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Abstract

With an estimated 1 billion smokers worldwide, cigarette smoke is the leading cause of
cancer and cardiovascular disease. Cigarette smoke has been found to cause weakness and
wasting of skeletal muscle, the mechanism of which is still not completely understood.
Recently, electronic cigarette use has become prominent worldwide. Consumption has been
linked with multiple respiratory diseases but the effect on muscle is still not fully known.
We hypothesize that cigarette smoke and vaping causes incomplete regeneration of muscle
after acute damage. The aim of the project is to understand how cigarette smoke media
(CSM) and vape media (VM) affects the growth, survival and regeneration of muscle by
investigating the direct effect on immortalized myoblasts and mouse models. Then using
gene expression along with a bio-informatic approach called ‘“connectivity-mapping”,
identify compounds that could be repurposed as therapies to promote muscle growth and
function in smokers. Here we found that CSM reduced viability in several cell lines, reduced
the migratory abilities of myoblasts and caused atrophy in myotubes. Both CSM and VM
increased senescence, reduced fusion, induced organellar stress and dysregulated cytokine
levels in vitro. In vivo CSM and VM did not affect animal weights, muscle weights, fibre
cross sectional area or cause fibrosis after acute damage. However, they prolonged
regeneration, and dysregulated cytokine levels. The gene expression data of CSM revealed
several differentially expressed genes. The expression data was introduced into the C-map
which identified harmine and asiaticoside as compounds that could potentially reverse the
effects of CSM on muscle. We found that these compounds failed to rescue cells in a viability
assay, therefore suggest a combination of transcriptomics and proteomics as a more robust

solution to find alternatives.
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Chapter 1: Introduction




1.1. Tobacco and health

Tobacco consumption became mainstream in the early 20" century (Hoffmann & Hoffimann,
1997) and today is marketed to the public to consume in various ways, which include
chewable tobacco and conventional cigarettes. The World Health Organization (WHO)
estimates that there are more than 1 billion smokers worldwide and approximately 7 million
smoking related deaths annually (WHO, 2020). The National Health Service (NHS) has
reported that almost 500,000 hospital admissions and approximately 80,000 deaths are

attributed to smoking in 2020 (NHS, 2020).

It is now widely accepted that smoking increases the risk of a multitude of diseases (figure
1.1) including lung cancer, chronic obstructive pulmonary disease (COPD) and

cardiovascular disease (CVD).

1.1

Smoking Secondhand Smoke Exposure

Cancers Chronic Diseases Children Adults

Stroke

Blindness,
cataracts Middle ear disease

Nasal

Oropharynx Periodontitis Respiratory irritation
Larvnx Aortic aneurysm .s_vmp'loms, Lung
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pulmonary disease, & Reproductive

Pancreas asthma, and other 3 effects in

Kidney respiratory effects women:

and ureter low birth
Hip fractures weight

Reproductive
effects in women
(including
reduced fertility)

Figure 1.1. Diseases linked to smoking. Image sourced from (Centers for Disease et

al., 2010).



The many diseases attributed to smoking are a consequence of the many constituents in
cigarettes; it is reported that more than 5000 chemicals can be found in cigarette smoke, with
many designated as toxic or carcinogenic (Borgerding & Klus, 2005). These chemicals
include the likes of hydrogen cyanide, formaldehyde, acrolein, lead, arsenic, benzene,
benzo[a]pyrene (BAP); a polycyclic aromatic hydrocarbon (PAH), a class of chemical
known to cause DNA damage, N-nitrosamines such as 4-(methylnitrosamino)-1-(3-pyridyl)-
I-butanone (NNK) and N 'nitrosonornicotine (NNN) both established as tumourogenic in
multiple in-vivo experiments, tar, carbon monoxide and the addictive component nicotine.
Several publications (Borgerding & Klus, 2005; Hoffmann & Hoffmann, 1997; Hoffmann
et al., 2001; Jaccard et al., 2019; Li & Hecht, 2022; Smith et al., 2003; Talhout et al., 2011)

have comprehensive data with regards to the cigarette smoke constituents.

