
saw a reduction of TNF induced Msx2-Wnt signalling when treated with ebselen,

reducing the oxidative stress causing the osteogenic reaction (Lai et al., 2012).

Interestingly, in glioblastoma cells ebselen has been found to have opposite effects,
sensitizing cells to TNF-a rather than preventing its activation (Smith et al., 2012). In
cell lines UB7TMG, A172 and T98G, cell viability was unchanged at low concentrations,
however at a higher concentration of 50uM, a ~35% reduction in cell viability was seen
(Smith et al., 2012). These cell lines used were resistant to TNF-a induced apoptosis,
and the viability when exposed to both ebselen and TNF-a was further reduced to
around 50%, decreasing the expression of TNFR1 and inhibiting Nuclear factor kappa
beta (NF-kB) activity and gene expression in these glioma cell lines (Smith et al.,
2012). This suggests a role for ebselen in inducing apoptosis in resistant tumour cells,

54



suggesting ebselen as a candidate to overcome a major problem in anticancer

therapy.

A study in neuroblastoma SH-SY5Y cells, treated with ebselen for 12 hours and
treated with iron to induce tau phosphorylation (Mdller et al., 1984). Ebselen abrogated
the effects, reducing tau phosphorylation and the decrease in ROS production
decreases cellular iron influx too. Furthermore, the activity of CDKS5 and GSK3f3
responsible for tau phosphorylation were reduced by ebselen. As tau phosphorylation
is implicated in a number of neurodegenerative diseases such as Alzheimer’s disease
the counteractive ability of ebselen could be important in preventing these

degenerative diseases.

While many effects of ebselen in relation to atherosclerosis and cancer are beneficial,
it remains to be seen if the effects are positive in all tissue types. Skeletal muscle
satellite cells for example, which would begin to proliferate in response to injury could
be impeded by abrogation of MSX2, or the decrease in collagen IV, both of which are
important to differentiation of satellite cells. As there are muscular aspects of
atherosclerosis, it would be important to determine ebselen’s effect on satellite cells

in order to prevent an exacerbation of this symptom.

Table 1.5. Studies concerning ebselen treated cells

Reference Cell Type Intervention Findings
(Lai et al., mouse aorta Cultures were Ebselen treatment
2012) adventitial pretreated with almost completely
myofibroblasts of WT, ebselen 100uM for abrogates TNF
TNFR17, TNFR27", 30 min before induction of Msx2
and p47phox’ treatment with TNF.
(Maller et Human After treatment with | Tau phosphorylation
al., 1984)  neuroblastoma SH- 5 IM ebselen for 12 )
SY5Y cells h, cells were { ROS production,
incubated with 05 cellularion efflux
I(I\[gOjindo calcein-AM lCDKS | ar_1d GSK3B
. activity in iron treated
Laboratories, Japan) cells
for 30 min at 37 °C.
(Smith et Glioblastoma cell On attaining Sensitized to TNFa-
al., 2012) lines U87MG, Al172 semiconfluence, induced apoptosis

and T98G

cells were switched
to serum free media

Affects the expression
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and after 12 hr, cells

were treated with
different
concentration of

Ebselen (in Dimethyl
sulfoxide, DMSO) in
the presence or
absence of TNFa
(50 ng/ml) in serum

of molecules
associated with TNFa
induced signaling
events

| TNFR1 expression

1 TRADD and | TRAF2
levels in the TNFR1-
TRADD-TRAF2

free media for 24 hr signaling complex in

TNFa treated cells

Inhibits NF-kB activity
in TNFa treated
gliomas

Inhibits TNFa-induced
NF-kB reporter gene
expression in glioma
cells

Affects molecules
associated with cell
cycle progression

(Sies, Human microvascular Exogenous H202 wound healing and
1993) endothelial cells (0.1,0.3,3,10umol/L) tube formation
(HMECS) and ROS scavenger responses were

ebselen (10pumol/L). enhanced by

exogenous H202 but
attenuated by ebselen

1.6 Aim, hypothesis, objectives of the thesis

The project is focusing on the skeletal muscle stem cell function of the Apolipoprotein
E deficient (ApoE”) mouse, aiming to understand the effects of hyperlipidaemia with
increased oxidative stress between the wild type and ApoE-”- mice. The ApoE”- mouse
has a hypercholesterolemic and atherogenic phenotype, which in humans can lead to
intermittent claudication so the increase of ROS seen in other tissues in this model is
likely also seen in skeletal muscle and could be a factor in the impaired muscle
function. Some evidence suggests that obesity is a risk factor to attenuate skeletal
muscle stem cell activity; therefore the present work intends to see if this is as a result
of increased oxidative stress (Sfyri et al., 2018). Here the work examines the

differences in total satellite cell number and number of satellite cells expressing
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specific transcription factors: Pax7 — highly expressed ubiquitously in quiescent and
activated satellite cells, myogenic differentiation 1 (MyoD) — expressed in myogenic
proliferating cells and Myogenic factor 4 (myogenin) — expressed in committed
differentiating myogenic cells. Only Pax7 is expressed in quiescent cells (Zammit et
al., 2006). This will help to determine if the ApoE” mouse has impaired proliferation
or differentiation of satellite cells, impairing muscle growth. While the full on Pax7
knockout is viable, mice usually die within 2 weeks after birth. They produce fibres with
smaller diameter, but the organisation of fibres is unchanged despite deficient

postnatal muscle growth.

The effect of ApoE deficiency on skeletal muscle stem cell myogenic capacity and
function remains unknown so far. Therefore, the present work aimed to determine
whether hyperlipidaemia followed by increased oxidative stress in skeletal muscle of
ApoE” mice would affect muscle stem cell myogenic progression, independently of
their niche in the whole muscle. To achieve this, ApoE deficient muscle stem cell
myogenesis was evaluated in two different experimental settings, i.e. on single muscle
fibores and isolated muscle stem cells. Firstly, Myofibres from ApoE” mice were
isolated and cultured ex vivo to investigate the myogenic progression and self-renewal
of muscle stem cells. Secondly, muscle stem cells were removed from their
microenvironment, i.e. myofibres, and their myogenic potential was studied in cultures
in vitro. The present study took advantage of the differential expression patterns of
transcription factors and myogenic regulatory factors as follow: in adult skeletal
muscle, quiescent stem cells express Pax7, activated stem cells switch on MyoD
expression, proliferating stem cells co-express Pax7 and MyoD, stem cells committed
to differentiation are Pax7-negative and MyoD-positive, whereas differentiated stem
cells give rise to new myonuclei that express myogenin (Ftichtbauer and Westphal,
1992; Grounds et al., 1992; Yablonka-Reuveni et al., 1999; Yablonka-Reuveni and
Rivera, 1994; Zammit et al., 2004, 2002). It was hypothesised that muscle stem cell
function may be perturbed in atherosclerotic mice with systemic hyperlipidaemia and
skeletal muscle oxidative stress and this may explain the impaired muscle

regeneration seen in vivo.

Reactive oxygen species (ROS) including superoxide anion, hydrogen peroxide and
hydroxyl free radicals have been implicated in a variety of pathologies including

cardiovascular disease, neurological diseases, and cancer (Carvalho et al., 2017,
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Galanis et al., 2008; Kennedy et al., 2012; Sugamura and Keaney, 2011). Contracting
muscles generate ROS, these ROS are important in normal insulin signalling, and
contribute to wound healing (Steinbacher and Eckl, 2015). Increased production of
ROS however, is a major contributor to atherosclerosis that leads to muscle fatigue —
in peripheral artery disease this manifests as intermittent claudication, reduced
exercise tolerance and ambulation (Kattoor et al., 2017). Overall, the impact of an

excess of ROS outweighing the antioxidant capacity has a negative effect on the body.
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1.7 Aims and objectives

Given the lack of evidence on the role of skeletal muscle stem cell involvement in

impaired muscle function in the ApoE’ mouse, the aim of this thesis was to

characterise for the first time the muscle stem cell capacity for proliferation and

differentiation in the ApoE deficient mouse. The thesis further aims to determine the

extent to which this may be alleviated through ebselen or platelet releasate.

It was hypothesised that

1. The hyperlipidaemic and atherosclerotic mouse would have skeletal muscle

stem cells with impaired function.

Experimental hyperlipidaemia induced via palmitate would disrupt muscle stem
cell function and increase oxidative stress, while the use of antioxidant ebselen
would restore muscle stem cell function.

The injured ApoE deficient mouse would have a delayed or impaired
regeneration.

Administration of platelet releasate generated from isolated and activated
human platelets would improve muscle stem cell function and regeneration in

senescence induced muscle stem cells.

These hypotheses were tested by addressing the following objectives:

To characterise the progression of muscle stem cells (i.e. development of
activated, proliferating and committed to differentiation cells) of the ApoE~"
mouse model.

To determine the impact of experimental hyperlipidaemia on muscle stem cell
reactive oxygen species levels, and their function with and without antioxidants.
To establish whether functional changes in muscle stem cells follow an
impairment in injury regeneration.

To examine doxorubicin induced senescence and its effects on muscle stem
cell proliferation and differentiation, and to determine the impact of platelet

releasate on senescent cells.
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Chapter 2 — General Materials and Methods
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2.1 Practical Methods

2.1.1 Animal Maintenance

Mice were purchased from Charles river, both genotypes and were maintained in the
animal facility of the University of Hull. Mice homozygous for deletion of apolipoprotein
E (ApoE”) on a C57BI/6J background (Charles River, Kent, UK) and wild type
(C57BI/6J) mice were used in accordance with UK Animals (Scientific Procedures) Act
1986. Male C57BI/6J (wild-type, WT) and ApoE deficient (ApoE”) mice on the same
genetic background were housed at the University of Hull under standard
environmental conditions (20-22 °C, 12-12 h light—dark cycle) and were provided
standard chow (normal diet, ND) and water ad libitum. The experiments were
performed under a project license from the United Kingdom Home Office in agreement
with the revised Animals (Scientific Procedures) Act 1986. Animals were humanely
sacrificed via Schedule 1 killing under terminal anaesthesia.

2.1.2 Tissue harvesting and freezing

Tissue was harvested at the University of Hull. Liver, Extensor Digitorum Longus
(EDL), Tibialis Anterior (TA), Gastrocnemius (Gas), Quadriceps (QDs) and soleus
muscles were excised from both limbs. The connective tissue surrounding the EDL,
TA and soleus muscles was removed and the muscles were flattened and
subsequently frozen in isopentane (2-methylbutane) cooled in liquid nitrogen in order
to avoid freezing artefacts, autolysis, or putrefaction. Quadriceps and gastrocnemius
were snap frozen in liquid nitrogen for molecular analysis. All the experimental

procedures were performed on frozen specimens.

2.1.3 Single myofibre isolation and culture

Murine C57BI/6J single myofibres were isolated from the extensor digitorum longus
(EDL) and biceps brachii muscle. EDL and biceps brachii muscles were dissected as
described in chapter 2.1.2, but instead of freezing muscles were chemically digested
with collagenase (0.2%; Sigma Aldrich; cat. C2674) for 3-4 hours with gentle shaking
every 20 minutes at 37°C and 5% CO2. Muscles were transferred to horse serum
coated 3.5cm petri dishes in serum free media (Dulbecco’s modified Eagle’s Medium
(DMEM; HyClone) and 1% penicillin-streptomycin (Sigma-Aldrich)). A glass pipette
was used to gently triturate each muscle individually in until fibres began to dissociate

from the muscle, living fibres were transferred to a new petri dish, while dead fibres,
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hypercontracted fibres and debris were discarded. Isolated myofibres were cultured
for 24, 48 and 72 hours in single fibre media containing 10% Horse Serum, 0.5% chick
embryo extract and 1% penicillin-streptomycin. Single myofibres were isolated from
the extensor digitorum longus or biceps brachii muscle and studied at different time
points (TO, T24, T48 and T72 hours) to determine quiescent, proliferating and
differentiating satellite cells, by means of Pax7, MyoD and Myogenin staining. This is
a common method to determine skeletal muscle stem cell function and the differential
expression of these transcription factors allows for the determination of proliferative

function, activation, and commitment to differentiation.

2.1.4 Muscle stem cell isolation from single myofibres

Muscle stem cells were islolated from the EDL and biceps brachii of wild-type and
ApoE” mice. Muscle stem cells were collected from myofibres isolated as described
in chapter 2.1.3 by trypsinisation in 0.125% trypsin-Ethylenediaminetetraacetic acid
(EDTA) solution and seeded in Matrigel (1mg mL-1; Corning Matrigel; cat. 354234)-
coated 24-well cell culture plates, in muscle stem proliferation media (30% FBS, 1.5%
chick embryo extract and 1% penicillin-streptomycin). Differentiation of muscle stem
cells was achieved through culturing for 3 days in appropriate proliferation medium as
per experimental condition before switching to differentiation medium (5% Horse
Serum, 0.5% chick embryo extract, 1% penicillin-streptomycin and 0.1% amphotericin
B) for a further 5 days. This allows for determination of proliferation and differentiation
independent of the muscle fibre niche, and a greater control of the environment (e.g.

palmitate was applied to cultured cells to simulate a hyperlipidaemic environment).

2.1.5 In Vivo cardiotoxin-induced muscle injury.

On day 1, wild-type mice and ApoE” mice (12 week old) were injected with a total of
30uL, 50uM Naja pallida cardiotoxin (CTX; Latoxan, Valence France) into the tibialis
anterior (TA) muscle (n=5 per group). At 5 and 10 days, mice were sacrificed, the TA
muscles were collected, immediately frozen and 12uM cryo-sections were processed
for immunohistochemistry. CTX is a myotoxic substance often used to induce
chemical injury in order to study muscle recovery. This is a suitable model as the
regeneration process occurs relatively efficient due to a proper blood supply and the
preservation of basal lamina and microvasculature (Czerwinska et al., 2012; Harris,
2003). CTX-injection is also less harmful for the animal compared to mechanical

injuries (Couteaux et al., 1988). The CTX-induced regeneration model establishes

62



similarities with diverse myopathies and therefore serves as a tool to study these
pathologies (Pessina et al., 2014; Sunitha et al., 2016).

2.1.6 Releasate treatments in vivo, ex vivo and in vitro.

For C2C12 studies on proliferating cells, 100ul releasate was added to 900ul growth
media at the time of seeding, then again after 24 hours, before cells were fixed at 48
hours. Initial experiments on differentiating C2C12 cells used 2 doses of 100pl
releasate on day 5 then day 6. Subsequently differentiation experiments used 2 doses
of 100yl releasate on day 2, day 3 and day 4. Experiments on muscle fibres ex vivo
added 100ul releasate to the media for 24h prior to fixation at all time points. For in
vitro studies Mice were administered a 100ul dose of human releasate, on the day of

injury, 1-, and 3-days post injury by intraperitoneal injections.

2.1.7 Tissue embedding and cryosectioning

To assess skeletal muscle morphology and potential pathophysiological features,
EDL, TA, soleus and the heart were assessed by histological and
immunohistochemical procedures. Specimens were embedded in optimal compound
temperature tissue mounting medium (OCT) and 100% ethanol on dry ice. A cryomold
was filled with OCT and was subsequently submerged in cooled ethanol. Once the
OCT began freezing, the tissues were transferred, oriented for cryosectioning and fully
submerged in the OCT. The frozen blocks (tissue in OCT) were stored at -80°C. Prior
to cryosectioning, blocks were equilibrated to -21°C for 20 minutes in the cryostat
chamber. Transverse sections (10um thickness) from the mid-belly of the muscles
were obtained and mounted on microscopy glass slides coated with Poly-L-lysine. The
microscopy glass slides were air dried for 20-30 minutes at room temperature and

stored at -80°C until further analysis.

2.2 Technical Methods

Histology/Histochemistry for regenerating/injured/inflammation muscle

2.2.1 Muscle stem cell proliferation and viability analysis.

Muscle stem cell proliferation was evaluated by the pyrimidine analogue EdU
incorporation assay using the fluorescent Click-iT® EdU Cell Proliferation Assay
(Invitrogen, Life Technologies, Grand Island, NY, USA) according to the

manufacturer’s instructions. Proliferating cells were measured as a percentage of EdU
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positive divided by 4',6-diamidino-2-phenylindole(DAPI) -stained (Dako))-stained

nuclei.

2.2.2 Immunohistochemistry & morphometrics

Isolated primary muscle stem cells were seeded on coverslips in 1mL of media in 24-
well plates (Corning® Costar® TC-Treated 24-Well Plates). Media was removed at
the end of experiments with 4% paraformaldehyde in phosphate buffered saline (PBS)
added for 15 minutes, followed by two washes in phosphate-buffered saline.
Permeabilisation buffer (0.2% Triton X-100 in PBS) was then added for 20 minutes
followed by two washes in wash buffer (5% FBS and 0.05% Triton X-100 in PBS)
before applying onto optical slides. Primary antibodies for Pax7, MyoD, Myogenin,
anti-myosin heavy chain 3 (Santa Cruz; cat. sc-81648, sc-760, sc-52903, sc-53091
respectively) and EGF-like module-containing mucin-like hormone receptor-like 1
(F4/80) (R&D Biosystems; cat MBA3249) were used. Cells were measured by the
intensity of myogenin fluorescence per cell divided by DAPI-stained nuclei as a
percentage. Morphometric analysis was performed on an Axiolmager fluorescence
microscope equipped with an Axiocam digital camera using the ZEN imaging software
(Zeiss, Germany). The relative myofibre cross sectional area (CSA) was calculated
from the diameter assuming fibre cylindrical shape and normalised to wild-type.
Senescence was measured via staining of senescence associated-B-galactosidase
using a commercially available staining kit according to the manufacturer’s protocol
(abcam - ab102534). Cells were fixed for 15 minutes in fixative solution, followed by
PBS washes and incubation overnight with beta-galactosidase staining solution in a
dry incubator with 0% CO2. Cells were observed at x40 magnification under
microscope for blue colour development and imaged for analysis. Images were then

deconvoluted using ImageJ to determine the area of positive staining per image.

2.2.3 RNA extraction and real-time PCR analysis

Quantitative polymerase chain reaction (PCR) was performed on differentiated muscle
stem cells. Muscle stem cells were seeded in 6-well plates in proliferation media (30%
FBS, 1.5% chick embryo extract and 1% penicillin-streptomycin) and total RNA was
isolated on day 4 of differentiation using the EZNA Total RNA Kit | (Omega Biotek,
USA). The differentiated muscle stem cells were collected in 400puL trizol. Using a cell
scraper, cells were detached from plates and collected into 1.5ml Eppendorf tubes.

Tubes were transferred on ice and 80uL of 100% chloroform was added per 400uL

64



trizol for separation of molecules. This mixture was left at room temperature for 2
minutes and subsequently centrifuged at 4°C for 15 minutes at 12,000 x g. The upper
aqueous phase (containing RNA) was carefully transferred in a new tube and 500uL
of 100% isopropyl alcohol was added and incubated for 5 minutes at room temperature
for precipitation of nucleic acids. The mixture was loaded on a HiBand RNA Column
and centrifuged at 4°C for 1 minute at 10,000 x g and the flow through was discarded.
RNA Wash Buffer | (500uL) was added in the HiBand RNA Column and centrifuged
at 4°C for 1 minute at 10,000 x g and the flow through was discarded. RNA Wash
Buffer Il (500uL) was subsequently added in the HiBand RNA Column and centrifuged
at 4°C for 1 minute at 10,000 x g and the flow through was discarded. The procedure
was repeated once more, and the HiBand RNA Column was centrifuged at 4°C for 2
minutes at 13,000 x g in order to dry. To elute RNA, 20uL of ultrapure water was added
in the HiBand RNA Column, left for 1 minute at room temperature and centrifuged at
4 o C for 2 minutes at 12,000 x g. The elution step was repeated once more and the
concentration (ng-pL -1) and purity (A 260 /A 280) of RNA isolated was determined on
a NanoDrop spectrometer (ThermoFisherScientific, USA) prior to sample storage at -
20°C. Total RNA (1.5 pg) was reverse-transcribed to cDNA and analysed by
guantitative real-time RT-PCR on a StepOne Plus cycler (Applied Biosystems, UK).
Primers were designed using the software Primer Express 3.0 (Applied Biosystems,
UK). Relative expression was calculated using the AACt method with normalisation to
the reference genes encoding cyclophilin-B (Cyp) and hypoxanthine-guanine
phosphoribosyltransferase (Hprt). mRNA levels of MyoD, Scribble planar cell polarity
protein (Scribl), myogenic factor 6 (myf6), Myogenin, transmembrane protein 8c
(Tmem8c), brain expressed X-linked 1 (Bex1), Serum response factor (Srf), myosin
heavy chain 1 (Mhcl), myosin heavy chain 2a (mhc2a), actin alpha 1 (Actal), vascular
endothelial growth factor a 165 (vegfa165) and platelet derived growth factor a (pdgfa)
for wild-type and ApoE~"- myotubes or C2C12 myoblasts. Primers are listed in appendix
l.

2.2.3.1 cDNA synthesis

Global complementary DNA (cDNA) synthesis was performed by reverse
transcription. Prior to cDNA synthesis, the RNA samples were treated with
Deoxyribonuclease | (DNase 1) (ThermoFisher Scientific, USA). According to the
manufacturer’s instructions the following mix was prepared per RNA sample;
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Amount of RNA 10ug
10x Reaction Buffer
2uL DNase |
RNase-free 5uL (5U)
Ultrapure Water to 20uL

The mixture was incubated at 37°C for 30 minutes after which 2uL of 50mM EDTA
was added and the mixture was subsequently incubated at 650C for 10 minutes. The
RNA that was DNase | treated was placed on ice for cDNA synthesis. The reverse
transcription was performed with the RevertAid H Minus First Strand cDNA Synthesis
Kit (ThermoFisher Scientific, USA). As per manufacturer’s instructions, a mix per RNA
sample was prepared that included 1uL of 100uM Oligo(dT)18 Primer, 3L of ultrapure
water and a volume of 8uL and concentration of 0.46ug-puL-1 of RNA sample. In
addition the following Reverse Transcription master mix per RNA sample was

prepared;

5x Reaction Buffer 4L

RiboLock RNase Inhibitor 1uL

10mM dNTP mix 2uL

Ultrapure Water to 20uL

Revertaid Reverse Transcriptase 1uL (200 U/uL)

In each mix containing RNA template, 8uL of the Reverse Transcription master mix
was added giving a final volume of 20uL and following a brief pulse spin, reverse
transcription was performed using a Veriti thermal cycler (Applied Biosystems, USA)

in accordance with the below reaction;
42°C 60 minutes
70°C 10 minutes

cDNA was diluted in ultrapure water by a factor 1:18 to correct for further loading on
gPCR and prior to the dilution 3uL of cDNA were kept for evaluation of the primers.
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Similarly, the concentration (ug-uL-1) and purity (A260/A280) of cDNA was
determined on a NanoDrop spectrometer (ThermoFisher Scientific, USA) prior to

dilution and sample storage at -20°C.

2.2.3.2 Primer design
Primers were designed using NCBI/Primer-Blast software. Exon spanning murine
specific primers were used whenever possible. The primers used to quantify gene

expression are listed in Appendix I.

2.2.3.3 Quantitative real time PCR assay
To measure gene expression differences, gPCR was employed. The Primer Master
Mix was prepared on ice and the optimal final volumes for the most efficient reactions

were the following per well;

SYBR Green PCR Master Mix 7.5uL
Forward primer 0.15uL

Reverse primer 0.15uL

Ultrapure water 3.2uL

cDNA template 4L

Three technical replicates were performed per sample in PCR grade 96well plates
(ThermoFisher Scientific, UK) and covered with corresponding adhesive covers
(ThermoFisher Scientific, UK). No template controls (NTCs) for each gene were
included on each experimental plate to control for unspecific binding. Plates were
pulse centrifuged and subsequently loaded onto a Step-onePlus Real-Time PCR
machine (Applied Biosystems, USA). The cycling programme that was adopted

throughout the experiments was;
Holding Stage 50°C for 2min
95°C for 10min
Cycling Stage 95°C for 15sec Denaturation

61°C for 1min Annealing/Extension
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Melt Curve Stage 95°C for 15sec
60°C for 15sec
95°C for 15sec

Holding stage and melt curves were performed in a single cycle while the cycling stage
was set at 40 cycles. The annealing and extension steps were consolidated in a single
step. Melt curves were performed to determine the specificity of amplification. A melt
curve shows the decrease in fluorescence when double-stranded DNA with
incorporated dye molecules dissociates into single-stranded DNA as the temperature
of the reaction is raised. The melting point depicts the temperature at which 50% of
the DNA has dissociated and is proportional to the size of DNA (Gundry et al., 2003).

2.2.3.4 gRT-PCR analysis and interpretation by the comperative CT method (2-
AACT method)

SYBR green (SG) is an asymmetric cyanine dye, with two aromatic systems containing
nitrogen, that interacts in three different ways with the double stranded DNA (dsDNA),
through intercalation between base pairs, electrostatic interaction and entering the
minor groove (Dragan et al., 2012; Kubista et al., 2006; Zipper et al., 2004). SG binding
to dsDNA leads to an increase of the quantum yield about 1,000-fold and the excitation
and emission of the SG/dsDNA complex is 497nm and 520nm respectively (Dragan
et al., 2012; Monis et al., 2005). The increase in the amount of dsDNA product due to
gPCR thermal cycles is depicted by the increase in the fluorescence signal which can
be detected in real time (Kubista et al., 2006). Detection of differences in gene
expression among groups was conducted by relative quantification to reference
genes. To achieve this, the baseline threshold cycle values were determined
automatically from the relative rate of amplification using StepOne software V2.0
(Kubista et al.,, 2006; Livak and Schmittgen, 2001). Furthermore, reference
(housekeeping) genes Cyp and Hprt (Appendix I) were used as normaliser genes for
correcting any variability in the RT-gPCR process and they displayed similar
expression pattern in all groups with coefficient of variation (CV) 3.26 for Cyp and CV
4.1 for Hprt respectively that was calculated dividing the standard deviation by the
mean and multiplying by 100. All gene expression data presented were determined
with the use of the comparative CT method according to following published
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recommendations (Livak and Schmittgen, 2001). Briefly, the CT of the sample for the
gene of interest (target) is initially normalised to the mean CT of the reference genes
(ref) both for the sample (CTtarget) and for the calibrator sample (CTcal), according

to the following equation;
Equation 2.1 ACTsampIe: CTtarget,sampIe - CTref,sampIe and
ACrca= CTtarget,caI — Crref,cal

In this case, the calibrator sample was the mean of the wild type mice group on a
standard chow diet. Secondly, the ACT of the sample is normalised to the ACT of the
calibrator sample with the following equation;

Equation 2.2: AACT = ACrtsample - ACrtcal

Finally, the fold change in gene expression of a sample relative to the calibrator
sample and the reference genes is calculated by the equation;

Equation 2.3: Fold Change= 2-2AC

2.2.4.1 Tissue homogenisation and quantification of protein extracts

Protein extracts in RIPA lysis buffer were prepared from homogenisation of tissues.
RIPA lysis buffer contained 1% v/v Nonidet P 40 substitute (NP-40, Sigma-Aldrich,
UK), 0.1% w/v sodium dodecyl sulfate (SDS) (Fisher Scientific, UK) and 0.5% w/v
sodium deoxycholate (Sigma-Aldrich, UK) in 50mL PBS. SDS and sodium
deoxycholate are ionic detergents as opposed to NP-40 which is a non-ionic detergent.
RIPA lysis buffer is used for solubilisation of all membranes of the cells so as proteins
from all subcellular compartments can be released. Briefly, whole frozen quadriceps
and 40-60mg of frozen liver tissue were resuspended in 1mL of pre-chilled RIPA Buffer
supplemented with protease inhibitors (1:50, ThermoFisher Scientific, USA) and
dispersed for 30 to 40sec at 18,000 x rpm with an IKA Ultra-Turrax T-25 (SigmaAldrich,
UK). The procedure was repeated till tissues were completely homogenised. The
protein extracts were centrifuged at 4°C for 15 minutes at 14,000 x g. The pellet
containing undissolved tissue fractions was discarded and protein quantification was
performed. Quantification of the protein extracts was performed with the Pierce BCA
protein assay kit (ThermoFisher Scientific, USA). The Pierce BCA protein assay kit
was used due to its compatibility with many detergents. In this assay proteins in an
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alkaline environment reduce Cu+2 into Cu+1 (Biuret reaction) and the cuprous cation
is detected colorimetrically through a reagent that contains bicinchoninic acid (BCA).
The purple-coloured reaction product is formed by the chelation of one cuprous cation
with two molecules of bicinchoninic acid and is detected by absorbance at 562nm. The
colour formation seems to be determined by the macromolecular structure of protein,
the number of peptide bonds and the presence of four particular amino acids (cysteine,
cystine, tryptophan and tyrosine). The absorbance is almost linear when protein
concentrations range between 20-2,000ug/mL. According to the manufacturer's
instructions the protocol is as follows: For determination of protein concentrations,
bovine serum albumin (BSA) was used as the reference protein. A series of dilutions
of 2mg/mL BSA Stock solution in RIPA lysis buffer ranging from 25 to 2,000ug/mL

were prepared to make the standard curve.

Protein extracts were diluted 1:5 in RIPA buffer and assayed alongside with the
standards in two replicates and incubated at 37°C for 30 minutes. The absorbance of
the u-shaped 96well plates was measured at 562nm in a Tecan plate reader (Tecan
Trading AG). All values were corrected for background noise prior to calculation of

protein concentration according to the standard curve.

2.2.4.2 SDS-PAGE

Protein extracts (20-30ug of protein) for protein synthesis studies or from differentiated
C2C12 cells were diluted in a 1:1 ratio with Laemmli’s sample buffer (0.025M Tris-HClI,
20% glycerol, 0.002% bromophenol blue, 4% w/v SDS and 10% 2-mercaptoethanol,
all reagents from Fisher Scientific, UK) and boiled at 95°C for 10 minutes to break
disulphide bonds and denature proteins so separation by molecular weight could be
performed (Mahmood and Yang, 2012). For SDS-Page, 10% separating gel (3.25mL
deionised water, 2.65mL 30% Bis/Tris Acrylamide, 2mL of 1.5M Tris Buffer with pH
8.8 and 0.4% SDS, 37.5uL 10% APS and 5uL Tetramethylethylenediamine (TEMED))
was prepared. After the gel set, methanol was removed and 3% stacking gel (2.435mL
deionised water, 750uL 30% Tris/Bis Acrylamide, 935uL of 1.5M Tris-HCI Buffer with
pH 6.8 and 0.4% SDS, 37.5uL 10% APS and 5uL TEMED) overlaid the resolving gel.
The stacking gel is slightly acidic and has lower concentration of acrylamide to allow
proteins to form thin and defined bands whereas the resolving gel is basic with a higher
concentration of acrylamide to allow protein separation according to size (Mahmood

and Yang, 2012). Once the stacking gel was set, the gel was secured in a casting
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stand and was subsequently placed into a Mini Protean Tetra 108 Cell tank (Biorad,
UK). Running buffer (0.25mM Tris base, 193mM glycine and 0.1% w/v SDS) was
added to the tank until all wells were fully submerged. Following addition of molecular
weight marking protein ladder (10-250 kDa, Fisher Scientific, UK) in the first well,
samples were loaded in the subsequent wells and separated at 100 Volt for 120
minutes i.e. until the dye was visible at the bottom of the resolving gel. 20ug of protein

extracts were loaded.

2.2.4.2 Transfer of proteins by Wet Blotting

Foam pads and precut blot paper (12cm x 8cm) were soaked with Transfer Buffer
(25mM Tris base, 192mM glycine and 20% pure methanol) and polyvinylidene
membrane (Amersham Hybond 0.45um PVDF) was activated for 1 minute in pure
ethanol and subsequently soaked with Transfer buffer for 2-5 minutes. In a holder
cassette the gel and the PVDF membrane were placed between blot papers and foam
pads. To ensure homogenous transfer of proteins, the membrane was rolled when
was placed onto gel so as to remove any air bubbles. The holder cassette was placed
into a Mini Trans-Blot Module (Biorad, UK) ensuring that the PVDF membrane was
between the gel and a positive electrode. Transfer Buffer was added to the Mini
Protean Tetra Cell gel tank until the holder cassettes were submerged and electro-
transferred at 100 Volt for 80 minutes. Following that the membrane was rinsed in TBS
Buffer pH 7.6 for 5 minutes on an agitator. After protein was resolved in 10% SDS-
PAGE, immunoblotting was performed with the following antibodies: H2AX (1:1000,
abcam - ab22551), p21 (1:1000, abcam - ab188224), p53 (1:1000 dilution, abcam -
ab252388) 3 tubulin (1:1000; EMD Millipore; cat. 05-661). Primary antibodies for p21
(1:1000, abcam - ab188224) was used to evaluate cell cycle arrest in injured muscle
sections of 12um. Immunoblotting analysis was performed by probing the membranes
with each antibody or B-tubulin and analysed using the Odyssey Infrared Imaging
System (LI-COR Biosciences). Band density was measured using Li-cor image studio

software. The band densities were normalized to 3 tubulin content.

2.2.5 Detection of superoxide

Skeletal muscle stem cells were incubated with 10uM of dihydroethidium (DHE) in
PBS, for 30 min at 37°C in a 5% CO:2 incubator for 30 min and were subsequently
fixed with 4% PFA in PBS. DHE is a fluorogenic dye specifically targeted to

superoxides and whose oxidation by superoxide produces red fluorescence which was
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imaged under fluorescence microscopy. The detection for superoxide in skeletal
muscle stem cells gives insights into the potential oxidative stress under certain

conditions.

2.2.6 Palmitate production

BSA conjugated palmitate was prepared as previously reported by Chavez and
Summers (Chavez and Summers, 2003). Palmitate was dissolved in 50% (v/v) ethanol
by heating at 60°C and then added at a concentration of 200mM to DMEM containing
20%(w/v) fatty acid free BSA at a ratio of 1:3 (BSA:PA). For conjugation, the solution
was placed in shaker incubator for 1h and then sonicated for 30 min before treating

the cells.

2.2.7 Palmitate challenge to stem cells

Primary skeletal muscle stem cells proliferated until confluent, then differentiated. 24h
before fixation ebselen or vehicle control was applied, palmitate was then applied after
30 mins. Skeletal muscle stem cells were incubated with 10uM of dihydroethidium
(DHE) in PBS, for 30 min at 37°C in a 5% CO:2 incubator for 30 min and were
subsequently fixed with 4% paraformaldehyde (PFA) in PBS. Palmitate challenge to
muscle stem cells allowed for study of hyperlipidaemia in a controlled cell culture

environment.

2.2.8 Human platelet releasate

Human blood was collected from healthy donors in acid citrate dextrose (ACD) to
whole blood at a ratio of 1:5, centrifuged at 190 g for 15 minutes followed by PRP
collection and inactivation of platelets using prostaglandin Iz (534 nmol/L; Cayman
Chemical). The PRP was then centrifuged in a swing-out rotor at 800 g for 12 minutes
and the platelet-poor plasma (PPP) supernatant was then removed. Modified Tyrode’s
buffer (NaCl, HEPES, NaH2PO4, NaHCOs, KCI, MgCl2 and D-Glucose) was used to
re-suspend the platelet pellet to a concentration of 1 x 10° platelets mL *(unless
otherwise stated) using a cell counter (Beckman Coulter; Z1-Series Coulter® Particle
Counter). The platelet preparation was activated using a PAR1 agonist (TRAPS;
20umol/L; AnaSpec; cat. AS-60679, Cambridge Bioscience, Cambridge, UK), in an
aggregometer (CHRONO - LOG® Model 490 4 + 4 Optical AggregationSystem, USA).
Platelets were centrifuged at 9500 g for 10 minutes, and the releasate supernatant

was aliquoted and stored at —80°C until further use.
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2.2.9 Doxorubicin

ApoE’ mice were administered a 20mg/kg cumulative dose over 17 days in 4 doses
of 5mg/kg every 4 days. Doxorubicin is a cytotoxic anthracycline antibiotic isolated
from cultures of Streptomyces peucetius var. caesius. Doxorubicin is used a cancer
treatment, which causes cytotoxicity, is linked with myopathy, and dysfunction of
skeletal muscle. As doxorubicin leads to cell cycle arrest and senescence, the
potential for damage to muscle stem cells is great, therefore the present work sought

to determine it’s effects on muscle stem cells and seek options to alleviate damage.

2.3  Statistical analysis

Data are reported as meanzSD for the in vitro muscle stem cell experiments and
MeantSEM the ex vivo muscle stem cell myogenic progression. Cell culture
experiments were conducted with n=6-9 technical replicates and n=2-3 independent
experiments as indicated in figure legends. Statistical differences between
experimental groups were determined by the one-way analysis of variance (ANOVA)
test and were considered as significant for p<0.05. Statistical analysis was performed
with the SPSS software (IBM SPSS Statistics version 24).

2.3.1 Analysis of Variance

Two way ANOVA was employed in order to detect significant differences in response
to genotype (wild type, WT versus ApoE~’ mice) and followed by the Bonferroni post
hoc test. Two way anova was chosen in WT vs ApoE- experiments to determine how
the two variables of genotype effect muscle stem cell progression, or how they effect

muscle regeneration.

2.3.2 Bonferroni post hoc

The Bonferroni is one of the most commonly used post hoc test. The Bonferroni
correction is used to reduce the chances of obtaining false-positive results (type |
errors) when multiple pair wise tests are performed on a single set of data. The
Bonferroni adjustment is based on a familywise error rate that is calculated by dividing
the alpha level (critical value p) with the number of hypotheses. The limitation of the
Bonferroni procedure is that the result tends to be too conservative and do not have
enough power when the set of tests is large (Kim, 2015). Bonferroni was used to

specifically compare between groups.
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Chapter 3 - The impact of ApoE deficiency on skeletal muscle stem cell

function
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3.1 Overview

Skeletal muscle is a tissue which demands great energy expenditure to cope with
mechanical loading and unloading, as well as rapid response to stimuli as in
innervation (Hargreaves and Spriet, 2020; Lieber et al., 2017). The response to
individual stimuli may result in changes in energy metabolism, changes in
mitochondrial content, alterations of gene expression and oxidative metabolism, and
changes in structural proteins involved in muscle contraction (Kuo and Ehrlich, 2015;
Matsakas and Patel, 2009). Furthermore, the tissue must remain adaptable
throughout adult life in order to respond to injury. In pathophysiological conditions,
such as muscular atrophies, obesity and type Il diabetes, and peripheral artery
disease, changes in muscle function and adaptability have been characterized
(Blaauw et al., 2013; Kruse and Hgjlund, 2018; Tallis et al., 2018). However, obesity
independent hyperlipidaemia and atherosclerosis have muscular effects including
atrophy, intermittent claudication, and loss of strength (Askew et al., 2014; Mauer et
al., 2015; McDermott et al., 2007; Sfyri and Matsakas, 2017). So far, the effects on
skeletal muscle stem cells and the regenerative capacity of skeletal muscle in

hyperlipidaemia and atherosclerosis has not been characterized.

Type Il diabetic patients exhibit skeletal muscle atrophy, have decreased content of
type | myofibres and decreased capillarisation (D’Souza et al., 2013). Obese patients
with metabolic syndrome, i.e. coexistence of several cardiovascular risk factors (e.g.
hyperlipidaemia, hypertension, insulin resistance) have increased intramyocellular
triglyceride accumulation and exhibit muscle insulin resistance (Jornayvaz et al.,
2010). On the other hand, patients with peripheral arterial disease (PAD) in advanced
disease stage demonstrate decreased content of glycolytic myofibres, increased fat
accumulation and high oxidative stress in the muscle (Koutakis et al., 2014; Weiss et
al., 2013). Patients of atherosclerosis in the peripheral arteries exhibit myofibre
degeneration, fatty acid deposition, fibrosis and decreased capillarization. Obesity-
independent hyperlipidaemia induces intramuscular lipid accumulation and skeletal
muscle oxidative stress in ApoE deficient (ApoE”) mice, an established model of

atherosclerosis and hyperlipidaemia.

There is sparse scientific evidence on the effect of hyperlipidaemia (independently of
obesity and insulin resistance) and central atherosclerosis on skeletal muscle

(Stapleton et al., 2010; Wang et al., 2012). Stapleton et al. reported that ApoE deficient
75



mice on a chow diet had decreased capillary density in the gastrocnemius compared
to wild type mice (Stapleton et al., 2010). Wang et al. reported that ApoE deficient
mice on a high fat diet (21% w/w fat) gained less body weight and displayed better
glucose tolerance than wild type mice (Wang et al., 2012). Moreover, ApoE deficient
mice had decreased intramyocellular triglycerides and insulin sensitivity in skeletal
muscle was not impaired compared to wild type mice (Wang et al., 2012). Sfyri et al.
reported that ApoE deficiency induces a mild transition to oxidative myofibres, an
increase in capillary density, intramyocellular fat content and increases oxidative
stress (Sfyri et al., 2018). The impact of these outcomes on skeletal muscle stem cell
function and skeletal muscle regeneration after injury however, has not been

investigated.

Muscle stem cells, also known as satellite cells, are muscle progenitor cells that reside
in niches between the sarcolemma and the basal membrane of the myofibres (Yin et
al., 2013, Relaix and Zammit, 2012). Abundant evidence suggest that muscle stem
cells are an integral part of skeletal muscle growth and regeneration in response to
injury (Relaix and Zammit, 2012). In adult skeletal muscle, these stem cells remain
mitotically quiescent and are activated when myofibre damage or hypertrophy occurs,
during which muscle stem cells differentiate into myoblasts and fuse together for de
novo myotube formation, or fuse to damaged myofibres for replacement of myonuclei
(Yin et al., 2013, Relaix and Zammit, 2012). In several pathological conditions, such
as muscular dystrophy and chronic obstructive pulmonary disease, muscle stem cells
have impaired capacity for activation and differentiation (Pomies et al., 2015,
Girgenrath et al., 2005, Morgan and Zammit, 2010). In metabolic diseases, such as
obesity, muscle stem cells have been reported to exhibit decreased myogenic capacity
after skeletal muscle injury (Fu et al., 2016, Xu et al., 2018).

Recently Sfyri et al. showed that obesity-independent hyperlipidaemia induced
intramuscular lipid accumulation and skeletal muscle oxidative stress in ApoE deficient
(ApoE”) mice, an established model of atherosclerosis and hyperlipidaemia
(Meyrelles et al., 2011). Moreover, previous evidence suggests that ApoE”- mice have
delayed skeletal muscle regeneration after injury (Kang et al., 2008, Arnold et al.,
2015, Pellegrin et al., 2014, Crawford et al., 2013). This delay in skeletal muscle
regeneration was attributed mainly to the perturbed accumulation of proinflammatory

macrophages and decreased macrophage phagocytosis due to ApoE deficiency
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(Crawford et al., 2013, Pellegrin et al., 2014, Kang et al., 2008, Arnold et al., 2015).
Specifically, Kang et al. showed that proinflammatory cytokines remained increased
in ApoE" injured muscle even after 14 days of injury (Kang et al., 2008). Moreover,
Arnold et al. reported that ApoE deficiency impacts negatively on macrophage
phagocytic activity and is at least partially responsible for the impairment of skeletal
muscle regeneration (Arnold et al., 2015).