Similarly, the electronic cigarette, marketed as the safe alternative, has the same chemical
constituents (Beauval et al., 2017; Eshraghian & Al-Delaimy, 2021; Famele et al., 2017,
Goniewicz et al., 2014; Han et al., 2016; Kamilari et al., 2018; Sleiman et al., 2016). The
effects of these chemicals are felt within seconds after the consumer takes the first puff.
Briefly, the mouth, tongue and nose are the first to be affected by causing inflammation and
damage to the tissue and nerve endings resulting in the loss of taste and smell. The smoke
travels down to the lungs reaching the bronchi, bronchioles and the alveoli. Here, pulmonary
absorption occurs, and the systemic effect is initiated. Nicotine rapidly diffuses into the
pulmonary circulation and reaches the brain within seconds activating the nicotinic
acetylcholine receptors (nAChRs) and dopamine release, the major addictive consequence.
Carbon monoxide competes with oxygen and binds to hemoglobin forming
carboxyhemoglobin and reducing the oxygen carrying capacity of blood. Acrolein and
formaldehyde cause inflammation and alveolar damage, tar deposits in the bronchial
epithelium cause damage and impaired cilia function leading to increased mucus and

decreasing pathogen clearance. Generally, the systemic effect results in chronic



inflammation, vasoconstriction leading to increased heart rate and hypertension. Eventually,
long term exposure leads to atherosclerosis, chronic obstructive pulmonary disorder, cancer
and cardiovascular disease.(Centers for Disease et al., 2010; Hahad et al., 2023; Munzel et

al., 2020).

1.2. Lung cancer

In the UK approximately 50,000 people are diagnosed annually with lung cancer (Navani et
al., 2022; NHS, 2025), on the global scale it is the leading smoking related cause of mortality
(WHO, 2025). A possible route of carcinogenesis is through DNA mutations (Centers for
Disease et al., 2010) (figure 1.2), the toxic and carcinogenic nature of the cigarette
constituents causes DNA adducts, either directly; via enzymatic hypermethylation of
promoter regions of genes that may result in silencing; or through metabolic activation
catalyzed by cytochrome P-450 enzymes, glutathione S-transferases and UDP-glucuronosyl
transferases that transform the carcinogens to water soluble forms which are detoxified and
excreted. However, this process produces electrophilic compounds such as carbocations or
epoxides which can mediate a reaction with the nucleophilic locations in DNA causing
adducts. Either way these adducts may elude repair mechanisms; due to overwhelming
damage or dysfunction, resulting in mutations in the DNA sequence, should the mutations
occur in growth regulatory genes then this would lead to unchecked proliferation, more
mutations and eventually cancer. Some of the most significant mutations develop in tumour
suppressor genes and oncogenes such as RB, PTEN, CDKN2A, STK11, KRAS and TP53
(Centers for Disease et al., 2010). The second route of carcinogenesis is through receptor
binding, nicotine and NNK may bind to neuronal nicotinic acetylcholine receptors
(nAChRs), B-adrenergic receptors and the epidermal growth factor receptor (EGFR) family
ERBB. The binding of cigarette smoke (CS) constituents to these receptors activates

downstream kinases such as protein kinase C (PKC), protein kinase A (PKA), extracellular



signal-regulated kinases (ERK), and the most significant of all, protein kinase B (AKT).
Originally nAChRs were thought to exist only in neuronal cells, but since then they have
been discovered in lung tissues (Schuller & Orloft, 1998; Tarroni et al., 1992). The activation
of nAChRs by nicotine and NNK in lung epithelial cells promoted properties such as
proliferation, angiogenesis, cell survival and decreased contact inhibition, all properties of
carcinogenesis (Hanahan & Weinberg, 2011; Schuller & Orloff, 1998; Tsurutani et al.,
2005). B-adrenergic receptors are stimulated by NNK due to its similar structure to
adrenaline (the natural ligand for the receptor), after binding it mediates the release of
arachidonic acid which is then converted by COX-2 to prostaglandin E> thus promoting
inflammation, proliferation and cell survival in cancer. The most significant influencer of
signaling induced by CS is AKT, it controls multiple cellular mechanisms that promote
proliferation and cell survival as well as tumour resistance to chemotherapy as shown by
(Tsurutani et al., 2005) when they found that in human lung cancer cells the AKT-dependant

proliferation was activated by nicotine and NNK binding to nAChRs.
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Figure 1.2. Routes of carcinogenesis via cigarette smoke consumption. Sourced from

(Centers for Disease et al., 2010).