The effect of ApoE deficiency on skeletal muscle stem cell myogenic capacity and
function remains unknown so far. Therefore, this chapter aims to determine whether
hyperlipidaemia followed by increased oxidative stress in skeletal muscle of ApoE"
mice affects muscle stem cell myogenic progression, independently of the
proinflammatory environment. To achieve this, ApoE deficient muscle stem cell
myogenesis was evaluated in two different experimental settings, i.e. on single muscle
fibores and isolated muscle stem cells. Firstly, Myofibres from ApoE” mice were
isolated and cultured ex vivo to investigate the myogenic progression and self-renewal
of muscle stem cells. Secondly, muscle stem cells were removed from their
microenvironment, i.e. myofibres, and their myogenic potential was studied in cultures
in vitro. The present study takes advantage of the differential expression patterns of
transcription factors and myogenic regulatory factors as follows: in adult skeletal
muscle, quiescent stem cells express Pax7, activated stem cells switch on MyoD
expression, proliferating stem cells co-express Pax7 and MyoD, stem cells committed
to differentiation are Pax7-negative and MyoD-positive, whereas differentiated stem
cells give rise to new myonuclei that express myogenin (Zammit et al.,, 2002,
Fuchtbauer and Westphal, 1992, Grounds et al., 1992, Yablonka-Reuveni and Rivera,
1994, Yablonka-Reuveni et al., 1999, Zammit et al., 2004). It was hypothesised that
muscle stem cell function is perturbed in atherosclerotic mice with systemic
hyperlipidaemia and skeletal muscle oxidative stress and this may explain the

impaired muscle regeneration seen in vivo.
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3.2 Aims

The principal aim of this chapter was to investigate skeletal muscle stem cell function
in the atherosclerotic ApoE deficient mouse model compared to wild type mice. It was
hypothesized that muscle stem cell function would be perturbed in atherosclerotic
mice with systemic hyperlipidaemia and this would contribute to impaired muscle
regeneration in vivo. To achieve this, the following objectives were set:

e To study the genotype effect on relative expression of transcription factors
involved in satellite cell proliferation and differentiation

e To determine the myogenic potential of isolated primary myoblasts from ApoE
deficient mice.

e To determine the gene expression patterns in differentiating myotubes derived

from cultured EDL muscle stem cells from ApoE deficient mice
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3.3 Results

3.3.1 Muscle stem cell function proliferation and differentiation profiles of
apolipoprotein deficient single fibres.

It has been recently shown that ApoE” mice have increased myofibre cross-sectional
area(Sfyri et al., 2018). Therefore, the present work sought to determine the
myonuclear domain, defined as the cytoplasmic area of a myofibre controlled by a
single myonucleus using the single fiore model in EDL muscle(Allen et al., 1999).
There were no significant differences in total myonuclear number per fibre between
genotypes. However, the relative myofibre cross sectional area (CSA) was
significantly higher by 63% in ApoE”- compared to WT EDL myofibres (Figure 3.1A).
Consequently, the relative myonuclear density was significantly lower in ApoE™
myofibres compared to WT myofibres (64.20%+4.97 vs. 100%+6.52, respectively,
Figure 3.1A). Next, the proliferation and differentiation profiles of muscle stem cells
during myogenic progression were determined. Therefore, muscle stem cells retained
in their niche on isolated EDL myofibres were immunostained for Pax7 at baseline
(TO), Pax7 and MyoD (T24, T48) and Myogenin (T72) (Figure 3.1B). No significant
differences in total muscle stem cell numbers between ApoE"- and WT mice were seen
at any time point (Figure 3.1C). ApoE”’ muscle stem cells exhibited the same
proliferation patterns as in WT EDL myofibres at 24 and 48 hours, despite a transient
delay in MyoD activation at 24 hours (Figure 3.1C). Specifically, at T24 the majority of
muscle stem cells had become activated in both genotypes (78.67%+2.7 in WT and
73.10%+2.7 in ApoE”- muscle stem cells) as shown by the expression of MyoD and
co-expression of Pax7/MyoD (Figure 3.1C). Similarly, at T48, 94.96%z+1.6 of WT and
93.77%=+1.2 of ApoE” muscle stem cells were proliferating. However, at T72 ApoE™
muscle stem cells exhibited a differential pattern of myogenin expression compared to
WT fibres (Figure 3.1C). ApoE” muscle stem cells had a significantly lower expression
of myogenin by 12.5% compared to WT (i.e. 59.9%=+ 1.9 in ApoE™ vs. 68.1%=* 1.9 in
WT, Figure 3.1C). This data indicates that despite the absence of significant
differences in muscle stem cell activation and proliferation profiles between ApoE"
and WT muscle stem cells, there is compromised differentiation of muscle stem cells
in ApoE™- fibres.
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Figure 3.1. Impaired differentiation of muscle stem cells of EDL myofibres from ApoE"
"~ 'mice ex vivo. (A) Baseline differences in total nuclear number per myofibre, relative
cross sectional area (CSA), (i.e. normalised to the CSA of the WT myofibres) and
Nuclear/CSA ratio in isolated EDL myofibres from WT and ApoE” mice. (B) Single
myofibres were isolated from the EDL muscle and studied at different time points (TO,
T24, T48 and T72 hours) to determine quiescent, proliferating and differentiating

satellite cells, by means of Pax7, MyoD and Myogenin staining. Representative
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images of immunofluorescent detection of Pax7 (T0), Pax 7 and MyoD (T24 & T48)
and Pax7 and Myogenin (T72, x40 magnification, scale bar=50um, inset images depict
enlarged satellite cell clusters). (C) Average number of satellite cells per myofibre and
relative quantification of expression of Pax7, MyoD and Myogenin. Data are
meanzSEM (n=70-85 myofibres from n=4 mice/group). Statistical analysis was
performed by one way ANOVA, *p<0.05 and ***p<0.001 ApoE’ vs WT.

To corroborate and strengthen the above results from the EDL muscle, the same
battery of experiments was conducted on the biceps brachii muscle from ApoE” and
WT fibres. ApoE” myofibres also had a significantly lower myonuclear density at
baseline and a larger myofibre diameter, indicating that in both muscles single
myonuclei are in control of a larger cytoplasmic area in the ApoE~ mice (Figure 3.2A).
Muscle stem cell numbers at baseline (TO) as well as proliferation (T24, T48) and
differentiation (T72) profiles were also examined in the biceps brachii (Figure 3.2B).
The average muscle stem cell number was not different between genotypes at any
time point for the biceps brachii (Figure 3.2C). ApoE"- muscle stem cells had different
activation and proliferation patterns compared to WT muscle stem cells at 24 but no
differences at 48 hours (Figure 3.2C). In particular, Pax7 was expressed in more ApoE-
"~ 'muscle stem cells by 27% and Pax7/MyoD was significantly lower by 9% compared
to WT muscle stem cells (Figure 3.2C). However, these rather transient differences at
T24 were not evident at T48, where ApoE” muscle stem cells displayed a similar
profile of proliferation to WT stem cells (Figure 3.2C). However, similarly to the findings
obtained in the EDL muscle stem cells, at T72 ApoE~ biceps brachii muscle stem cells
exhibited a significantly lower expression pattern of myogenin by 20% compared to
WT muscle stem cells (i.e. 65.3%z 2.5 vs. 52.2%z= 2.3, Figure 3.2C). Thus, ApoE™
muscle stem cells in the biceps brachii have an impaired differentiation profile
compared to WT muscle stem cells. Taken together these data from EDL and biceps
brachii robustly suggest an impact of ApoE deficiency on the muscle stem cell progeny

in terms of myogenic differentiation.
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Figure 3.2. Impaired differentiation of muscle stem cells of Biceps Brachii myofibres
from ApoE” mice ex vivo. (A) Baseline differences in total nuclear number per
myofibre, relative cross sectional area (CSA), (i.e. normalised to the CSA of the WT
myofibres) and Nuclear/CSA ratio in isolated biceps brachii myofibres from WT and
ApoE" mice. (B) Single myofibres were isolated from the biceps brachii muscle and
studied at different time points (TO, T24, T48 and T72 hours) to determine quiescent,

proliferating and differentiating satellite cells, by means of Pax7, MyoD and Myogenin
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staining. Representative images of immunofluorescent detection of Pax7 (T0), Pax 7
and MyoD (T24 & T48) and Pax7 and Myogenin (T72, x40 magnification, scale
bar=50um, inset images depict enlarged satellite cell clusters). (C) Average number
of satellite cells per myofibre and relative quantification of expression of Pax7, MyoD
and Myogenin. Data are mean+SEM (n=60-70 myofibres; n=4 mice/group). Statistical
analysis was performed by one way ANOVA, *p<0.05 and ***p<0.001 ApoE~’ vs WT.

3.3.2 Compromised proliferative capacity of isolated muscle stem cells from
ApoE” mice

Given the compromised muscle stem cell differentiation in both EDL and biceps brachii
at T72 ex vivo, in vitro the proliferation patterns of isolated muscle stem cells from
ApoE”’ and WT fibres from EDL and biceps brachii were then determined. Isolated
muscle stem cells were cultured for 24 hours and cell proliferation was measured by
the EdU incorporation assay before cells were fixed and imaged (Figure 3.3A).
Proliferating cells were measured as a percentage of EdU positive cells normalised to
total cell number (DAPI). Muscle stem cells from the EDL of ApoE” mice showed
significantly reduced proliferation by 21% compared to WT muscle stem cells (i.e.
48.6%+10.7 vs. 35.5%+11.04, Figure 3.3B). Furthermore, ApoE” muscle stem cells
from the biceps brachii had significantly decreased proliferation by 30% compared to
WT muscle stem cells (i.e. 49.1%+14.6 and 34.0%+13.4, Figure 3.3B). Taken
together, these findings indicate that ApoE deficiency impacts on the proliferative
capacity of isolated muscle stem cells when the local niche of the myofibre is

eliminated.
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Figure 3.3. Impaired proliferation of isolated muscle stem cells from ApoE” mice in
vitro. Proliferation of muscle stem cells isolated from EDL and Biceps Brachii of wild-
type and ApoE’ mice was detected by EdU staining. (A) Representative images of
proliferating cells stained for DAPI (blue) and EdU (green) from the EDL and Biceps
Brachii myofibres (x5 magnification, scale bar 200um). (B) Quantification of the
percentage of proliferating cells (EdU positive) per total number of nuclei from EDL
and Biceps Brachii. Data are meanzSEM (40=images per group, n=9 technical
replicates from 3 independent experiments). Statistical analysis was performed by one
way ANOVA, ***p<0.001 vs WT.
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3.3.3 Impaired differentiation and fusion of isolated muscle stem cells from
ApoE” mice

Given the ex vivo finding that a lower proportion of ApoE”- muscle stem cells express
myogenin, the present work hypothesised that this would impair the myogenic
differentiation in vitro. Therefore, the following experiments determined whether there
were any deficits in the capacity of isolated muscle stem cells from the ApoE~- mice to
fuse and form myotubes as compared to wild-type muscle stem cells after 4 days of
differentiation. To this aim, differences in total nuclear number, fusion index, overall
number of myotubes, myotube length and width were determined in differentiated
muscle stem cells (Figure 3.4A-D). There was a significantly lower total nuclear
number by 35% in ApoE’ EDL culture as compared to WT. The fusion index — an
indicator of the ability of muscle stem cells to form myotubes, was significantly
decreased by 46% in the ApoE”- myotubes as compared to WT (Figure 3.4A-B). Most
importantly, ApoE” muscle stem cells from the EDL muscle, formed significantly fewer
myotubes by 50% per viewing field (Figure 3.4A-B). The present work also found that
the myotube length was significantly smaller by 11% in ApoE” compared to WT
cultures, without any significant differences in myotube width.

In order to corroborate and strengthen the above findings from the EDL, the same
battery of experiments was conducted on the isolated muscle stem cells of the biceps
brachii muscle from ApoE”- and WT mice. Consistent to the findings from the EDL
muscle stem cells, the study found that the fusion index was significantly lower by 52%
in the ApoE” myotubes formed from biceps brachii muscle stem cells (Figure 3.4D).
Furthermore, ApoE” muscle stem cells from the biceps brachii muscle formed
significantly fewer (by 50%) and shorter myotubes (by 20%) compared to WT (Figure
3.4C-D). Taken together, these findings indicate that the myogenin deficit in ApoE"
muscle stem cells from two different muscles results in impaired fusion and myotube

morphology compared to WT.
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Figure 3.4. Impaired myotube formation of isolated muscle stem cells from ApoE"
mice in vitro. Myotube number and morphology from differentiated muscle stem cells
isolated from the EDL and Biceps Brachii of wild-type (WT) and ApoE” mice. (A)
Representative immunofluorescence images for nuclei (DAPI) and myogenin in the

EDL (x10 magnification, scale bar 100um). Myotube formation is shown with bright
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field images. (B) Quantification of total number of nuclei, fusion index (number of
myogenin positive nuclei within myotubes divided by total number of nuclei), the
number of myotubes per field, myotube length and myotube width in the EDL of WT
and ApoE”’ mice. (C-D) Data from the Biceps Brachii. For legend details see above
(A-B).Data are meantSEM (n=9 technical replicates from 3 independent
experiments). Statistical analysis was performed by one way ANOVA, **p<0.01 and
***n<0.001 vs WT.

3.3.4 Muscle stem cells from ApoE” mice exhibit reduced expression of genes
regulating muscle stem cell fate, fusion and contractile proteins

Isolated ApoE” muscle stem cells from the EDL exhibited significantly reduced
capacity to form myotubes in vitro. Thus, the present work next sought to determine
whether this decrease was at least partially due to impaired myoblast differentiation.
To this aim, isolated muscle stem cells were differentiated for 4 days to form myotubes
and mRNA levels of genes involved in muscle stem cell fate (i.e. MyoD, Scribl and
Myogenin), myoblast fusion (i.e. Bexl, Tmem8c and Srf) and genes coding for
contractile proteins (i.e. Mhcl, Actal) were measured. Significantly lower mRNA
levels were found of all studied genes in ApoE~’- myotubes (Figure 3.5). These findings
indicate that both differentiation and fusion are impaired at the transcriptional level in

ApoE" muscle stem cells.
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Figure 3.5. Gene expression patterns in differentiating myotubes derived from
cultured EDL muscle stem cells from ApoE” and WT mice. mRNA levels of genes
involved in differentiation and muscle stem cell fate (MyoD, Scribl and Myogenin),
myoblast fusion (Bex1, Tmem8c and Srf) and contractile proteins (Mhcl and Actal)
were assessed in differentiating muscle stem cells from the EDL of WT and ApoE-
mice. Data are shown as mean+SEM (n=6 technical replicates from 2 independent
experiments). Statistical analysis was performed by one way ANOVA tests with
*p<0.05, **p<0.01 and **p<0.001 vs WT.
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3.4 Discussion

Skeletal muscle has a remarkable intrinsic regenerative capacity mainly brought about
by skeletal muscle stem cells; these are muscle-specific progenitor cells essential for
skeletal muscle maintenance and regeneration (Relaix and Zammit, 2012). Recent
evidence suggests that muscle stem cell function may be abnormal or impaired in the
context of obesity both after skeletal muscle injury as well as various experimental
conditions in vitro and in vivo (Akhmedov and Berdeaux, 2013; D’Souza et al., 2015;
J. Fu et al., 2016; Nguyen et al., 2011; Verpoorten et al., 2020). Recently it was found
found that CD36-deficient mice another diet-independent mouse model of systemic
hyperlipidaemia have impaired muscle stem cell function and delayed muscle
regeneration (Verpoorten et al., 2020). However, the function of muscle satellite cells

in ApoE deficient mice has not received much attention so far.

Hyperlipidaemia is a major risk factor for atherosclerosis and cardiovascular disease
as well as an independent risk factor for PAD. PAD is a chronic disease characterised
by restriction and finally blockage of the arteries of the lower extremities (Haas et al.,
2012; Varu et al., 2010). PAD is a risk factor of cardiovascular morbidity and mortality
(Haas et al., 2012; Varu et al., 2010). Patients with PAD exhibit skeletal myopathy that
is characterised by altered myofibre morphology, increased oxidative damage,
inflammation, mitochondriopathy and poor muscle regeneration impacting on the
patients’ quality of life (Fu et al., 2008; Koutakis et al., 2015, 2014; Weiss et al., 2013).
Although our understanding about the function of muscle stem cells in obesity and
diabetes is still evolving, the obesity-independent impact of systemic hyperlipidaemia
followed by increased oxidative stress on muscle stem cell myogenic progression and
self-renewal is largely unknown (Sfyri et al., 2018). Therefore, this study determined
the muscle stem cell myogenic proliferation and differentiation profiles in ApoE-"- mice,
an established mouse model of obesity-independent hyperlipidaemia and
atherosclerosis. Moreover, this work took advantage of cutting-edge platelet-based
applications as biomaterials in order to deliver a cocktail of growth factors in order to
boost the regenerative capacity of the skeletal muscle from ApoE deficient mice after
injury (Scully et al., 2020, 2019, 2018). The present work found that the muscle stem
cell progeny numbers were similar between genotypes for all timepoints, indicating
that muscle stem proliferation is normal in ApoE~- mice. The present work also reports

a transient impairment of muscle stem cell myogenic progression (i.e. activation) at
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T24 shown by decreased expression of Pax7/MyoD co-expression. More strikingly,
impaired myogenin expression at T72 in the stem cells of EDL myofibres from ApoE"
mice ex vivo. This finding is in line with the decreased expression of myogenin found
in the gastrocnemius of ApoE"- mice after hindlimb ischemia (Kang et al., 2008). Taken
together, these findings indicate that ApoE deficiency may delay ex vivo myogenic
progression of muscle stem cells and perturb myogenic differentiation. Beyond
hyperlipidaemia, ApoE”’ mice have elevated intramuscular reactive oxygen species
(ROS) production and oxidative stress (Sfyri and Matsakas, 2017; Sfyri et al., 2018).
The previous work from Sfyri et al. reports excessive levels of ROS in the injured TA
muscle of ApoE~’ mice independent of the presence of platelet releasate. Studies have
reported that elevated ROS production impairs myogenic differentiation in vitro
through inhibition of MyoD and MyoD-dependent transcription (Ardite et al., 2004;
Barbieri and Sestili, 2012; Catani et al., 2004). Evidence suggests that the major
pathways that may lead to reduction of MyoD levels, are through the increase of NF-
KB activity or TNFa expression (Guttridge et al., 2000) Thus, the delayed myogenic
progression in this study may be attributed to the impact of increased ROS from the
myofibre environment that is possibly due to elevated intramuscular lipid content (Sfyri
et al., 2018). However, the role of apolipoprotein E on muscle stem cell myogenic
progression is not well established. Although it has been shown that apolipoprotein E
protein is expressed in differentiating human muscle stem cells, its function has yet to
be investigated (Le Bihan et al., 2015). Hence, another possible explanation for the
delayed muscle stem cell differentiation could be that apolipoprotein E plays a role in
muscle stem cell activation and differentiation. To further investigate the above
findings, muscle stem cells were isolated from single fibres and subjected them to cell
culture experiments in vitro as described previously (Omairi et al., 2016; Scully et al.,
2018; Verpoorten et al., 2020). Interestingly, ApoE”- muscle stem cells stripped from
their niche and myofibre environment exhibited impaired proliferation compared to
wild-type. The impaired proliferation and differentiation could be attributed to oxidative
stress altering their ability to self-renew and differentiate (Chen et al., 2017; Sriram et
al., 2019). Furthermore, it has been shown that satellite cells from diet-induced obese
mice have impaired proliferation in vitro (D’Souza et al., 2015). The above finding
suggests that muscle stem cells have perturbed activation that is more prominent in
the in vitro environment, highlighting the role of myofibre stem cell niche (Takemoto et

al., 2019). The present work reports here novel findings that muscle stem cells from
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ApoE” mice exhibit compromised myogenic differentiation as shown by severely
impaired myotube formation, fusion index and myotube length in vitro. To verify that
the impairment in differentiation and fusion was not a consequence of the fewer
number of myotubes, expression of genes involved in the above process were
determined. Indeed, the present work found decreased mRNA levels of genes
involved in muscle stem cell fate (MyoD, Scribl and Myogenin) fusion (i.e. Bex1,
Tmem8cand Srf) as well as late myogenesis (i.e. Mhcl and Actal), suggesting that
this impairment was due to muscle stem cell functional capacity. Studies have shown
that oxidative stress as well as lipotoxicity lead to reduced C2C12 - an immortalised
myoblast line - proliferation and differentiation in vitro (Bosutti and Degens, 2015;
Grabiec et al., 2016; Lee et al., 2012; Pomies et al., 2015). Thus, the hyperlipidaemic
environment of the myofibres may have rendered muscle stem cells susceptible to
impaired proliferation and differentiation. Recent evidence showed that ApoE”- mice
have ectopic fat deposition in skeletal muscle leading to elevated intramuscular
triacylglycerol contents followed by evidence of perturbed antioxidant capacity and
increased oxidative stress (Sfyri et al., 2018). Taken together, these findings suggest
that ApoE~’- muscle stem cells have perturbed myogenic progression in two different
experimental settings (i.e. ex vivo and in vitro) and this may be attributed to impaired
muscle stem cell functional capacity, probably secondary to oxidative stress and
increased lipid accumulation or ApoE deficiency per se. However, further research is
needed to determine the impact of hyperlipidaemia on potential satellite cell epigenetic

modifications.
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Chapter 4 — Mechanistic insights about the role of experimental hyperlipidaemia
on primary muscle stem cell function and the effect of antioxidant agents
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4.1 Overview

Hyperlipidaemia, an elevation of levels of total cholesterol concentration in the serum,
as well as elevated levels of triglycerides, which may be caused by genetic or
environmental causes, is a major risk factor for atherosclerosis and cardiovascular
disease (Casino et al., 1994; Reddy et al., 1994). Experimental hyperlipidaemia is
addressed using a number of mouse models such as IdIr’- which lacks an important
orchestrator of cholesterol homeostasis has been used to study endothelial
dysfunction, cardiovascular disease risk, inflammation, and oxidative stress, and
ApoE’ mice which lacks the ligand for the same process as discussed in chapter 3
(Abu-Saleh et al., 2021; Ishibashi et al., 1993; Josefs et al., 2020; Mehta et al., 2007;
Plump et al., 1992; X. Sun et al., 2020; van Leent et al., 2021; Zhang et al., 1992).
Small models of atherosclerosis have been reviewed by Zhao et al. who concluded
that the current primary platforms - ApoE”- and LdIr’- transgenic mice provide an ease
of breeding, low maintenance and short generation time, however these models
imperfectly reflect the human lipoprotein metabolism (Zhao et al., 2020). Given the
pivotal role of hyperlipidaemia in atherosclerosis it is important to understand it's
effects in muscle stem cell function. Hyperlipidaemia may also be modeled in vitro by
treating cells with the fatty acid palmitate to identify the role of hyperlipidaemia more

closely.

Previous data indicates that a fatty acid rich environment could have severe impacts
on the muscle phenotype, in particular obese mice fed a high-fat diet have impaired
regeneration after muscle damage compared to those on a control diet (Brown et al.,
2015; Hu et al., 2010). Saturated fatty acids contribute to muscle atrophy in diabetes,
atherosclerosis and sarcopenia (Boden, 2008; DeFronzo and Tripathy, 2009), and are
known to attenuate anabolic signaling pathways which causes a downregulaion of
protein synthesis in myofibres, as well as cause increases of intramuscular ROS
leading to mitochondrial dysfunction and apoptosis (Costford et al., 2007; Rachek et
al., 2007; Yuzefovych et al., 2012).

Palmitate is a saturated fatty acid which is known to induce oxidative stress,
mitochondrial DNA damage, and apoptosis (Yuzefovych et al., 2010, 2012). Palmitate
is commonly used in vitro to simulate a high fat environment and has been used
extensively on C2C12 myoblasts - immortalized myoblasts which are capable of rapid

proliferation under high serum conditions and differentiation into myotubes under low
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serum conditions, and these uses in C2C12 cells and some others have been
summarized in table 4.1. C2C12 studies demonstrate induced expression of musclin,
TNF-a, and myostatin, increases oxygen consumption rate and reduces viability of
C2C12 cells in culture (Covington et al., 2016; Gu et al., 2015; Haghani et al., 2015;
Schuh et al., 2012).

While evidence suggests increased ROS is an aspect of skeletal muscle stem cell
impairments in hyperlipidaemia and fatty acid treatment in vitro, the specific impact of
ROS has not yet been studied. Ebselen is a powerful antioxidant and has been used
in various mouse and cell studies, however to date it's effects in skeletal muscle stem
cells have not yet been studied (Chambers et al., 2009; Gierer et al., 2010; Zuo et al.,
2013). The specific effects of palmitate and ebselen on skeletal muscle proliferation
and differentiation therefore remain to be studied, though studies using palmitate in
C2C12 cells are listed in the table below. This chapter addresses the in vitro and ex
vivo effects of both palmitate and ebselen on skeletal muscle stem cells in both wild
type and ApoE" mice.

Table 4.1: The use of palmitate in myoblast cells

Ref Cell Intervention Outcome

Type

(Gu et al.,, C2C12 0.5 mM palmitate or induced the gene expression of
2015) oleate/1% BSA musclin, GRP78 and CHOP

Cells differentiated for
10 days, were then
treated for 6 or 12 h.

(Park et C2C12 Exposure to various
al., 2015) concentrations of

palmitate for 16 h

Cells were treated with " ek a0
1 to 200 uM hispidin or
100 uM Vitamin C for 8
h, and then 1 mM
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palmitate was added
for 16 h

Hispidin reduced effects of
palmitate on intracellular ROS

concentration

(Masuda C2C12 & palmitate 1 mmol/L Palmitate loading promoted the
et al., SCs and BSA of and 1% secretion of CXCL1
2018) (w/iv) 24h
(Abu Cc2C12 Differentiated for at s s el
Bakar and least 4 days. % i
Tan, 2017) | vl s =
0.75mM palmitate, £ ' 1.
29%(wiv) BSA :
: 0 10 20 30 40 S0 60
Celastrol (nM)
0.75mM Palmitate, 24h
(Jing etal.,, C2C12 cells were GDF11 decreased in palmitate-
2017) differentiated 6 days.  induced
2% BSA 0.5 mM insulin resistance in C2C12
palmitate for 16 h. myotubes
(Haghani  C2C12 Four days after fusion, Increase TNF-a protein levels.
et al., the differentiated
2015) myotubes were used.

Palmitate 0.75mM for
8,16,24h 1% BSA

(Pierre et C2C12
al., 2016)

After 96 h
differentiating, C2C12
myotubes were
incubated for 17 h with
palmitate. To
investigate the insulin
pathway, C2C12

1+ ATF4, CHOP, TRB3, XBP1s,
BiP, GRP94 mRNA (ER Stress)
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myotubes were
stimulated with 100 nM
insulin (Actrapid, Novo
Nordisk) for 10 min.

Palmitate 1 mM 2%

(w/v) BSA
(Covington Myotubes 4d differentiation mMRNA levels of IL-6, IL-8, and
et al., CTGF 1, returned to baseline
2016) after 24h.
Myostatin 1did not return to
baseline.
(Schuh et 200 pM WT & mdx fibres 1 Oxygen consumption rate
al., 2012) Sodium

Palmitate

1 extracellular acidification rate
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4.2 Aims

The principal aim of this chapter was to investigate skeletal muscle stem cell function
and C2C12 cell function in experimental hyperlipidaemia. It was hypothesized that
proliferation and differentiation would be disrupted by fatty acid in both skeletal muscle
stem cells and C2C12 cells, and that these effects would be alleviated by antioxidant
ebselen. To achieve this, the following objectives were set:

eTo study the impact of experimental hyperlipidaemia on stem cell proliferation and
differentiation in primary muscle stem cells and single fibres in Wild type and AopE"

mice.

eTo determine the effects of antioxidant ebselen in Wild type and AopE”’ mice on

proliferation and differentiation.
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4.3 Results

4.3.1 Palmitate and ebselen in ex vivo WT and ApoE” fibres

It has previously been shown that ApoE” mice have increased intramyocellular fat
content, and the previous chapter demonstrated that the ApoE deficient phenotype
alone was enough to induce impairment in skeletal muscle stem cell function.
Therefore, the present work sought to determine the proliferation and differentiation
profiles of muscle stem cells during myogenic progression in both wild type and ApoE-
- muscle fibres treated with palmitate to simulate experimental hyperlipidaemia.
Muscle stem cells retained in their niche on isolated EDL myofibres were
immunostained for Pax7 and MyoD (T48) (Figure 4.1) or Pax7 and Myogenin (T72)
(Figure 2). At each timepoint, fibres were cultured with palmitate and ebselen for the
24 hours prior to harvest. At 48 hours, wild type fibres treated with 0.5mM palmitate
had significantly increased numbers of muscle stem cells, and treatment with 15pM
Ebselen normalised this effect. In contrast ApoE” muscle fibres treated with 0.5mM
palmitate showed no significant increase, while treatment with both 0.5mM palmitate
and 15uM Ebselen resulted in a significant increase of total stem cells per fibre. Wild
type fibres exhibited a significant decrease in muscle stem cell activation when
cultured with palmitate when compared to without (91.32%+2.25 without vs
73.53%+3.3 with palmitate), but a strong significant increase in proliferating
(MyoD*/Pax7") (29.67%=4.0 without vs 59.43%z+4.54 with palmitate). Both effects
were reversed when cultured with both palmitate and ebselen. Interestingly in the
ApoE” the palmitate group were not significantly different in total activated stem
cells(MyoD™"), however the percentage of proliferating activated stem cells (Pax7-
/IMyoD*) were increased in ApoE” fibres cultured with palmitate (33.58%+6.41 without
Vs 66.72%z=5.74 with palmitate). Despite showing an increase in total stem cell number
per fibre, ApoE” fibres cultured with ebselen and palmitate had no significant
difference in activation profile compared to ApoE" fibres cultured in growth media

alone. These results indicate that the functional impairments of muscle stem cells in
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experimental hyperlipidaemia can be effectively alleviated using antioxidant ebselen.
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Figure 4.1. Impaired differentiation of muscle stem cells of WT and ApoE"- myofibres
from mice ex vivo. (A) Experimental timeline. Single myofibres were isolated from (B)
wild-type and (C) ApoE-/- EDL muscle and studied at T48 hours cultured with or
without 0.5mM palmitate (PA) for the latter 24h, with or without 15uM ebselen (Ebs),
to determine quiescent, proliferating and differentiating satellite cells, by means of
Pax7, MyoD staining. Representative images of immunofluorescent detection of Pax7
and MyoD (x40 magnification, scale bar=200um). (C) Relative quantification of
expression of Pax7 and MyoD. Data are meantSEM. Statistical analysis was
performed by Two way ANOVA and tukey post-hoc test. *p<0.05, vs all others.
#p<0.05, vs 0.5mM palmitate and 30uM ebselen, tp<0.05, vs everything except for
0.5PA 60Ebs.

At 72 hours, neither wild type fibres nor ApoE™ fibres had significantly different number
of muscle stem cells per fibre when cultured for 24h with palmitate or palmitate and
ebselen. Wild type fibres exhibited a significant increase in muscle stem cell
differentiation (Myogenin*) when cultured with palmitate when compared to without
(61.34%=2.05 without vs 75.1%+2.27 with palmitate), this effect was normalised when
cultured with both palmitate and ebselen (55%:x2.95). Interestingly in the ApoE~ the
palmitate group as well as the ebselen group displayed significantly greater
differentiation (Myogenin*) than ApoE-" in growth media alone (53.14%=2.05 without
vs 70.02%=3.74 with palmitate and 68.04%z=2.27 with palmitate and ebselen). These
results further demonstrate the effects of experimental hyperlipidaemia, confirming
that antioxidant ebselen improves retention of stemness in wild type, however in ApoE-

" fibres ebselen isn’t enough to improve Pax7 expression.
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Figure 4.2: Impaired differentiation of muscle stem cells of WT and ApoE"- myofibres
from mice ex vivo. (A) Experimental timeline. Single myofibres were isolated from (B)
wild-type and (C) ApoE” EDL muscle, and studied at T72 hours - cultured with or
without 0.5mM palmitate for the latter 24h, with or without 15uM, 30uM, 60uM ebselen,
to determine quiescent, proliferating and differentiating satellite cells, by means of

Pax7 and Myogenin staining. Representative images of immunofluorescent detection
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of Pax 7 and Myogenin (x40 magnification, scale bar=200um). Relative quantification
of expression of Pax7 and Myogenin. Data are mean+SEM. Statistical analysis was
performed by Two way ANOVA and tukey post-hoc test. *p<0.05 vs all others, \p<0.05
vs 0.5 ; #p<0.05 vs 0 Palmitate, O ebselen.

4.3.2 Impaired differentiation and fusion of isolated muscle stem cells from
ApoE” and WT mice treated with palmitate

Given the ex vivo finding that palmitate increases proliferation and differentiation in
WT and ApoE’ muscle stem cells, the study hypothesised that this may be due to
elevated ROS which may be used as a positive signal to induce proliferation and
differentiation. Therefore, the present work sought to determine the differentiation
capacity in vitro, and the extent of oxidative stress of cultured WT and ApoE" muscle
stem cells treated with palmitate and with palmitate and ebselen. To this aim, WT and
ApoE”’-muscle stem cells were cultured to confluence, then differentiated and either
left untreated, treated with palmitate, or treated with palmitate and ebselen.
Dihydroethidium fluorescence intensity of DHE dyed myotubes was measured to
determine oxidative stress levels, and myogenin staining was used to determine
myofiber area and myofusion index. WT myotubes with palmitate had significantly
higher oxidative stress (1116.6a.u. *213.9 vs 741.44+156.8) which was not
significantly alleviated by ebselen (1032.3+147.6). The ApoE” myotubes however
started at a point of higher oxidative stress without treatment (1058.3 a.u.+164.0) and
the application of palmitate significantly increased oxidative stress, an effect which
was reversed by ebselen (1437.1£212.2 vs 1076.2+120.9). The average area of
myotubes in all groups was significantly lower than the untreated wild type
(12802uM?2+2792) indicating that both ApoE deficiency (7269uM?+2026) and palmitate
(4141uM2+1309) impair the differentiation of muscle stem cells. In both cases ebselen
was unable to improve average myofibre area. These data indicate that ebselen is an
effective alleviator of oxidative stress, and its use partially restores the function of

muscle stem cells.
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Figure 4.3. Impaired proliferation of isolated muscle stem cells from WT and ApoE~"
mice treated with palmitate in vitro. Myotube morphology from differentiated muscle

stem cells isolated from the BB of wild-type (WT) and ApoE~ mice with and without
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24h 1mM palmitate treatment prior to fixing. (A) Representative immunofluorescence
images for nuclei (DAPI) and DHE in the BB (x20 magnification, scale bar 200um). (B)
Quantification of DHE positive nuclei per fibre. (C) Quantification of myotube length
and myotube width in the BB of WT and ApoE” mice. Statistical analysis was
performed by two-way ANOVA and bonferroni post-hoc test, lines between bars
denote p<0.05.
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4.4 Discussion

Experimental hyperlipidaemia is one potential method of determining the effects of
hyperlipidaemia on specific cell types in culture. Here, experimental hyperlipidaemia
was induced using palmitate in the culture media of differentiating myoblasts and ex
vivo muscle fibres. This allowed for the effects of hyperlipidaemia to be detected and

the specific influence of antioxidant ebselen could be determined when added to
media.

The present work determined the function of muscle stem cells ex vivo on fibres. While
there was an overall decrease in MyoD expressing cells per fibre, there was an
increase of cells expressing MyoD alone. While this may indicate a greater
commitment to differentiation, the reduction in cells expressing Pax7 and MyoD
together may indicate a dysfunction in functional activation of muscle stem cells which
instead of increasing proliferation could result in growth arrest, the suggested pathway

through this action may occur is listed in figure 4.4.
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Figure 4.4: The effects of Palmitate on cell cycle and differentiation pathways in
skeletal muscle stem cells. Green arrows are activation, while red arrows are
inhibition. Palmitate has direct and indirect interactions which can lead to cell cycle
arrest and atrophy. Palmitate directly activates cyclin D3 which leads to cell cycle
arrest and differentiation (Grabiec et al., 2016). Palmitate also leads to arrest indirectly

through MyoD and TLR3 activation which are both parts of the cell cycle arrest
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pathways(Yang et al., 2013). Furthermore Palmitate has been seen to decrease levels
of growth differentiation factor 11 (GDF11) as well as it’'s analogue myostatin in C2C12
cells, both of which are the start point of signalling pathways leading to atrophy (Jing
et al, 2017; Grabiec et al, 2016).

A recent study treating C2C12 myoblasts with palmitate found increases in myogenin,
a-actinin, and myosin heavy chain, protein markers of myogenesis (Grabiec et al.,
2016). Interestingly, palmitate was also seen to alter cell cycle proteins, in this case
increasing levels of Cyclin D3, which regulates the G1/S phase transition and this
increase leads to post mitotic arrest and allows for differentiation to occur (Grabiec et
al., 2016).

Furthermore, palmitate has been seen to alter the cell cycle in rodent pancreatic -
cells, in increasing protein and gene expression of TLR3, palmitate leads to growth
arrest through degradation of cyclin D1 and Cyclin D2 (Yang, 2019). In B-cells, this
arrest leads to reduction of mass, however this thesis posits that in skeletal muscle
stem cells palmitate will serve to halt the initial proliferation and therefore accelerate
differentiation. Furthermore, palmitate has been seen to decrease levels of growth
differentiation factor 11 (GDF11) as well as it's analogue myostatin in C2C12 cells
(Grabiec et al., 2016; Jing et al., 2017). GDF11 is another regulator of the G1/S phase
transition, which when inhibited increases muscle mass and strength as well as halts
progression to the S phase (Jin et al., 2019, p. 11; Shi and Liu, 2011). A study using
an antibody blocking the myostatin receptor found increased differentiation (Lach-
Trifilieff et al.,, 2014). All of which may be aligned by the following results which
demonstrated that differentiation was impaired in myoblasts in experimental
hyperlipidaemia. As the MyoD expression induction had been demonstrated ex vivo,
the impairment in differentiation is likely due to the action of these pathways in cell
cycle arrest, which is normally necessary for differentiation to occur, but in this case

the activation of cycle arrest occurs without the activation of differentiation pathways.
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Chapter 5 — Injury in the hyperlipidaemic ApoE KO mouse
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5.1 Overview

There is sparse scientific evidence on the effect of hyperlipidaemia (independently of
obesity and insulin resistance) and central atherosclerosis on skeletal muscle
(Stapleton et al., 2010; Wang et al., 2012). Stapleton et al. reported that ApoE deficient
mice on a chow diet had decreased capillary density in the gastrocnemius compared
to wild type mice (Stapleton et al., 2010). Wang et al. reported that ApoE deficient
mice on a high fat diet (21% w/w fat) gained less body weight and displayed better
glucose tolerance than wild type mice (Wang et al., 2012). Moreover, ApoE deficient
mice had decreased intramuscular triacylglycerol and insulin sensitivity in skeletal
muscle was not impaired compared to wild type mice (Wang et al., 2012). Sfyri et al.
reported that ApoE deficiency induces a mild transition to oxidative myofibres, an
increase in capillary density, intramyocellular fat content and increases oxidative
stress. The impact of these outcomes on skeletal muscle stem cell function and
skeletal muscle regeneration after injury however, has not been investigated.

Recently Sfyri et al. showed that obesity-independent hyperlipidaemia induced
intramuscular lipid accumulation and skeletal muscle oxidative stress in ApoE deficient
(ApoE”) mice, an established model of atherosclerosis and hyperlipidaemia
(Meyrelles et al., 2011). Moreover, previous evidence suggests that ApoE’- mice have
delayed skeletal muscle regeneration after injury (Arnold et al., 2015; Crawford et al.,
2013; Kang et al., 2008; Pellegrin et al., 2014). This delay in skeletal muscle
regeneration was attributed mainly to the perturbed accumulation of proinflammatory
macrophages and decreased macrophage phagocytosis due to ApoE deficiency
(Crawford et al., 2013, Pellegrin et al., 2014, Kang et al., 2008, Arnold et al., 2015).
Specifically, Kang et al. showed that proinflammatory cytokines remained increased
in ApoE" injured muscle even after 14 days of injury (Kang et al., 2008). Moreover,
Arnold et al. reported that ApoE deficiency impacts negatively on macrophage
phagocytic activity and is at least partially responsible for the impairment of skeletal
muscle regeneration (Arnold et al., 2015).

The effect of ApoE deficiency on skeletal muscle stem cell myogenic capacity and
function remains unknown so far. Therefore, this chapter aims to determine whether
hyperlipidaemia followed by increased oxidative stress in skeletal muscle of ApoE™"
mice affects muscle stem cell myogenic progression, independently of the

proinflammatory environment. To achieve this, ApoE deficient muscle stem cell
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myogenesis was evaluated in two different experimental settings, i.e. on single muscle
fiores and isolated muscle stem cells. Firstly, Myofibres from ApoE’ mice were
isolated and cultured ex vivo to investigate the myogenic progression and self-renewal
of muscle stem cells. Secondly, muscle stem cells were removed from their
microenvironment, i.e. myofibres, and their myogenic potential was studied in cultures
in vitro. This work took advantage of the differential expression patterns of transcription
factors and myogenic regulatory factors as follows: in adult skeletal muscle, quiescent
stem cells express Pax7, activated stem cells switch on MyoD expression, proliferating
stem cells co-express Pax7 and MyoD, stem cells committed to differentiation are
Pax7-negative and MyoD-positive, whereas differentiated stem cells give rise to new
myonuclei that express myogenin (Zammit et al., 2002, Fuchtbauer and Westphal,
1992, Grounds et al., 1992, Yablonka-Reuveni and Rivera, 1994, Yablonka-Reuveni
et al., 1999, Zammit et al., 2004). It was hypothesised that muscle stem cell function
may be perturbed in atherosclerotic mice with systemic hyperlipidaemia and skeletal
muscle oxidative stress and this may explain the impaired muscle regeneration seen

in vivo.
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5.2 Aims

The principal aim of this chapter was to investigate skeletal muscle regeneration in the
atherosclerotic ApoE deficient mouse model compared to wild type mice. It was
hypothesised that perturbed muscle stem cell function in hyperlipidaemic mice would
result in impaired muscle regeneration in response to injury. The impaired muscle
stem cell function and increased oxidative stress discussed in chapters 3 and 4
respectively would contribute to impaired muscle regeneration in vivo. To achieve this,

the following objectives were set:

e To evaluate the degree to which muscle regeneration is impaired in vivo after
chemically induced injury in ApoE deficient mice.

e To evaluate the degree to which muscle injury progresses over the course of
14 days in ApoE deficient and wild type mice.

e To evaluate the degree to which muscle stem cells function in vivo after

chemically induced injury.
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5.3 Results

5.3.1 Impaired skeletal muscle regeneration of ApoE” mice 5 and 10 days post
injury

Having shown that ApoE deficiency had an impact on function of skeletal muscle stem
cells, muscle hindlimbs were injured with Cardiotoxin, and the regeneration of wild-
type and ApoE” mice TA muscles was examined after 5 and 10 days of recovery. TA
muscles of ApoE" display more exaggerated injury than wild-type after 5 days post
injury(Figure 5.1), this is evident in a significantly higher frequency of low cross
sectional area regenerating fibres by 80%(expressing eMHC) indicating a further
progression in recovery from injury by the wild-type(Figure 5.1 B,C). Furthermore the
damaged and dying fibres (identified through the presence of IgG inside muscle fibres)
were more frequently found by 200% in the ApoE, indicating escalated injury in the
hyperlipidaemic mouse(Figure 5.1 D,E). The ApoE” mouse also displayed more
macrophage infiltration as seen by F4/80 staining (Figure 5.1F,G). After 10 days,
recovery had progressed to an extent where regenerating fibres were less visible in
the wild-type, however the TA of ApoE” mice were still recovering, with evidence of
eMHC expressing muscle fibres remaining(Figure 5.2 B,C). No difference in IgG
infiltration into injured fibres was evident, indicating that the muscle had recovered
from the damaged and dying fibres, however the ApoE” had not regenerated to the
same extent as wild-type(Figure 5.2 D,E). The ApoE” mouse also displayed more
macrophage infiltration as seen by F4/80 staining (Figure 5.2F,G).
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Figure 5.1. Impaired skeletal muscle regeneration of ApoE/- mice 5 days after injury.
Representative images of (A) H&E staining (x20) (B) the identification of regenerating
muscle fibres (through the expression of embryonic myosin heavy chain (eMHC), x20),
(D) damaged and dying fibres (identified through the presence of IgG inside muscle
fibres, x20), and (F) macrophages (identified through F4/80 staining, x40) on day 5
after cardiotoxin injury and platelet releasate treatment. Quantification of (C) cross
sectional area of fibres expressing eMHC, (E) number of fibres with IgG infiltration per

muscle and (G) number of macrophages are displayed. Scale bar: 20pm at x40, 50um
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at x20. Data are mean £SD. Statistical analysis was performed by student’s T test.

Differences are **p<0.01, **p<0.001 vs WT.
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Figure 5.2. Impaired skeletal muscle regeneration of ApoE"/- mice 10 days after injury.
Representative images of (A) H&E staining (x20) (B) the identification of regenerating
muscle fibres (through the expression of embryonic myosin heavy chain (eMHC) x20),
(D) damaged and dying fibres (identified through the presence of IgG inside muscle
fibres, x20), and (F) macrophages (identified through F4/80 staining, x40) on day 5
after cardiotoxin injury and platelet releasate treatment. Quantification of (C) cross
sectional area of fibres expressing eMHC, (E) number of fibres with IgG infiltration per
muscle and (G) number of macrophages are displayed. Scale bar: 20pm at x40, 50um
at x20. Data are mean £SD. Statistical analysis was performed by student’s T test.
Differences are *p<0.05, **p<0.001 vs WT.
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5.4 Discussion

To determine the effect of impaired skeletal muscle stem cell function on muscle
regeneration, ApoE-and wild-type mice were subjected to an acute injury protocol with
cardiotoxin in vivo. Here is reported impaired muscle regenerative capacity in the
injured ApoE”-mice on days -5 and -10 post injury as evidenced by eMHC expression
and 1gG infiltration (i.e. indicating fibre necrosis); and the size of regenerating fibres
respectively compared to wild-type. These findings are in line with previously
published data showing deficits in muscle regeneration in ApoE”- mice 14 days post
ischaemic injury, however at day 14, our injury model showed no difference in
recovery, this may be due to the method of injury (cardiotoxin vs ischaemic) (Kang et
al., 2008). Furthermore, intramuscular macrophage infiltration in injured TA muscle
was significantly higher in the ApoE” mice, indicating a delay in the temporal
sequence of inflammatory and regerative events following muscle injury(Ciciliot and
Schiaffino, 2010). Most importantly, the muscle stem cell myogenic deficits in the in
vitro and ex vivo settings of this work (chapter 3) were validated in vivo by showing a
deficit in muscle stem cell activation and differentiation in injured ApoE’ muscle due
to impaired myoD and myogenin expression respectively. Taken together, the present
study links for the first time the delayed skeletal muscle regeneration of the ApoE™"

mouse to impaired muscle stem cell function.

Platelet-based therapies have been used for almost 50 years since the first developed
of platelet rich plasma (PRP) (Andia and Abate, 2013). A number of commercial
enterprises have arisen that each market PRP products to treat a spectrum of human
medical conditions ranging from osteoarthritis to central nervous system pain
management (Behroozi et al., 2021; Centeno et al., 2017; Cohen and Lee, 2015). The
use of PRP has a number of disadvantages most based on the notion that
preparations containing platelets may induce aggregation and potentially occlude
blood vessels, as PRP is administered intravenously, the possibility of developing a
blood clot exists (Ramaswamy Reddy et al., 2018). This and other issues have led in
part to the development of platelet lysates, rich in growth factors but devoid of cellular
material. Indeed, these have been shown to have therapeutic value especially in the
treatment of pain and orthopaedic injuries (Centeno et al., 2017). Recently platelet-
based therapies have been refined by developed secretomes that produced in a cell-

regulated manner (rather than lysis of platelets) using specific mediators of
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degranulation (El Bakly et al., 2020; He et al., 2017; Scully et al., 2018; Tsai et al.,
2018).
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Chapter 6 —=The impact of growth factors on cell senescence of the
hyperlipidaemic ApoE KO mouse
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6.1 Overview

Cellular senescence is a product of ageing and cancer, involving indefinite cell cycle
arrest of aged or damaged cells, which arises in response to a variety of environmental
conditions, including increased oxidative stress, macromolecular damage or signalling
from activated oncogenes (Barnes et al., 2019; Passos et al., 2007; Wei and Ji, 2018).
Anthracycline antibiotic doxorubicin —used as a treatment in a variety of cancers, while
effective against cancer cells, is nonselective and its toxicity limits it's use (Carvalho
et al., 2009; Tacar et al., 2013). This toxicity has become evident in a variety of tissues
including the heart, brain, liver, kidneys and skeletal muscle (Alhowall et al., 2019;
Guigni et al., 2018; Lee and Hatrris, 2011; Prasanna et al., 2020; Songbo et al., 2019).
Prominently, cardiotoxicity had been catalogued as a side effect of doxorubicin,
however mounting evidence suggests that toxicity is seen in skeletal muscle and its
resident stem cells (Hayward et al., 2013). Doxorubicin induces cell cycle arrest and
even cell death through a variety of pathways including apoptosis, autophagy, and
necrosis (Kim et al., 2009; Ma et al., 2017).

Previous research suggests doxorubicin induces formation of reactive oxygen species
(ROS) which induces cytochrome c release from mitochondria — leading to apoptosis
and cell death. Furthermore senescent cells may acquire apoptosis resistance,
increased beta galactosidase activity and prooxidant activity, with reduced
homeostatic compensation to alleviate oxidative stress (Songbo et al., 2019). The
prooxidative environment induced in senescent cells further induces ROS and
therefore feeds back into increased senescence. Reactive oxygen species are
generated in normal cell function through mitochondrial respiration and energy
generation, predominantly by contracting in skeletal muscle (Powers et al., 2020).
These ROS function as essential mediators of cellular metabolism and gene
regulators. Their detrimental effects, however, can accumulate when present in
excess or ROS clearance is impaired. ROS mediated lipid peroxidation, synthesis of
proteins damaging to the cell, and activation of stress signalling pathways can play a
significant role in mitochondrial function, remodelling and repair pathways, protein
turnover and gene expression which is particularly impactful in skeletal muscle and
skeletal muscle stem cells (Diebold and Chandel, 2016; Moloney and Cotter, 2018;
Ochoa et al., 2018; Su et al., 2019).
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Given the increased oxidative stress in skeletal muscle of the atherosclerotic mouse,
and the impaired skeletal muscle stem cell function in experimental hyperlipidaemia
with increased ROS, patients taking doxorubicin may similarly be suffering from
oxidative stress and therefore are likely to have impaired skeletal muscle stem cell
function. Therefore, subsequent experiments investigated the impact of doxorubicin
on skeletal muscle stem cell function; and used platelet releasate to attempt to restore
function. While Studies using ebselen had restored function to skeletal muscle stem
cells, senescence is a much more complex scenario. With increased DNA damage,
apoptosis, inhibition of proliferation and impairment of mitochondria all being
outcomes of doxorubicin use, platelet releasate is a cocktail of growth factors which
could have positive effects on each of these outcomes. Releasate was therefore

selected as a treatment most likely to demonstrate positive results.

Skeletal muscle stem cells already have a built-in pathway for cell cycle arrest, as after
a phase of proliferation, growth is halted to initiate differentiation. Through myoD
interacting with retinoblastoma rumour suppressor protein, cell cycle arrest is initiated
via cyclin D1 and p16'™42 which allows differentiation to occur (Chen and Wang, 2000;
Rajabi et al., 2014). Retinoblastoma tumour suppressor protein and p16"42 however,
also increase ROS, which in turn activates protein kinase C & (PKC®) to induce
senescence. PKCO further increases oxidative stress by increasing ROS itself and
creating a positive feedback loop. In normal function, MyoD should signal through the
Six1/4-Mef2-Pbx1 pathway to induce myogenin expression (Faralli and Dilworth,
2012), however in cases of excessive ROS myogenin expression is inhibited, directly
by ROS (Sandiford et al., 2014), and indirectly through p53 — which is upregulated by
ROS and doxorubicin, and both inhibits myogenin expression and activates p21 to
induce cell cycle arrest (Yang et al., 2015). The shared proteins in these pathways are
summarised in figure 6.1 (Barbouti et al., 2020; Faralli and Dilworth, 2012; Harrington
et al., 1998; Knudsen et al., 2000; Sandiford et al., 2014; Takahashi et al., 2006, p.
53; Yang et al., 2015).

Skeletal muscle retains a small population of stem cells throughout adulthood which
enables it's strong capacity for regeneration (Relaix and Zammit, 2012). These muscle
stem cells remain quiescent during adulthood unless activated by myofibre injury, at
which point they proliferate and either return to quiescence (to retain a population of

stem cells) or differentiate to support regeneration (Zammit, 2017). This regenerative
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ability may however come at a cost, such as incomplete functional recovery, stiffness,
excessive inflammation, or fibrosis (Laumonier and Menetrey, 2016). There is
currently an increasing interest in the field of skeletal muscle regenerative research.
Many factors contribute to this interest such as the lack of effective treatments for
myopathies, neuromuscular disease, and muscle related effects of sarcopenia,
hyperlipidaemia as well as cancer therapies.

Due to the nonspecific cytotoxicity of doxorubicin, patients of cancer can experience
myopathy, and this study proposes tissue specific treatment with platelet releasate to
alleviate myotoxicity induced by this anticancer drug which causes cell senescence.
Platelet based therapies including platelet rich plasma and platelet releasate are an
easily generated method of delivering cytokines and growth factors in a tissue-specific
manner to act as cell cycle regulators and promote regeneration and wound healing
(Scully et al., 2018). Platelet secretomes have already been used for muscle specific
regeneration such as in Barlow et al., and in Scully et al. revealing that releasate
improves proliferation and differentiation of muscle stem cells in hyperlipidaemic mice,
furthermore our lab has demonstrated the beneficial effects on muscle stem cells
(Barlow et al., 2021; Scully et al., 2019). Collectively this data has demonstrated the
ability of platelet releasate to promote myoblast proliferation and improve efficiency of
differentiation when administered during fusion. The role of PDGF and VEGF present
in platelet releasate in both processes is instrumental, as these act through the
Akt/mTOR pathway, inducing skeletal muscle stem cell proliferation. While specific
administration of platelet releasate has vyielded positive results in
hypercholesterolemic, and injured mouse skeletal muscle, it is not yet known to what

extent releasate can improve cell cycle progression in senescent myoblasts.

This study harnesses the therapeutic potential of platelet releasate to induce cell cycle
progression in senescent skeletal muscle stem cells. To determine the effect of platelet
releasate on doxorubicin induced senescence in muscle stem cells, C2C12 cells were
used to determine the proliferation and differentiation profiles as well as the level of
senescence, the effects on senescence in mouse skeletal muscle regeneration and
on ex vivo muscle fibres were further determined. C2C12 cells are an immortalized
myoblast cell line capable of proliferation and differentiation into myoblasts, similar to
primary muscle stem cells, this cell line was selected for some of the following

experiments subsequent to study being disrupted by the COVID-19 global pandemic
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and the loss of access to animals used for the remainder of experiments in this thesis.
The C2C12 cells are a widely used muscle cell line offering the opportunity to generate
data quickly while reducing the use of animals. The present work shows for the first
time that releasate alleviates the cell cycle arrest of doxorubicin induced senescence
in C2C12 cells and furthermore increases commitment to differentiation. Furthermore,
this work shows that releasate improves the situation in muscle injury and in ex vivo
fibres. These findings depict an improved cell cycle progression in senescence induce

muscle stem cells, and a developed ability of muscle regeneration.
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6.2. Aims

The principal aim of this chapter was to investigate the impact of platelet releasate on
cell senescence in the hyperlipidaemic ApoE KO mouse. It was hypothesized that
senescence could be induced in muscle stem cells by application of doxorubicin in
culture, while application of platelet releasate in culture would reverse senescence

and restore normal function. To achieve this, the following objectives were set:

e To determine the extent to which doxorubicin could induce senescence in
differentiating muscle stem cells.

e To determine the proliferation and differentiation capacity of Doxorubicin-
treated muscle stem cells

e To study the extent to which platelet releasate can reverse the effects of
doxorubicin-induced senescence.

e To determine the effects of doxorubicin and platelet releasate on DNA damage

and repair mechanisms in muscle stem cells.

121



6.3 Results

6.3.1 Doxorubicin induces senescence in culture

As anthracycline cancer treatment doxorubicin’s effects include DNA damage (Silva
et al., 2017) and induction of senescence(Bashiri Dezfouli et al., 2020), the present
work sought to determine its impact on muscle stem cell function and to test the effects
of platelet releasate to resolve the effects. To confirm that senescence was induced
by doxorubicin, cells were cultured with 0-2uM of doxorubicin in growth media for 2
days before being fixed and stained for -Gal or trypan blue (Figure 6.1A). Peak
senescence associated 3-galactosidase was detected in culture at 0.5uM doxorubicin
(23.28um? per unit area at 0.5uM DOX vs 1.25um? per unit area at OuM DOX) (Figure
6.1B). Surprisingly, higher concentrations of doxorubicin yielded lower levels of
senescence-associated -galactosidase, so trypan blue dye was used to detect cell
death which became elevated at higher concentrations of doxorubicin. These data
indicated that 0.5uM DOX induced peak senescence before cell death was induced,

therefore 0.5uM DOX was selected for subsequent experiments.
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Figure 6.1. Senescence-associated [3-galactosidase in differentiated C2C12 cells. (A)
experimental setup: C2C12 seeded cells were seeded in growth media (GM) for 2
days, with one treatment of 0-2uM doxorubicin (DOX) when seeded. (B) Bright field
images of senescence associated [(-galactosidase are presented alongside
deconvoluted images of blue staining to provide a clearer contrast (magnification
x100, scale bar = 5um). Trypan blue stain detected cell death in culture (magnification
x20, scale bar 50um) (C) Quantification of area of senescence associated [-
galactosidase staining per image and percentage of trypan blue dyed (dead) cells.
Statistical analysis was performed by one way ANOVA and Bonferroni post-hoc test.
n=6 ** p<0.005.

6.3.2 Doxorubicin induced senescence impairs myoblast proliferation capacity
Having defined 0.5 uM as the peak concentration to induce senescence in myoblasts
in culture without significant cell death, this model was used to measure the
proliferation capacity of C2C12 cells. Initially proliferation was measured in C2C12
cells by the EdU incorporation assay. Cells were seeded in serum free media and
treated with DOX and releasate at Oh, then releasate groups received a second dose
at 24h before all groups were fixed at 48h (figure 6.2A). While releasate alone
improved the proliferation, Doxorubicin was found to induce great cell death in serum
free media, so the following experiments were performed using growth media. C2C12
cell proliferation is almost entirely halted by doxorubicin (4.8% EdU) compared to
untreated cells (47.5% EdU) while releasate has a small corrective effect (13.9% EdU)
the levels of proliferation were still low (Figure 6.2B). These data indicate that DOX
has a severe impact on proliferation of C2C12 cells which is not reversible via platelet

releasate.
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Figure 6.2. Platelet releasate improves proliferation of C2C12 cells treated with

Doxorubicin (DOX). Proliferation of C2C12 cells treated with releasate and DOX was
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detected by EdU staining. (A) Representative images of proliferating C2C12 cells
stained for DAPI (blue) and EdU (green) (x10 magnification, scale bar 50um). (B)
Quantification of the percentage of proliferating cells (EdU positive) per total number
of nuclei from EDL. Data are meanzSD. Statistical analysis was performed by one way
ANOVA, **p<0.01, **p<0.001 vs untreated ###p<0.001 vs DOX.

6.3.3 Doxorubicin-induced senescence impairs differentiation that is alleviated
by platelet releasate

Given previous data (Scully et al., 2018) utilising platelet releasate to promote skeletal
myogenesis via commitment to differentiation and evidence that releasate may be
used to deliver robust tissue-specific regeneration, this study sought to determine the
potential of releasate to improve differentiation of doxorubicin treated myotubes.
C2C12 were first grown to 80% confluency, then differentiated in differentiation media
for 7 days either untreated or with 2 treatments of doxorubicin (day 5&6), or 2
treatments of doxorubicin and releasate (day5&6) (Figure 4A). Doxorubicin impaired
myotube formation to an extent that very few large myotubes were seen and a much
greater proportion of myotubes with an area below 6000uM? (Figure 6.3B,C).
Untreated myotubes had an average area of more than twice that of doxorubicin
treated myotubes, while cells treated with both doxorubicin and releasate had a wider
spread of large and small fibres and an intermediate average size (figure 6.3).
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Figure 6.3. Myotube morphology of doxorubicin and releasate treated differentiating
C2C12 cells. (A) Experimental setup: C2C12 seeded cells were seeded in growth
media (GM) for 5 days before 5 days in differentiation media, then two treatments of
0.5uM doxorubicin (DOX) and 2 treatments of 10% releasate on consecutive days,
changing media on the second day. (B) Morphometrics displaying myotubes in
untreated, DOX, and DOX + Releasate groups. Scale bar 200um, x10 magnification.
(C) Quantification of myotube area, data are meantSEM n=213. Statistical analysis
was performed by one-way ANOVA followed by tukey’s post-hoc test. Differences are
*p<0.05 **p<0.01 **p<0.001 vs the control group.

To further improve the differentiation capacity of C2C12 cells, the differentiation

experiment was repeated with increased releasate treatment. Cells were this time
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issued 3 releasate treatments (D2,3,4), and 2 DOX treatments (D3,4), earlier in the
differentiation phase (timeline: figure 6.4A). This yielded normalised morphology of
myotubes (10022um? untreated vs 9545um? DOX + Releasate) when comparing
releasate and DOX to DOX alone (3705um?) (Figure 6.4B,C). Cells were then also
stained for myogenin to determine the fusion index, doxorubicin treated cells had
significantly lower fusion index by 33.7% and platelet releasate entirely rescued this
condition, indicating that releasate reverses the impaired effects of doxorubicin on
myoblast differentiation (Figure 6.4D). These data indicate that while proliferation of
myoblasts is not improved by platelet releasate, the differentiation of myotubes is
improved by releasate.
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Figure 6.4. Pretreatment of releasate further improves myotube morphology. (A)
Experimental setup: C2C12 seeded cells were seeded in growth media (GM) for 5
days before 3 days in differentiation media. Cells were then treated with 10% releasate
on 3 consecutive days, with a treatment of 0.5uM doxorubicin (DOX) on the second
day of releasate treatment. On the third day, media was replaced with fresh
differentiation media and 0.5uM DOX. Cells were imaged and collected after 7 days
of differentiation. (B) Morphometrics displaying myotubes in untreated, DOX, and DOX
+ Releasate groups. Scale bar 200um, x10 magnification. (C) Quantification of
myotube area. data are mean£SEM n=150. (D) Fibres were stained for myogenin, and
fusion index and total nuclei were quantified. Statistical analysis was performed by
one-way ANOVA followed by tukey’s post-hoc test. Differences are *p<0.05 **p<0.01

***n<0.001 vs the control group.

6.3.4 Gene expression is altered in senescent C2C12 cells, releasate does not
resolve.

As the capacity for differentiation was significantly reduced by DOX, and releasate
was able to improve this deficit, the work next sought to determine the impact of DOX
on gene expression and whether the addition of releasate impacts gene expression
itself or is alone sufficient to improve differentiation through addition of key factors. To
this aim, C2C12 at 80% confluency were differentiated for 7 days and received DOX
and releasate treatment on D5 and D6. After differentiation, mMRNA was extracted from
myotubes and gene expression analysis was performed for muscle stem cell fate
(MyoD, Myogenin, Scribl and Myf6), fusion genes (Bex1, tmem8c, srf), contractile
proteins (Mhcl, Mhc2a, Actal), and growth factors of releasate (Vascular endothelial
growth factor a 165 (VEGFal65), PDGFa, PDGFb, VEGFR1) were performed.
Expression of growth factors from releasate all significantly increased after releasate
treatment. A stark drop in expression of all muscle stem cell fate related genes was
detected in myotubes harvested from DOX treated cells, while releasate did not
significantly recover this. Furthermore, fusion genes were decreased by DOX
treatment, though releasate did not reverse this effect. Surprisingly no significant
differences were detected in contractile proteins mhcl, mhc2a and actal. These
findings indicate that differentiation and fusion are impaired at a transcriptional level
by doxorubicin, and while releasate improves differentiation the transcriptional profile

of C2C12 cells is not altered which could be due to DNA damage.
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Quantifications of MRNA levels of genes involved in differentiation and muscle stem
cell fate (MyoD, Myogenin, Myf6, and Scribl), myoblast fusion (Bexl, Tmem8c and
Srf), contractile proteins (Mhcl, Mhc2a, and Actal), and DNA damage (Oxoguanosine
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DNA glycosylase 1 (OGG1), gadd45a) were assessed in differentiating C2C12 cells
treated with doxorubicin and releasate by qPCR. Data are shown as mean+SD (n=6
technical replicates). Statistical analysis was performed by one way ANOVA with
*p<0.05, **p<0.01 vs untreated.

6.3.5 Senescence induced in differentiating C2C12 by DOX can be alleviated by
releasate

The effects of doxorubicin and releasate on C2C12 cell function were evident in
proliferation and differentiation assays, so the following research sought to determine
the impact of releasate on doxorubicin induced senescence. Cells were differentiated
for 7 days and treated 3 times with 0.5uM releasate (D2,3,4), and twice with DOX
(D3,4). Doxorubicin induced senescence in C2C12 cells detected by 3-galactosidase
staining (figure 6.5B), the average area of B-galactosidase per unit area decreased by
82.7% (22um? DOX vs 3.8um? releasate) in response to platelet releasate. This

indicates that releasate can be used to prevent cellular senescence.
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Figure 6.6. Senescence-associated [3-galactosidase in differentiated C2C12 cells. (A)
Experimental setup: C2C12 seeded cells were seeded in growth media (GM) for 5

days before 3 days in differentiation media. Cells were then treated with 10% releasate
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on 3 consecutive days, with a treatment of 0.5uM doxorubicin (DOX) on the second
day of releasate treatment. On the third day, media was replaced with fresh
differentiation media and 0.5uM DOX. Cells were collected and stained for
senescence associated p-galactosidase after 7 days of differentiation. (B) Bright field
images of senescence associated [-galactosidase are presented alongside
deconvoluted images of blue staining to provide a clear contrast. (C) Quantification of
area of senescence associated B-galactosidase staining per image. n=12 scale bar =

5um

6.3.6 DNA damage and DNA repair mechanisms induced by doxorubicin in
C2C12 cells

Due to the effects of doxorubicin on DNA, the present work sought to determine the
extent of DNA damage in C2C12 cells treated with doxorubicin and the potential
impact of releasate to alleviate this. Cells were cultured for 48h, treated with DOX
when seeded (0h) and treated with releasate twice (Oh,24h) (timeline: figure 6.6A).
Cells were then harvested and stained for H2AX - an indicator of DNA damage when
nuclei have a greater number of foci, and p53 — an indicator of DNA repair
mechanisms, both of which are increased on DOX treatment (Figure 6.6B). Each
individual foci of H2AX indicates a double strand break, and overall fluorescence
intensity isn’t expected to vary, therefore H2AX foci were counted per nucleus to
determine the extent of DNA damage in cultured cells. DOX increased average foci
per nucleus number from 7+0.67 to 55+3.7, significantly inducing DNA damage.
Treatment with releasate however, partially rescued the DNA damage, resulting in an
average of 36.4£1.66 foci per nucleus. A low level of H2AX staining is to be expected,
therefore the level of rescue may be enough reduce significant impairments (Mah et
al., 2010). Similarly, p53 in significantly induced by DOX, with a 46% increase in
fluorescence intensity, while releasate reduces this to merely 16% (346+11.4 in
untreated vs 508+19.7 in Doxorubicin and 404+15.65 in doxorubicin + releasate). As
DNA repair mechanisms are reduced by releasate as well as DNA damage, these data
indicate that releasate resolves the cellular impairment and the impact of DOX on DNA

damage is reduced.
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Figure 6.7. senescence and DNA damage in C2C12 cells. (A) experimental setup:
C2C12 seeded cells were seeded in growth media (GM) for 2 days, with one treatment
of 0.5uM doxorubicin (DOX) when seeded and 2 treatments of 10% releasate on
consecutive days. (B) C2C12 cells were proliferated for 2 days with either doxorubicin
treatment, releasate treatment or both. DNA damage and senescence were detected
via H2AX and p53 staining respectively. (100x magnification, 10um) (C) Quantification
of number of H2AX foci and p53 fluorescence. Data are mean+SEM n=100. Statistical
analysis was performed by Two way ANOVA and tukey post-hoc test. ***p<0.001 vs

all other groups.

6.3.7 DNA damage and repair in C2C12 cells

Given the DNA damage and reduced proliferation seen in differentiating myotubes and
proliferating cells respectively, the protein expression of H2AX, p21 and p53 was
determined in differentiating C2C12 cells treated with DOX and releasate. C2C12 cells
were seeded in growth media for 5 days before 5 days in differentiation media, then
two treatments of 0.5uM DOX and 2 treatments of 10% releasate on consecutive days,
changing media on the second day (figure 6.7A). DOX induced H2AX expression by
244% and releasate reduced this treatment to only 166%. DOX induced no significant
changes in either p21 or p53 expression. These data indicate that DOX induces DNA
damage and arrests proliferation, while releasate partially improves this on a protein

level.
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Figure 6.8. Senescence induced proteins are partially alleviated by releasate. (A)
Experimental setup: C2C12 seeded cells were seeded in growth media (GM) for 5
days before 5 days in differentiation media, then two treatments of 0.5uM doxorubicin
(DOX) and 2 treatments of 10% releasate on consecutive days, changing media on
the second day. (B) Western blots and quantification of H2AX, p21 and p53 in C2C12
cells. N=6, **p<0.01, **p<0.001 vs control.

6.3.9 p21 — an inhibitor of cyclin dependent kinase is upregulated in muscle
tissue by DOX and alleviated by releasate

To further determine the level of DNA damage induced by DOX p21 expression in
muscle sections was determined. P21 promotes cell cycle arrest in response to a
number of stimuli. WT and ApoE~"- mice were administered a 20mg/kg cumulative dose
doxorubicin over 17 days in 4 independent doses of 5mg/kg, and those receiving
releasate were administered 100pul releasate. Mice were then sacrificed and hindlimbs
dissected, TA muscles were frozen in liquid nitrogen, sectioned, and stained for p21.
The percentage of p21 expressing nuclei increased from 13.6% in the untreated WT
mouse to 66.6% in the DOX treated mouse, while mice treated with both DOX and
releasate expressed p21 in 28.4% of their nuclei. For the ApoE” mouse, without
treatment 37% of nuclei expressed p21, the DOX treated ApoE”’- mouse expressed

p21 in 58% and the ApoE”’- mouse receiving both treatments expressed p21 in 20.8%

137



of nuclei. The anti-proliferative effects of DOX include induction of p21 expression in
WT and ApoE TA muscle, while platelet releasate reverses this action. The ApoE™
mouse expressed p2l in a greater percentage of nuclei than the WT, which
corroborates the impaired proliferation of ApoE”- muscle stem cells as reported in
Chapter 3 and by Barlow et al. (Barlow et al., 2021). These data indicate that DOX
does in fact induce anti-proliferative factors in the mouse muscle, and that releasate

treatment can alleviate this effect, to potentially allow for muscle stem cell proliferation.
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Figure 6.9. Senescence induced by Doxorubicin is alleviated by platelet releasate.

P21 staining in TA muscle of mice injected with doxorubicin, releasate or both (x40
magnification, Scale bar 20um). Quantification of the percentage of p21 positive
nuclei. *p<0.05 vs all other groups.
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6.3.10 Muscle and body weights of WT and ApoE mice with and without

releasate

To determine the effects of platelet releasate on the muscle of WT and ApoE” mice,
mice were administered a 100ul dose of human releasate by intraperitoneal injection
on the day of injury and twice subsequently — one- and three-days post injury. Body
weights and muscle weights were recorded after 5, 10 and 14 days. At 5 days
releasate made no significant differences in relative muscle weight, however injury
made a significant impact on the relative weights of TA muscle in all groupsFigure
6.10). By day 10 the effect of injury on muscle weights was reduced, but still significant
in the wild type muscles alone. At day 14 there were no significant differences detected

in relative muscle weight in any group.
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Figure 6.10 Relative weight of mouse TA muscle. Relative weight of mouse TA muscle
as a percentage of full body weight in WT and ApoE~ mice with or without releasate
treatment including the injured and the uninjured muscle. Data are expressed as mean
+ SD (n=6 per group). Statistical analysis was performed by two-way ANOVA, *p<0.05,
**p<0.01, **p<0.001.
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6.3.11 Protein synthesis in Quadriceps and Heart of wild type mice with and
without releasate

To further determine the effects of platelet releasate on WT mice, western blotting
studies on the quadriceps and heart of mice administered releasate to determine if
this resulted in changes in protein synthesis. Puromycin is incorporated into the
nascent polypeptide chain of newly synthesized proteins in the sunset method,
therefore in detecting the puromycin content of mice, it is possible to determine the
rate of mRNA translation. Puromycin content was not significantly different between
treated and untreated mice in the quadriceps and heart, therefore AKT and S6
phosphorylation were detected in the quadriceps and AKT phosphorylation was
detected in the heart. These experiments also saw no significant difference in
expression; therefore, these data indicate that platelet releasate does not significantly
alter protein synthesis or signaling pathways important to muscle stem cell function
are not significantly altered.
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Figure 6.11 Protein synthesis in Quadriceps and Heart. Protein synthesis was
detected in wild type mice with and without releasate treatment via the SUNSET
method and determining the expression of Puromycin in the quadriceps and heart.
Furthermore pAKT, AKT pS6 and S6 levels were detected.

6.3.12 Doxorubicin induced senescence in ApoE” mice is alleviated by releasate
injection.

Given the compromised proliferation of both ex vivo and cultured satellite cells of
ApoE" mouse muscles (chapter 3), the following work aimed to determine the impact
of doxorubicin induced senescence on the expression patterns of transcriptional

factors and myogenic regulatory factors involved in myogenic progression of skeletal
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muscle stem cells. Single fibres were isolated from ApoE” mice which had been
treated with doxorubicin, and cultured for up to 72 hours, fibres were fixed and stained
for Pax7 at TO, Pax7 and MyoD at T24 and T48 and Pax7 and Myogenin at T72.
Releasate treated fibres were found to express less Pax7 and more myogenin than
those with only Doxorubicin. Releasate increases average number of SCs, but not to
levels of untreated ApoE™ fibres, as seen in Figure 6.12C. As reported previously in
muscle stem cells of ApoE" single fibres, these stem cells proliferate to the same level
of WT after 72h, so it is unlikely that the ApoE” genotype contributes to senescence
(Barlow et al). ApoE” muscle stem cells exhibited altered exhibition patterns when
treated with doxorubicin, significantly fewer muscle stem cells became activated at
24h (Pax7*v¢/Myod*v®) by 30.4% (74.752%=2.8 in control vs 52.1+6.0 in doxorubicin
treated and 75.5+6.2 in doxorubicin + releasate treated, figure 6.12). Similarly, at T48
a significantly greater amount of muscle stem cells by 25.1% were activated or
proliferating (MyoD*'¢) when not treated with doxorubicin (93.0%+1.0) than those
treated with doxorubicin (69.7%+4.3) and the releasate treatment reversed this almost
entirely (90.4%%3.5). The expression of Pax7V'®MyoD*v® cells however was
significantly increased by releasate treatment (21.9%%4.1 for doxorubicin vs
38.9%=5.0 for doxorubicin + releasate). This indicates that releasate disposes satellite
cells towards activation. At T72, doxorubicin treated ApoE” muscle stem cells
exhibited a differential pattern of myogenin expression compared to untreated ApoE~"
muscle stem cells. Skeletal muscle stem cells from doxorubicin treated ApoE” mice
had a significantly lower level of myogenin by 65.02% compared to untreated, and
partially alleviated by releasate(56.52%+1.8 for untreated vs 19.77%=3.0 for
doxorubicin treated vs 41.2%+3.8 for doxorubicin + releasate). Taken together these
data indicate that doxorubicin impairs both the proliferation and differentiation of
skeletal muscle stem cells, and while the expression patterns appear to be rescued

by releasate, the proliferation does not continue to the same extent.
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Figure 6.12. Doxorubicin induced senescence is alleviated by platelet releasate in
ApoE” mouse single fibres of the extensor digitorum longus (EDL). Single fibres of
ApoE” mice with increased senescence may be rescued by platelet releasate. (A)
Experimental timeline. ApoE-/- mice were injected with doxorubicin, after 7 days mice

were again injected with doxorubicin, injured with CTX and injected with releasate. 1
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day post injury mice were injected again with releasate, and muscles were taken 3
days post injury. Single myofibres were isolated from the EDL muscle and studied at
T24, T48 and T72 hours, to determine quiescent, proliferating and differentiating
satellite cells, by means of Pax7 and Myogenin staining. (B) Representative images
of immunofluorescent detection of Pax 7 and Myogenin (x40 magnification, scale
bar=200um). (C) Relative quantification of expression of Pax7 and Myogenin. Data
are meanzSEM n=40. Statistical analysis was performed by Two way ANOVA and

bonferroni post-hoc test. *p<0.05, ***p<0.001 vs Doxorubicin treated.

The same battery of experiments was performed for the biceps brachii to corroborate
and strengthen this data. Similar to the EDL, ApoE”- muscle stem cells of the biceps
brachii exhibited altered exhibition patterns when treated with doxorubicin, significantly
fewer muscle stem cells became activated (Pax7+*'¢/Myod*'¢) by 39.2% (68.52%=+2.81
in control vs 41.67%5.78 in doxorubicin treated and 62.48+4.84 in doxorubicin +
releasate treated). Similarly, at T48 a significantly greater amount of muscle stem cells
by 25.1% were activated or proliferating (MyoD*'¢) when not treated with doxorubicin
(93.7%=1.1) than those treated with doxorubicin (72.3%+6.9) and the releasate
treatment reversed this almost entirely (85.45%+2.8). The expression of Pax7-
veMyoD*'¢ cells however was significantly increased by releasate treatment
(20.36%+4.5 for doxorubicin vs 37.2%+5.15 for doxorubicin + releasate). This
indicates that releasate disposes satellite cells towards activation. At T72, doxorubicin
treated ApoE’ muscle stem cells exhibited a differential pattern of myogenin
expression compared to untreated ApoE’ muscle stem cells. Skeletal muscle stem
cells from doxorubicin treated ApoE"- mice had a significantly lower level of myogenin
by 62.8% compared to untreated, and partially alleviated by releasate (63.67%z=2.1 for
untreated vs 23.69%z=2.7 for doxorubicin treated vs 43.9%+2.4 for doxorubicin +
releasate). Taken together these data closely resemble evidence provided in the EDL
and further demonstrate the impaired proliferation and differentiation impairments
induced by doxorubicin injection into the mouse. These data further indicate that
platelet releasate can be of use to treat myopathy in patients receiving doxorubicin as
it proved beneficial to expression of transcription factors regulating proliferation and

differentiation.
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Figure 6.13. Doxorubicin induced senescence is alleviated by platelet releasate in
ApoE” mouse single fibres of biceps brachii. (A) Experimental timeline. ApoE"- mice
were injected with doxorubicin, after 7days mice were again injected with doxorubicin,
injured with CTX and injected with releasate. 1 day post injury mice were injected
again with releasate and muscles were taken 3 days post injury. Single myofibres were
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isolated from the biceps brachii muscle and studied at T24, T48 and T72 hours, to
determine quiescent, proliferating and differentiating satellite cells, by means of Pax7
and Myogenin staining. (B) Representative images of immunofluorescent detection of
Pax 7 and Myogenin (x40 magnification, scale bar=200um). (C) Relative quantification
of expression of Pax7 and Myogenin. Data are meantSEM n=40. Statistical analysis
was performed by Two way ANOVA and bonferroni post-hoc test. *p<0.05, **p<0.01,

***n<0.001 vs Doxorubicin treated.
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6.5 Discussion

Skeletal muscle stem cells maintain quiescence throughout adult life until activated
(generally by injury) allowing skeletal muscle to repair and regenerate when
necessary, however the crossover between the pathways between differentiation and
senescence makes muscle stem cells susceptible to senescence — which makes the
necessary state of quiescence irreversible (Sincennes et al., 2021; Sousa-Victor et al.,
2014).

Doxorubicin is a cancer treatment, which causes cytotoxicity, is linked with myopathy,
and dysfunction of skeletal muscle(Bielack et al., 1989; Courneya et al., 2003; DeFina
et al., 2016). Doxorubicin induces senescence in rat cardiomyocytes, skeletal muscle,
and fibroblasts, however low doses of doxorubicin (10nM) proved to be not enough to
significantly increase senescence-associated eta-galactosidase (Casella et al., 2019;
Gibson et al., 2014; Piechota et al., 2016; Spallarossa et al., 2009). The present work
therefore sought to determine the dose necessary to induce senescence in C2C12
myoblasts. Figure 6.1 demonstrates how senescence is induced by cancer treatment
doxorubicin in myoblasts. Surprisingly, higher concentrations of doxorubicin yielded
lower levels of senescence-associated 3-galactosidase, so trypan blue dye was used
to detect cell death which became elevated at higher concentrations of doxorubicin.
The present study further develops the picture of senescence in myoblasts as
doxorubicin treatment entirely halts proliferation — however platelet releasate
marginally improves proliferation (figure 6.2 — proliferation determined via EdU stain).
These data suggest that doxorubicin induces senescence and releasate can partially
reverse it. Platelet releasate includes several pro-proliferative factors including VEGF,
PDGF, which could contribute to the partial improvement in proliferation, however

doxorubicin effectively halts proliferation and releasate only has a minor effect.

Differentiation is also impaired by doxorubicin, this work found that myotubes formed
in DOX treated C2C12s had a greatly reduced surface area compared to untreated —
indicating that senescence pathways prevent proper differentiation pathways.
Furthermore, doxorubicin greatly reduces the fusion index of differentiating myotubes,
while releasate restores it, as seen in figure 6.3. As p53 is induced by both doxorubicin
and ROS, and p53 directly represses transcription of myogenin, this suggests that
doxorubicin acts to arrest the cell cycle through p53, which in turn prevents myogenin

expression, impairing muscle stem cell differentiation. Platelet releaste however,
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entirely restores differentiation. These data indicate that while proliferation of
myoblasts is not improved by platelet releasate, the differentiation of myotubes is
improved by releasate. This is not entirely unexpected, as doxorubicin is used to
directly prevent proliferation, and proliferation must halt before differentiation begins,
therefore it is likely that doxorubicin disrupts fusion pathways, while releasate is able
to restore them.

The present work further develops this by showing that stem cell fate and fusion genes
expression are impaired by doxorubicin, however releasate does not ameliorate the
expression. This indicates that the improved differentiation capacity is due to
exogenous application of releasate rather than changes in gene expression. Growth
factors found in releasate may be acting downstream of cell fate and fusion genes.
Gene expression is reduced by doxorubicin and not restores via releasate, this is likely
due to excessive DNA damage which prevents cells from being transcriptionally

active.

Having developed an understanding of the effects of senescence in C2C12 myoblasts,
the following work sought to determine the effect of releasate on senescence per se.
Senescence-associated-beta-galactosidase levels were determined in doxorubicin
and releasate treated C2C12 myotubes, resulting in a decrease of senescence in
response to releasate. This indicates that the reduction in proliferation in C2C12 cells
by DOX is reversible and an adequate dose of releasate may be a potential treatment
to reverse senescence. Previous evidence shows that senescence can be reversed
by inactivation of the p53, pl16 and retinoblastoma protein pathway, furthermore,
senescent cells are able to renter the cell cycle in cells with up-regulated survivin —
which is the smallest member of the human inhibitor of apoptosis protein family and
associates with Cdc2/Cdkl to re-enter the cell cycle as a determinant of cancer
therapy resistance (Beauséjour et al., 2003; Wang et al., 2011). These data indicate
that senescence can be reversible, however Beauséjour et al. determined that though
cells re-entered the cell cycle, those expressing high levels of p16 did entered the cell
cycle without growth — this could be an example of why proliferation is entirely

prevented by doxorubicin, but differentiation can be restored (Beauséjour et al., 2003).

As doxorubicin is purported to function by DNA fragmentation, the present work sought
to determine the extent of DNA damage and DNA repair mechanism(Silva et al., 2017;
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Yang et al., 2014). Increased p53 staining demonstrates that DNA repair mechanisms
are upregulated in response to doxorubicin treatment. The DNA damage and repair in
C2C12 merited further study, therefore, to determine the influence of DOX on a protein
level, differentiated cells were treated with DOX for western blotting experiments.
These protein experiments provided further evidence that DNA damage and repair are
elevated in DOX treated cells, as well as DNA repair signals, with increases in H2AX,
p21 and p53 protein levels. P53 also functions in repression of myogenin transcription,
indicating that doxorubicin induced p53 mediated G1 arrest, while preventing
differentiation — likely to reduce post-mitotic nuclear abnormalities, this contributes so
skeletal muscle stem cell senescence (Yang et al.,, 2015). These pathways are
suggested to increase time for cell repair, by arresting the cell cycle, allowing
increased chances of survival. With greater levels of stress however, p53 facilitates
increased levels of cellular stress by DNA fragmentation, this prevents aberrant cell
proliferation, however caused unwanted cellular damage (Beyfuss and Hood, 2018).
H2AX foci in these same experiments indicate that the level of overall DNA damage
is greatly reduced by releasate. Our data indicates that releasate can be used to
resolve the impact on DNA damage and allow p53 to function as intended in lower

levels.

The present work next sought to determine the impact of doxorubicin and releasate
on cell cycle arrest in WT and ApoE~”- mouse tibialis anterior muscle, by staining p21.
In mice treated with DOX, cell cycle arrest was greatly increased, however releasate
treatment reversed this, indicating that in vivo the effects of DOX on the cell cycle can
be reversed by the tissue specific treatment of muscle with releasate, highlighting
releasate as a potential treatment for myopathy in cancer. H2AX protein levels were
also induced at protein level in C2C12 cells, indicating the expected levels of DNA
damage, however they were not themselves alleviated by releasate. This may indicate
that the beneficial effects of releasate do not protect from DNA damage, however p53
and p21 are not increased at a protein level, this may be due to DOX inducing too
much cytotoxicity to turn on repair mechanisms. Other studies however have
demonstrated that p53 is increased in iPSCs and human carcinoma cells treated with
low doses of DOX, which could indicate that the double dose of DOX was in excess

of this, inhibiting DNA repair mechanisms (Kannappan et al., 2018; Zurer et al., 2004).
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The present study developed the potential use of platelet releasate by determining
that releasate administration to the mouse in vivo has no significant effect on the
relative weight of muscles alone, therefore it can be assumed that releasate treatment
alone has no negative effects (i.e. muscle atrophy). Furthermore, protein expression
was not significantly altered in the quadriceps or heart of mice treated with releasate

in vivo.

In single fibres DOX irreversibly impaired proliferation for 72 hours, however the
number of muscle stem cells at 72 hours were equivalent to untreated at 48 hours
indicating a delayed recovery. Furthermore, the decreased expression of MyoD at 24
and 48 hours indicate an impaired ability of skeletal muscle stem cells to activate and
therefore proliferate. This change in MyoD expression was reversed by releasate —
indicating that releasate is enough to overcome the damage of DOX in some
instances. Similarly, myogenin expression was greatly reduced by doxorubicin at T72,
however releasate was able to restore myogenin expression. Taken together these
data indicate that doxorubicin impairs both the proliferation and differentiation of
skeletal muscle stem cells, and while the expression patterns appear to be rescued

by releasate, the proliferation does not continue to the same extent.

6.5.1 Conclusions

This is the first study to investigate the impact of doxorubicin on senescence in skeletal
muscle stem cells and its impact on myogenic function. This work provides evidence
that muscle stem cells treated with doxorubicin have impaired capacity not only for
proliferation but also for differentiation and proposes an autologous easily generated
treatment to reduce these deficits. The present work demonstrates that doxorubicin
not only increases senescence, but also induces DNA damage and results in
upregulated DNA repair mechanisms, and the deleterious effects of doxorubicin are
seen in impaired gene expression for muscle stem cell fate, myoblast fusion and
contractile proteins. These results have implications based on the nonselective toxicity
of cancer treatment doxorubicin and indicate that a tissue specific treatment of

releasate may alleviate side effects in patients treated with doxorubicin.
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Chapter 7-General Discussion
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7.1 Overview

In skeletal muscle ApoE is required to contribute to lipoprotein homeostasis, and errors
in lipoprotein homeostasis contribute to impaired hypertrophy signalling (Agergaard et
al., 2021). ApoE is furthermore important to attenuate oxidative damage, and to
promote myokine responses in response to high intensity interval training With
increased ROS seen in skeletal muscle of ApoE deficient mice (Sfyri et al., 2018;
Wang et al., 2021). Importantly, skeletal muscle ApoE deficiency is already known to
cause impaired muscle healing after ischemia-reperfusion injury (Kang et al., 2008).
In the ApoE deficient skeletal muscle, recent findings have shown a mild transition to
oxidative myofibres, increased capillary density, increased intramyocellular fat
content, increased oxidative stress, increased macrophage infiltration (inflammation)
(Sfyri et al., 2018). Stem cell function of ApoE deficient skeletal muscle however

remains to be studied.

The impaired skeletal muscle regeneration after injury in ApoE deficient mouse may
be an indicator of skeletal muscle stem cell impairment. However, the function of
skeletal muscle stem cells in ApoE deficient mice has not been studied in injury or
independent of injury. Furthermore, the increased oxidative stress evident in skeletal
muscle will likely have an impact upon muscle stem cells — which may use reactive
oxygen species as an activator of proliferation, therefore it is not yet know whether the
ApoE deficient muscle environment will impair stem cell function (Férstermann et al.,
2017). Furthermore the ApoE deficient muscle is known to have increased
intramyocellular fat content, and diet induced obesity has recently resulted in skeletal
muscle stem cell function, therefore it can be assumed that impaired skeletal muscle
stem cell function contributes to the impaired skeletal muscle regeneration in ApoE

deficient mice(Verpoorten et al., 2020).

The purpose of this study was i) to investigate the effect of hyperlipidaemia on muscle
stem cell function in proliferation and differentiation by using the atherosclerotic ApoE
deficient mouse model, ii) to establish the function of skeletal muscle stem cells, their
proliferative and differentiation capacity and the impact of oxidative stress in
experimental hyperlipidaemia, using palmitate to induce experimental
hyperlipidaemia, iii) to determine the extent to which hyperlipidaemia impairs skeletal
muscle repair after muscle injury in the ApoE deficient model, iv) to examine if

treatment with an autologously generated cocktail of growth factors from activated
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platelets improves skeletal muscle stem cell function and reverses induced
senescence by doxorubicin in ApoE deficient and wild type mice. To the best of my
knowledge this thesis is the first to characterise the impact of hyperlipidaemia and
atherosclerosis on skeletal muscle stem cell function. The key findings of the thesis

are:

e ApoE deficiency impaired proliferation of skeletal muscle stem cells in vitro and
ex vivo. (Chapter 3)

e ApoE deficiency impaired differentiation of skeletal muscle stem cells in vitro
and ex vivo. (Chapter 3)

e Palmitate induced experimental hyperlipidaemia also impaired skeletal muscle
stem cell function, and resulted in oxidative stress, which when treated with
antioxidant ebselen partially improved muscle stem cell function. (Chapter 4)

e ApoE deficiency impaired skeletal muscle recovery after chemically induced
injury, while platelet releasate improved recovery in both ApoE deficient and
wild type mice (Chapter 5).

e Lastly, the present work demonstrated the beneficial effects of platelet

releasate on doxorubicin induced senescence (Chapter 6).

7.2 Skeletal muscle stem cell function

Skeletal muscle stem cells are the resident population of stem cells, which lie between
the basal lamina and the plasma membrane (Relaix and Zammit, 2012). Skeletal
muscle stem cells are essential to generate new material for muscle recovery via their
proliferation phase when activated by injury stimulus (Dumont et al., 2015). After a
period of proliferation, the new cellular material can then differentiate and form new
muscle to replace the injured muscle (Fuchtbauer and Westphal, 1992). As muscle
fibores are multinuclear, the period of proliferation is especially important, as the
myonuclear domain — the area of cytoplasm surrounding each nucleus within a
proximity of its transcriptional activity has an upper limit (Allen et al., 1999; Schwartz
et al., 2016). The myonuclear domain is also strictly regulated in health, as decreased
myonuclear domain is generally followed by atrophy and increased myonuclear
domain by hypertrophy (Allen et al., 1999; Taylor-Weiner et al., 2020). However other
evidence refutes the correlation between atrophy or hypertrophy and myonuclear

domain, as disuse atrophy studies have shown no decrease in total stem cell numbers,
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furthermore disuse atrophy also does not induce any changes in muscle stem cell
content, though it has been suggested that changes in myonuclear loss may occur at
a different timescale to hypertrophy (Bruusgaard et al., 2012; Bruusgaard and
Gundersen, 2008; Snijders et al.,, 2014; van der Meer et al., 2011). Furthermore,
evidence suggests that products of myonuclei remain localised close to their
myonucleus of origin, this could indicate that muscle fibres with a higher myonuclear
domain do not meet the transcriptional demand for the whole fibre (Pavlath et al.,
1989). In the present work, ApoE deficient mice muscle fibres exhibited a greater
myonuclear domain compared to wild type fibres despite having the same average
number of nuclei overall. These findings indicate that ApoE is necessary to restrict the
size of fibre and therefore myonuclear domain. While differences in myonuclei number
per fibre were not different between wild type and ApoE deficient mice at TO — the day
of dissection, numbers of muscle stem cells were counted at Oh, 24h, 48h and 72h.
No significant difference was found between numbers of stem cells on muscle fibres
at any timepoint — therefore the capacity for stem cell proliferation was not entirely lost,
though a functional impairment could still be enough to cause an overall difference in

injury recovery.
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Table 7.1: Myonuclear Density

Reference Model Application Result
(Tseng et al., soleus The relationships between High MND = low
1994) and fiber size, and the cytoplasmic succinate
plantaris volume per myonucleus dehydrogenase
muscles . activity
of adult were determined.
rats
(MND inversely
related to oxidative
capacity)
(Jaspers et al., Xenopus Myonuclear density was High oxidative muscle
2006) iliofibular determined in fibres had lower MND
S high- and low-oxidative fibres (reported as higher
muscle .
of freshly frozen muscle. (type myonuclear density)
1 and type 3 fibres selected on
basis of SDH activity). Nuclei
were counted with H&E
staining.
(van der Meer Type Il Cross sections of muscle Muscle in superficial
et al., 2011) fibres of were counted in the deep and glycolytic region (low
rat superficial region of the oxidative) * MND |
plantaris muscle, other serial sections SDH
muscle  were stained for succinate

dehydrogenase (SDH) as a
marker for oxidative capacity.

Deep oxidative region
| MND 1 SDH
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aged compared. The Muscle fiber increased with fibre
muscle  hypertrophy in young and old size).
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Hypertrophy
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. elderly (nuclei number
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~while  fibre  size
taken from the vastus lateralis
_ _ increased)
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the changes in muscle fiber
size before and after strength _
This could be down to
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smaller initial fibre
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size (24% larger in the
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for maximum
transcriptional activity
may not be reached,
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nuclei may not be
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(Ross et al., Mice Myofibres isolated from mice SIRT1
2018) with with either a skeletal muscle- overexpression !
SIRT1 specific inactivation (mKO) or MND,
muscle  inducible overexpression
_ Knockout 1 MND
KO, (imOX) of SIRT1. Myonuclear
. organisation was electron
Mice _
] microscopy and confocal
with . _ .
) ) microscopy subject to nuclei
inducible o
staining.
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ession of

SIRT1
(Moore et al., Human old (~71 years) male adults Restricted exercise |
2018) old (~71) underwent 14 days of step MND, | SC number.
muscle  reduction (<1500 steps/day) )
_ _ _ _ Exercise 1t CSA, 1
while performing six sessions . .
. MND while nuclei
of LLRE (~30% maximal
. number (and SC
strength) with one leg (SR + _
_ number vs COM) is
EX) while the contralateral leg o
_ maintained.
served as an untrained
control(SR). Seven healthy
ambulatory age-matched ) .
This follows Hikida’s
male adults (~69 vyears) . ,
impression that
served as a comparator group
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(COM). Muscle biopsies taken _
maximum
from vastus lateralis after 14 o -
transcriptional activity
days, and
may not be reached?
immunohistochemical
analysis was performed to
determine (CSA), myonuclear
content, SC content, and total
(C:F) and fibre type-specific
(C:Fi)capillary-to-fibre ratios.
(Murach et al., Healthy = CSA Nuclei counted, Restricted exercise:
2018 oun
) young | CSA, | MND,
men o
Inucleiffibre
(23+1)
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(Schwartz et Manduc Intersegmental muscle (ISM) Atrophic
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MND
program of atrophy before
programmed cell death. ISM Dying
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(Duddy et al., MDX Measured the main cellular In mdx
2015) and WT components of muscle growth . ]
_ _ | Nuclei per fibre,
mice and regeneration over the
EDL period of postnatal growth and | MND

early pathology in mdx and

wild-type (WT) mice,;

postnatal hypotrophy

159



phalloidin binding is used as a | Fibre size
measure of fibre size,
myonuclear counts and BrdU
labelling as records of

myogenic activity.

To determine the functional capacity of muscle stem cells reports have used the
differential expression of transcription factors Pax7, MyoD and Myogenin in
guiescence (Pax7*/Myod’), activation (Pax7*/MyoD™"), proliferation (Pax7*/MyoD"),
and differentiation (Pax7/Myogenin*). Differences in quiescent vs activated stem cells
can be detected at 24h and expressed as a percentage of cells expressing Pax7 only
vs Pax7 and MyoD respectively, at 48h a greater percentage of proliferating cells is
expected and after 72h Myogenin expression is detected, which detects the muscle
stem cells’ capacity for differentiation. This method has previously been used to
demonstrate the effectiveness of platelet releasate in increasing proliferation as well
as differentiation in muscle stem cells when administered to single myofibres (Scully
et al., 2020). The present work demonstrated through this method that muscle stem
cells of fibres derived from ApoE deficient mice have a minor impairment to activation
as well as an impairment in differentiation. This demonstrates that ApoE deficient mice
have a functional impairment, it has previously been demonstrated that muscle in
ApoE deficient mice have increased macrophage content, oxidative stress and fat
content (Sfyri et al., 2018). This study however, used single muscle fibres separated
from their environment in a muscle, though retained on a single fibre their functional
capacity was not entirely isolated. Therefore, the present work went on to isolate single
fibres to determine the functional effects of ApoE deficiency on isolated muscle stem

cells.

While differentiational expression of transcription factors may be used to determine
proliferation and activation of muscle stem cells in single fibres, isolated stem cells
may take advantage of other methods. In culture, isolated stem cells proliferate in high
serum conditions, therefore proliferation capacity can be directly studied via
proliferation assay — in this case EdU staining of proliferating cells. Whereas muscle

stem cells begin to differentiate in low serum conditions, myogenin expression may
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also be used to determine cells committed to differentiation and a percentage of cells
expressing myogenin may be used as a fusion index, determining the capacity for
differentiation. Furthermore, the culture of isolated muscle stem cells provides the
opportunity for morphological study, and the present work was able to determine the
ability of stem cells to form myotubes by measuring their size. Previous evidence
showed that LDL mediated lipotoxicity toxicity reduces the ability of cultured myoblasts
to fuse, furthermore cisplatin induced ROS exposure in C2C12 myoblasts impairs
proliferation (Tamilarasan et al.,, 2012; Zhou et al., 2021). Both lipotoxicity and
oxidative stress have been detected in ApoE deficient muscle, ectopic accumulation
of lipids in muscle tissue induces pathological changes and oxidative stress has a
variety of harmful effects including DNA damage, therefore it was important to
determine if these effects were also hallmarks of isolated skeletal muscle stem cells
and not merely as a result of the muscle niche (Cole et al., 2011; Sfyri et al., 2018).
The present work reveals that isolated muscle stem cells of ApoE deficient mice had
impaired proliferation as well as differentiation, and the myotubes created from stem
cells of ApoE deficient mice were smaller. This indicates that independent of the
extracellular environment and the muscle fibre niche muscle stem cells of ApoE

deficient mice are functionally impaired.

The present work went on to look into the gene expression of genes which regulate
three processes: 1) deciders of muscle stem cell fate, ii) regulators of myoblast fusion
and iii) contractile proteins. As MyoD and Myogenin expression in stem cells have
already been used to indicate commitment to differentiate into muscle cells, here scrib
was used as an additional indicator of stem cell fate as it has previously been
acknowledges to control stem cell fate and reduction in expression of all muscle stem
cell fate genes was seen (Ono et al., 2015). Indicators of myoblast fusion bex1,
tmem8c and srf were also reduced indicating a transcriptional impairment in myoblast
fusion. Interestingly, Bex1-deficiency has been associated with prolonged proliferation
and delayed differentiation following recovery after myotrauma, however this was not
necessarily accompanied by reduction in proliferation as myogenin was reduced,
myoD was not measured (Koo et al., 2007). Skeletal muscle-specific deletion of SRF
causes severe muscle hypoplasia, and deletion of SRF in adult mice leads to loss of
muscle mass and sarcopenia (Lahoute et al., 2008; Li et al., 2005). This loss of srf

gene expression in mouse muscle stem cells could be a contributing factor to the
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increased myonuclear domain in ApoE deficient mice. Myosin heavy chain and actin
gene expression were also reduced in muscle stem cells of ApoE deficient mice,
indicating that these stem cells have a reduced capacity to generate contractile
proteins — an essential component of myogenesis. Taken together these results
indicate that hyperlipidaemic mice have functionally impaired skeletal muscle stem
cells, however the impact of this on skeletal muscle repair in injured muscle has not

been defined.

Previous evidence has already demonstrated that ApoE deficient mice have delayed
or impaired skeletal muscle regeneration after injury, however the extent of impaired
regeneration remains to be seen (Arnold et al., 2015; Kang et al., 2008). Kang et al.
first demonstrated that 7 days post ischemia-reperfusion injury that myogenin protein
levels, were reduced in the ApoE deficient mouse calf muscle, but not MyoD levels
(Kang et al., 2008). Furthermore after 14 days of recovery ApoE mice had a greater
percentage of fibres with centrally located nuclei — indicating a slower progression in
recovery (Kang et al., 2008). Moreover, Arnold et al. reported that in notexin induced
injury of the tibialis anterior, ApoE deficiency impacts negatively on macrophage
phagocytic activity and is at least partially responsible for the impairment of skeletal
muscle regeneration (Arnold et al., 2015). Despite these studies however, the impact
of ApoE deficiency on skeletal muscle regeneration were unclear. Therefore, the
present work quantified the number of injured fibres per muscle, the number of
regenerating fibres per muscle and the cross-sectional area of regenerating fibres per
muscle, furthermore the extent of macrophage infiltration in injured muscle. These
data were collected at three timepoints — 5 days, 10 days, and 14 days post injury,
building the clearest picture of the extent of muscle injury in the hyperlipidaemic mouse
to date. At 5 days clear differences in injury progression were already detected, with
a much greater number of damaged fibres per muscle, and more small regenerating
fibres than larger ones in the hyperlipidaemic mouse. Macrophage infiltration was also
3 times greater in the hyperlipidaemic mouse, although macrophage infiltration was
already known to be increased in the uninjured muscle of ApoE deficient mouse (Sfyri
et al., 2018). After 10 days of regeneration the extent of injury was improved in both
hyperlipidaemic and wild type mice, where injured muscle fibres were detected at no
more than two per fibre. The regenerating fibres had mostly fully regenerated, however

more regenerating fibres were present in the hyperlipidaemic muscle and with greater
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cross-sectional area. This was likely due to a greater progression in the wild type
mouse as what fibres were regenerating were small minor additions, whereas the
hyperlipidaemic muscle still had clearly regenerating fibres. At 14 days of regeneration
no differences were detected between the two muscles, as both had fully recovered
from injury. Taken together this builds a much clearer picture of skeletal muscle
regeneration in the hyperlipidaemic mice, which take longer to clear damaged fibres,
as well as develop regenerating fibres much slower. This would indicate that the
impaired regeneration is at least in part due to already discussed stem cell
impairments, as the repair mechanisms in regenerating fibres are much slower in the
hyperlipidaemic mouse. The present work has been the first to relate delayed muscle

regeneration to muscle stem cell function.

Previous work has indicated that the hyperlipidaemic mouse muscle
microenvironment is one of increased oxidative stress due to increased production of
reactive oxygen species (Sfyri et al., 2018). The present work therefore sought to
determine the extent of oxidative stress in experimental hyperlipidaemia, and its effect
on skeletal muscle stem cells. Previous studies have reported that increased
production of reactive oxygen species impairs myogenic differentiation through MyoD
inhibition and inhibition of MyoD-dependent transcription (Ardite et al., 2004; Barbieri
and Sestili, 2012; Catani et al., 2004). The major pathway leading to reduced levels of
MyoD in muscle with oxidative stress is likely through increase of NF-kB activity or
TNFa expression (Guttridge et al., 2000). Therefore, the likelihood of reactive oxygen
species as a contributing factor to muscle stem cell impaired function and reduced
muscle regeneration capability is high, and the elevated intramuscular lipid content
likely contributes to the increased ROS. Considering this, the present work used

palmitate to simulate hyperlipidaemia in cultured muscle stem cells and single fibres.

Palmitate has previously been shown to induce reactive oxygen species accumulation
(Wang et al., 2018; Wei et al., 2013; Yu et al.,, 2019). Previous work concerning
palmitate treated C2C12 cells however, has yielded mixed results. For example, while
many studies found that palmitate induces apoptosis or atrophy, grabiec et al. found
that palmitate treatment actually increased myogenin, a-actinin, and myosin heavy
chain, protein markers of myogenesis (Grabiec et al., 2016; Meshkani et al., 2014;
Peterson et al., 2008; Y.-N. Sun et al., 2020, p. 19). Interestingly, palmitate was also

seen to alter cell cycle proteins, in this case increasing levels of Cyclin D3, which
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regulates the G1/S phase transition, and this increase leads to post mitotic arrest and
allows for differentiation to occur (Grabiec et al., 2016). Therefore, a pilot study was
implemented to determine the concentration of palmitate necessary to impair muscle
stem cell function and 1mM palmitate was chosen as stem cell function was impaired
without serious cell death. Experiments in cultured muscle stem cells revealed that
palmitate does in fact induce reactive oxygen species production in cells of both wild
type and ApoE deficient mice as indicated by the increased number of DHE expressing
nuclei. Under conditions of oxidative stress in palmitate treated muscle stem cells of
both wild type and ApoE deficient mice myoblast fusion and differentiation was
inhibited. Ebselen however, was able to improve differentiation in wild type cells with
experimental hyperlipidaemia, but not in ApoE deficient cells with experimental
hyperlipidaemia. Following these experiments in single fibres found that palmitate
vastly decreased the activation of muscle stem cells at 48h, and that ebselen fully
reversed this effect in both wild type and ApoE deficient mice. At 72h however,
differentiation is impaired in both wild type and ApoE deficient fibres, but ebselen only
reverses this for wild type fibres, not ApoE deficient fibres. This data suggests that
experimental hyperlipidaemia does in fact induce oxidative stress in skeletal muscle
stem cells, impairing proliferation and differation capability, and that antioxidant
ebselen can be used to restore proliferation, but not differentiation in muscle fibres of

ApoE deficient mice.

The surprising increase of muscle fibre stem cells expressing MyoD and not Pax7 in
response to palmitate at t48 could be due to the influence of reactive oxygen species
on cell cycle proteins. Palmitate has been seen to alter the cell cycle in rodent
pancreatic B-cells, in increasing protein and gene expression of TLR3, palmitate leads
to growth arrest through degradation of cyclin D1 and Cyclin D2 (Yang et al., 2013).
In B-cells, this arrest leads to reduction of mass, however the present work posits that
in skeletal muscle stem cells palmitate will serve to halt the initial proliferation and
therefore accelerate differentiation. Furthermore, Palmitate has been seen to
decrease levels of growth differentiation factor 11 (GDF11) as well as it's analogue
myostatin in C2C12 cells (Grabiec et al., 2016; Jing et al., 2017). GDF11 is another
regulator of the G1/S phase transition, which when inhibited increases muscle mass

and strength as well as halts progression to the S phase (Jin et al., 2019; Shi and Liu,
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2011). A study using an antibody blocking the myostatin receptor found increased
differentiation (Lach-Trifilieff et al., 2014).

ablation of FAS activity causes a dramatic down-regulation of Skp2, a component of
the E3 ubiquitin ligase that controls the turnover of p27Kip1l (a CDK inhibitor) (Knowles
et al., 2004).

7.3 Skeletal muscle senescence and treatment

One of the most important attributes of skeletal muscle stem cells is their dynamic
ability to maintain quiescence through adult life, but retain the ability to proliferate when
activated, with the capacity to self-renew, generating new quiescent stem cells as well
as cells which differentiate to become new muscle. The muscle must retain this ability
through severe and repetitive injuries, however aging muscle has a reduced capacity
for self-renewal and quiescence is progressively lost (Garcia-Prat et al., 2016; Hwang
and Brack, 2018; Sousa-Victor et al., 2014). Senescence is induced in ageing muscle
via upregulation of p16(INK4a) which irreversibly prevents the normal function of stem
cell proliferation. Failure of the regeneration machinery of sarcopenic muscle to
replace damaged myofibres is one of the major causes of the physical incapacitation
and loss of independence in the geriatric population (Arthur and Cooley, 2012; Jang
etal., 2011; Renault et al., 2002). Regeneration after cardiotoxin induced muscle injury
reduces regeneration efficiency in old mice, and greatly reduces regeneration in
geriatric mice. While there is a difference in stem cell number between adult mice and
old mice, the number id not further reduced in geriatric mice, indicating the impaired
regeneration is not due to reduced numbers of muscle stem cells. Furthermore, FACS
sorted stem cells of geriatric mice transplanted into injured muscle of young mice
produced fewer myofibres than the resident population of stem cells (Sousa-Victor et
al., 2014).

Senescence in muscle is also evident in patients of cancer who are treated with
chemotherapy. While anthracycline cancer therapies such as doxorubicin are used to
limit the spread of cancer, they are nonspecific and their cytotoxicity causes side
effects such as cardiomyopathy, myopathy, and skeletal muscle dysfunction —
reducing the quality of life of those living with cancer. Doxorubicin treatment has
demonstrated a reduction in overall muscle stem cell number in the extensor digitorum

longus and soleus of Sprague-Dawley rats (D’Lugos et al., 2019). The antitumour
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effects of doxorubicin are attributed to its inhibition of topoisomerase Il, which is
essential for the replication of DNA, changes in RNA transcription and importantly the
generation of reactive oxygen species, leading to oxidation of lipid membranes and
cellular proteins (Bredahl et al., 2021; Gewirtz, 1999; Sawyer et al., 2010). Similar to
the case of hyperlipidaemia, the effects of doxorubicin induced myopathy have been
attributed to excessive generation of reactive oxygen species.

Doxorubicin treatment has been shown to induce senescence in skeletal muscle,
cardiomyocytes, and fibroblasts, though low doses of doxorubicin (10nM) proved to
be not enough to significantly increase senescence-associated eta-galactosidase
(Casella et al., 2019; Gibson et al., 2014; Piechota et al., 2016; Spallarossa et al.,
2009). The present work sought to determine the dose necessary to induce
senescence in C2C12 myoblasts. Using immunohistochemistry of senescence-
associated [(-galactosidase with various concentrations of doxorubicin in culture
showed that senescence is induced by cancer treatment doxorubicin in myoblasts.
Surprisingly, higher concentrations of doxorubicin yielded lower levels of senescence-
associated B-galactosidase, therefore the experiment was repeated using trypan blue
dye to detect cell death which became elevated at higher concentrations of
doxorubicin. This initial data on doxorubicin treatment of cultured myoblasts confirmed
the toxicity of doxorubicin and furthermore confirmed that at a concentration of 0.5uM

doxorubicin, maximal senescence could be induced with minimal cell death.

Following confirmation of senescence in experimental culture, proliferation assay was
used to determine the capacity for cell growth in doxorubicin treated culture. Initially
C2C12 were cultured in serum free conditions with or without doxorubicin and
releasate, however all groups incurred excessive cell death, therefore growth medium
was selected for the proliferation experiment. In this case doxorubicin almost entirely
halted proliferation, and releasate was able to induce a minor amount of proliferation.
These data suggest that doxorubicin induces senescence and releasate can partially
reverse it. Platelet releasate includes several pro-proliferative factors including VEGF,
PDGF, which could contribute to the partial improvement in proliferation, however
doxorubicin effectively halts proliferation and releasate only has a minor effect. The
minor effect is likely due to doxorubicins effects on pro-proliferative factors ie. it has

been shown toassociate with VEGF and direct inhibition may be a factor in it's anti-
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tumour effects, furthermore PDGF has been used to improve doxorubicin efficacy
(Bilgen and Persil Cetinkol, 2020; Liu et al., 2011; Rotkrua et al., 2021).

To further characterise the effects of doxorubicin treatment on myoblasts,
differentiation experiments were run, determining that doxorubicin also impairs
differentiation. Myotubes formed by C2C12 cells cultured with doxorubicin had a
greatly reduced surface area compared to those that were not treated and the fusion
index was also reduced — indicating that doxorubicin reduces the capacity for muscle
stem cell regeneration. Previous data has shown that doxorubicin inhibits
differentiation in chondrocytes by stimulating ROS, and differentiated H9c2 cells were
more susceptible to doxorubicin induced cytotoxicity (Branco et al., 2012; Wu et al.,
2021). There has not yet been any evidence indicating that doxorubicin induced
cytotoxicity can be alleviated in differentiating muscle, however the present study
demonstrated that pre-treatment with platelet releasate improves differentiation. As
p53 is induced by both doxorubicin and ROS, and p53 directly represses transcription
of myogenin, it is suggested that doxorubicin acts to arrest the cell cycle through p53,
which in turn prevents myogenin expression, impairing muscle stem cell differentiation
(Ebata et al., 2017). Platelet releasate however, entirely restores differentiation. These
data indicate that while proliferation of myoblasts is not improved by platelet releasate,
the differentiation of myotubes is improved by releasate which could potentially mean
that releasate is more effective after doxorubicin treatment has ceased, as it would

likely have a better effect on proliferation.

The present work further develops this by showing that stem cell fate and fusion genes
expression are impaired by doxorubicin, however releasate does not ameliorate the
expression. This indicates that the improved differentiation capacity is due to
exogenous application of releasate rather than changes in gene expression. Growth
factors found in releasate may be acting downstream of cell fate and fusion genes, or

DNA damage may prevent normal gene expression.

Having developed an understanding of the effects of senescence in C2C12 myoblasts,
the effect of releasate on senescence per se was determined. Senescence-associated
B-galactosidase levels were determined in doxorubicin and releasate treated C2C12
myotubes, resulting in a decrease of senescence in response to releasate. This
indicates that the reduction in proliferation in C2C12 cells by DOX is reversible and an
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adequate dose of releasate may be a potential treatment to reverse senescence. This
is another indicator that platelet releasate could be a useful treatment for the muscle

after cancer treatment has ceased.

As doxorubicin is purported to function by DNA fragmentation, the present work then
sought to determine the extent of DNA damage and DNA repair mechanism. This work
demonstrates via increased p53 staining in nuclei of doxorubicin treated C2C12 cells
that DNA repair mechanisms are upregulated in response to doxorubicin treatment.
P53 also functions in repression of myogenin transcription, indicating that doxorubicin
induced p53 mediated G1 arrest, while preventing differentiation — likely to reduce
post-mitotic nuclear abnormalities, this contributes so skeletal muscle stem cell
senescence (Yang et al., 2015). These pathways are suggested to increase time for
cell repair, by arresting the cell cycle, allowing increased chances of survival. With
greater levels of stress however p53 facilitates increased levels of cellular stress by
DNA fragmentation, this prevents aberrant cell proliferation, however caused
unwanted cellular damage (Beyfuss and Hood, 2018). H2AX foci were used as a
reliable indicator of double strand breaks and is the most sensitive method of detecting
double strand breaks (Mah et al., 2010). H2AX foci in these same experiments indicate
that the level of overall DNA damage is greatly reduced by releasate. These data
indicate that releasate can be used to resolve the impact on DNA damage and allow

p53 to function as intended in lower levels.

The success in demonstrating the extent of DNA damage and DNA repair responses
to doxorubicin prompted further study to gain insights on the impact of doxorubicin and
releasate on cell cycle arrest. The present work looked at the wild type and ApoE™
mouse tibialis anterior muscle p21 expression — a key regulator of cell cycle
progression at the Gi to S phase transition whose action is utilised in chemotherapy.
P21 promotes cell cycle arrest in response to many stimuli and expression of p21 is
increased in differentiating myoblasts (Fujio et al., 1999; Liu et al., 2017). In mice
lacking p21, the differentiation of myoblasts is decreased, and cell proliferation is
increased (Chinzei et al., 2015; Hawke et al.,, 2003). Therefore, there is overlap
between the intended cellular mechanisms of cell cycle arrest in order to promote
differentiation and the cell cycle arrest generally induced by doxorubicin, however

irreversible senescence as already discussed is detrimental to the muscle and it is
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important to determine if cell cycle arrest induced in muscle by doxorubicin is

reversible.

In mice treated with doxorubicin, cell cycle arrest was greatly increased, however
releasate treatment reversed this, indicating that in vivo the effects of doxorubicin on
the cell cycle can be reversed by the tissue specific treatment of muscle with releasate,
highlighting releasate as a potential treatment for myopathy in cancer. Importantly, this
data proves that cell cycle arrest can be reversed in muscle treated with doxorubicin
and presents a potential quality of life benefit to patients of cancer. Furthermore, this
data was supported at protein level in vitro as p21 expression was greatly induced by
doxorubicin and alleviated by releasate treatment in C2C12 cells. H2AX protein levels
were also induced, indicating the expected levels of DNA damage, however they were
not themselves alleviated by releasate, likewise p53 was increased in all doxorubicin
treated cells. This may indicate that the beneficial effects of releasate do not protect
from DNA damage, but instead boost repair mechanisms, as p53 is increased in cells
treated with both doxorubicin and releasate. These data indicate that releasate can be
a useful treatment for myopathy in patients of cancer, without counteracting the

beneficial antitumour effects of the therapy.

After determining the effects of doxorubicin and releasate on cell cycle arrest, DNA
damage, and DNA repair mechanisms, it was important to determine the activation
and differentiation profiles of single fibres under the same conditions. Previous
research has discovered that doxorubicin selectively inhibits muscle specific
expression of myogenic regulatory factors to prevent terminal differentiation in skeletal
muscle stem cells (Puri et al., 1997). Furthermore, doxorubicin prevents both myoblast
fusion and expression of muscle specific proteins and muscle regulatory factors
without significantly altering non-muscle gene transcripts (Kurabayashi et al., 1993).
Additionally, doxorubicin inhibits the ability of MyoD to trans-activate muscle-specific
reporter genes (Kurabayashi et al., 1994). Doxorubicin has also seen to have negative
effects on differentiation with studies reporting differentiation is blocked by doxorubicin
in c2cl12 cells and myogenin expression in h9c2 cardiomyocytes is reduced
(Kurabayashi et al., 1994, 1994, 1993; Liu et al., 2015). Therefore, the present work
determined the proliferation profiles of doxorubicin and releasate treated single fibres.
In single fibres doxorubicin irreversibly impaired proliferation for 72 hours, however

the number of muscle stem cells at 72 hours were equivalent to untreated at 48 hours
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indicating a delayed recovery. Furthermore, the decreased expression of MyoD at 24
and 48 hours indicate an impaired ability of skeletal muscle stem cells to activate and
therefore proliferate. This change in MyoD expression was reversed by releasate —
indicating that releasate is enough to overcome the damage of doxorubicin in some
instances. Similarly, myogenin expression was greatly reduced by doxorubicin at T72,
however releasate was able to restore myogenin expression. Taken together these
data indicate that doxorubicin impairs both the proliferation and differentiation of
skeletal muscle stem cells, and while the expression patterns appear to be rescued
by releasate, the proliferation does not continue to the same extent. These differences
could be due to the previously stated ability for doxorubicin to prevent MyoD from
trans-activating muscle specific reporter genes and inducing the terminal cell cycle

arrest pathways through MyoD/pRB.

7.4 Limitations

Some aspects of the present study are considered to be limitations, for example in
chapter 3 muscle stem cell myogenesis was evaluated in two different experimental
settings: on single muscle fibres, and isolated muscle stem cells. Firstly, myofibres
from ApoE” mice were isolated and cultured ex vivo to determine the expression
profiles of myogenic transcription factors to determine the functional myogenic
capacity of muscle stem cells. Secondly, muscle stem cells were isolated from fibres
and cultured in vitro apart from their microenvironment. While this yielded data and
new knowledge on the function of muscle stem cells in the ApoE” mice, the same
study was not conducted in vivo, and while chapter 5 demonstrates decreaced
capacity for recovery after injury in the ApoE” mice, myoD and myogenin expression

in vivo would be a useful avenue of further study.

Further to this, Muscle stem cells behave differently, interacting with macrophages
and the proinflammatory environments created by injury. For this reason it would be
useful to have more in vivo data and even more data in primary cells in chapter 6, as
the C2C12 cells used in most experiments are used as a standard model of myoblasts,
however as they are an immortalized cell line they may be prone to function differently
to primary muscle stem cells. These experiments relied on C2C12 cells more often
due to the halt of experimentation during the COVID-19 lockdown, and the subsequent

loss of access to animal models.
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One limitation of the present work is that ROS production was measured in cultured
cells via DHE staining. DHE staining is a commonly used method of evaluating levels
of superoxide, DHE freely permeates the cell membrane and when oxidized by cellular
superoxide to generate red fluorophores which intercalate with DNA, becoming highly
fluorescent in the nucleus. For this reason, the present work used the number of
fluorescent nuclei and the overall fluorescence intensity as measurements of ROS
production (Wang and Zou, 2018). Furthermore, the present work demonstrates
superoxide levels in myoblasts, but does not determine the hydrogen peroxide levels
or the levels of other reactive oxygen species in culture beyond the stated superoxide
levels. Therefore, further investigation into the overall abundance of ROS with more
specific dyes such as Cyto-HyPer dye for hydrogen peroxide would be useful to
improve our understanding of oxidative stress in hyperlipidaemia. (Pearson et al.,
2014)

In determining the functional impairment in muscle stem cell proliferation and
differentiation in experimental hyperlipidaemia the cell culture data mimicking
hyperlipidaemia have not been expanded in vivo on mice, i.e. through the use of a
pump to administer palmitate. While chapter 4 was a success in demonstrating the
benefits of antioxidant usage in experimental hyperlipidaemia, and the involvement of
oxidative stress in the negative effects of hyperlipidaemia, more quantitative data,
such as the qPCR used in chapter 3 would be a useful metric to determine the
functional effects of gene expression in high oxidative stress environments.
Furthermore, the prospect of determining the gene expression of muscle related
genes and myogenesis related genes in response to both superoxide and antioxidants

is particularly interesting.

While platelet releasate is used in a variety of experiments in the present study,
releasate from the same donor could not be assured. Due to policy limiting donations
to once a month each donor, and due to privacy, a donation could not be stored from
month to month to use the same donor. This presents a limitation, in that several
studies have demonstrated that the composition of platelet releasate varies across
individuals, while maintaining many of the same components (Pagel et al., 2017,
Parsons et al., 2018; Vélez et al., 2015). Therefore, the composition of platelet
releasate should be taken as a whole — a collection of growth factors and cytokines,

considering the specific effects of individual growth factors. To limit the variability
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between releasate produced from different donors, each individual experiment in the
present study uses releasate from a single donor, which may be a different donor to
other experiments (i.e. proliferation experiment uses releasate from one donor, while
differentiation experiment uses releasate from another). Another limitation in releasate
composition in the present study was that proteomics were not performed on the
releasate used, as the resources for proteomics were not available, and each donor
would have a different proteomic profile, as discussed previously (Pagel et al., 2017;
Parsons et al., 2018; Vélez et al., 2015).

7.5 Future work

This project is the first to my knowledge to characterise the skeletal muscle stem cell
biology of the atherosclerotic ApoE deficient mouse model. This work addressed not
only the baseline capacity for skeletal muscle stem cells of the ApoE deficient mouse
to generate new muscle, but also the capacity for the ApoE deficient mouse muscle to
regenerate after injury. Furthermore, the work determined its response to senescence
and two potential therapies were examined to improve muscle stem cell function in
two contexts — hyperlipidaemia, and senescence. Ebselen — an antioxidant proved
successful in restoring function to muscle stem cells in experimental hyperlipidaemia,
and platelet releasate improved muscle stem cell function in response to doxorubicin

induced senescence.

Although this work addressed the capacity for antioxidant ebselen and platelet
releasate to alleviate the symptoms of hyperlipidaemia and doxorubicin induced
senescence in muscle, both cases have seen positive outcomes in response to
exercise. In ApoE deficient mice, studies have shown that exercise attenuates
oxidative damage, and promotes myokine expression, furthermore exercise has the
additional benefit of reduction in aortic lesions (Jakic et al., 2019; Wang et al., 2021).
Studies of skeletal muscle outcomes in doxorubicin treated subjects have shown that
exercise can preserve skeletal muscle mass, improve the maximal twitch rate and
maximal rate of force in some muscles and prevents loss of muscle function overall
(Bredahl et al., 2016; Dickinson et al., 2017; Mackay et al., 2021). It would be beneficial
to determine the effects of exercise independent of the two treatments in the present
work, as well as to determine the potential combined effect.
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In addition to addressing the aforementioned limitations, it would be useful to
determine the maximal twitch rate and maximal force capacity in the mouse muscle to
determine the functional impact of reduced stem cell function in injured and uninjured
hyperlipidaemic mice. Furthermore, exercise has been suggested to have protective
effects in hyperlipidaemic as well as doxorubicin treated muscle, however it's precise
impact on skeletal muscle stem cells is yet to be determined, therefore exercise based
studies would be an important line of research to follow (Dickinson et al., 2017; Powers
et al., 2019; Yang et al., 2017).

7.6 Concluding remarks

Hyperlipidaemia is a major risk factor for atherosclerosis and cardiovascular disease.
Recently it was showed that obesity-independent hyperlipidaemia induced
intramuscular lipid accumulation and skeletal muscle oxidative stress as well as
delayed regeneration after injury in ApoE deficient (ApoE”) mice, an established
model of atherosclerosis and hyperlipidaemia (Meyrelles et al., 2011, Arnold et al.,
2015; Crawford et al., 2013; Kang et al., 2008; Pellegrin et al., 2014). Nevertheless,
the obesity-independent impact of hyperlipidaemia and atherosclerosis on skeletal
muscle and skeletal muscle stem cells is largely unknown. This thesis reveals for the
first time that skeletal muscle stem cells of the ApoE deficient mouse model have
impaired function with reduced capacity for proliferation and differentiation, and this is
reflected in the reduced ability to regenerate after muscle injury. Specifically, muscle
stem cells expressed MyoD and myogenin less often in the hyperlipidaemic mouse,
and this impaired myogenic progression was accompanied by a reduced capacity to
proliferate and to generate myotubes. Furthermore, this thesis reveals the effects of
cancer therapy doxorubicin on muscle stem cells and indicates that due to the
nonspecific cytotoxicity of doxorubicin damaging the muscle, treatment of cancer
patients with platelet releasate could benefit their muscle regeneration. This thesis has
demonstrated the ability of platelet releasate to promote myoblast proliferation and
improve efficiency of differentiation when administered during fusion which could be

applied to not only cancer treatment but any kind of myopathy.

The present study relates to humans with obesity as obesity leading to hyperlipidaemia
and atherosclerosis is recognised to induce morphological and metabolic changes in
a variety of tissues, including the skeletal muscle. However, hyperlipidaemia can occur

in the absence of obesity, and the extent to which hyperlipidaemia in the absence of
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obesity effects the skeletal muscle and its resident stem cells is not fully understood
(23073871, 27581063). In this regard, the present study used the ApoE’ mouse
model, an established model of hyperlipidaemia and atherosclerosis, that does not
become obese when subjected to a high-fat diet, to determine the impact of and ApoE

deficiency on skeletal muscle stem cell function.

This study provides pivotal evidence on the adverse effect of hyperlipidaemia and
atherosclerosis on skeletal muscle stem cell function. It also identifies potential
therapeutic targets for decreasing oxidative stress in skeletal muscle and for improving
muscle stem cell function. This study positions ebselen and platelet releasate as
potential treatments of muscle disease in oxidative stress related diseases. Both
proposed treatments could be administered in a muscle-specific manner toward the
site of myopathy to provide a functional increase in muscle stem cell functional
capacity. While ebselen is currently in clinical trials it's benefits could improve the
quality of life of those experiencing oxidative stress related myopathy such as in
hyperlipidaemia, and platelet releasate is an autologous, easily, and quickly generated
therapy to potentially accelerate regeneration after injury. Furthermore, as reported by
Sfyri et al. obesity linked hyperlipidaemia results in muscle morphological changes as
well as oxidative stress, therefore these treatments could be useful in restoring a
functional microenvironment to the skeletal muscle in obesity (Sfyri et al., 2018).
Overall, the present study provides evidence to the impairment of skeletal muscle stem
cells in the hyperlipidaemic and atherosclerotic mouse and important insights into the

potential therapeutic avenues.
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Appendix |

Primers
Gene Direction Sequence (5’ to 3’)
Actal Forward CCCAAAGCTAACCGGGAGAAG
Reverse  GACAGCACCGCCTGGATAG
Bex1 Forward ATGGAGTCCAAAGATCAAGGCG
Reverse CTGGCTCCCTTCTGATGGTA
F4.80 Forward CTGCACCTGTAAACGAGGCTT
Reverse = GCAGACTGAGTTAGGACCACAA
gadd45a Forward TGCTGACGAAGACGACGAC
Reverse = CTGACCCGCAGGATGTTGAT
Hprt Forward GCTCGAGATGTCATGAAGGAGAT
Reverse  AAAGAACTTATAGCCCCCCTTGA
Mhcl Forward AGTCCCAGGTCAACAAGCTG
Reverse = TTCCAACCTAAAGGGCTGTTG
Mhc2a Forward AGTCCCAGGTCAACAAGCTG
Reverse  GCATGACCAAAGGTTTCACA
Myf6 Forward GCTAAGGAAGGAGGAGCAAA
Reverse = GAAGAAAGGCGCTGAAGACT
MyoD Forward AGGAGCACGCACACTTCTCT
Reverse  TCTCGAAGGCCTCATTCACT
Myogenin Forward GAGACATCCCCCTATTTCTACCA
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Reverse GCTCAGTCCGCTCATGCC
0OGG1 Forward CAACAACATTGCTCGCATTACTG
Reverse = TCAAGCTGAATGAGTCGAGGT
Scribl Forward CCTGGGCATCAGTATCGCAG
Reverse GCCCTCGTCATCTCCTTTGT
Srf Forward CTGCCTCAACTCGCCAGAC
Reverse  TCAGATTCCGACACCTGGTAG
Tmem8c Forward GTGATGGGCCTGGTTTGTCT
Reverse GCATTGTGAAGGTCGATCTCTG
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