1.3. Respiratory disorders

Cigarette smoke (CS) causes multiple non-malignant respiratory diseases that may lead to
malignancy, these diseases are not exclusive and may arise simultaneously. Emphysema,
chronic bronchitis, and asthma are some of the major CS-induced respiratory diseases which
the WHO estimates to cause 3 million deaths annually. Even though the lungs have ample
defense mechanisms that combat injury caused by inhaling CS, these defenses are eventually
overwhelmed by constant exposure. The primary mechanisms leading to respiratory disease
formation are endothelial and epithelial injury, increased alveolar epithelial permeability
through CS and oxidative stress. CS has a high oxidant potential with elevated
concentrations of free radicals (Repine et al., 1997), protease-antiprotease imbalance and
chronic inflammation; oxidative stress promotes gene expression of pro-inflammatory
mediators via transcription factors, such as activator protein-1(AP-1) and nuclear factor-
kappa-B (NF-kB) (Centers for Disease et al., 2010). The only way to avoid these respiratory

diseases remains the cessation of smoking.



1.4. Cardiovascular disease

Cardiovascular disease (CVD) refers to conditions that affect the heart and blood vessels,
these include coronary heart disease (CHD), hypertension, stroke, heart attack, aneurysms,
and peripheral artery disease (PAD). The NHS estimates that 25,000 deaths per year can be
attributed to smoking related CVD. The constituents of CS play many roles in promoting
and increasing the risk of CVD (figure 1.3), nicotine for example is considered a
sympathomimetic drug that releases catecholamines from neurons and the adrenal gland
leading to elevated heart rate through continued stimulation of the sympathetic nervous
system (Benowitz & Jacob, 1984), this elevated heart rate means increased myocardial
contractility and blood pressure which eventually may cause stress to the heart and can be
contributory to CVD. In a study performed on fifty-two smoking subjects they found that
cigarette smoking acutely increases heart rate, brachial blood pressure and heart-femoral
pulse wave velocity (Rhee et al., 2007). Chronically the association between cigarette
smoking and hypertension has been thoroughly investigated but remains divisive. A study
conducted on adolescents concluded that cigarette smoking reduces blood pressure (Alomari
& Al-Sheyab, 2016). On the other hand, a more recent study performed longitudinally on
more than five thousand participants concluded that cigarette smoking significantly
increased the risk of hypertension (Gao et al., 2023). These inconsistencies in the findings
were explained by (Leone, 2011) where initially nicotine mediated vasoconstriction induces
an acute but transient elevation in blood pressure. Afterwards, a decrease in blood pressure
is the result of the chronic depressant effects of nicotine. Concurrently, the arterial wall is
being exposed to carbon monoxide which in the long run causes irreversible structural
changes. This cycle eventually results in increased blood pressure. Carbon monoxide binds
to hemoglobin, this decreases the amount of hemoglobin available for oxygen transport. In
a long-term smoker this results in hypoxemia, in response red blood cells increase in mass

as a mechanism to compensate for the oxygen needed by the body. Consequently, this leads



to increased blood viscosity which in turn increases the workload of the heart i.e. increased
blood pressure and coagulation (Benowitz, 2003). Every inhalation distributes a high number
of oxidizing chemicals, and metals such as lead, mercury, and cadmium; found elevated in
serum of smokers and concentrated in the aortic wall (Abu-Hayyeh et al., 2001), into the
blood stream. The oxidizing chemicals delivered cause endothelial dysfunction,
inflammation, and platelet activation (Burke & Fitzgerald, 2003). The metals can catalyze
the oxidation of cellular proteins causing structural damage and endothelial detachment from

blood vessel walls (Bernhard et al., 2005) leading to inflammation, and possible clot

formation.
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Figure 1.3. Overview of mechanisms by which CS causes a CDV event. Image modified

from (Benowitz, 2003).

Muscles are not immune to the effects of smoking (Kok et al., 2012; Kumar & Kumar, 1998;
Lee et al., 2007; Saito et al., 2012) reported that smokers showed decreased muscle strength

to their non-smoking counterparts, this will be further explored later.



1.5. Muscle overview

Muscle, which accounts for approximately 50% of our body weight, can be defined as tissue
with contractile capabilities, achieved with the aid of specialized components. This allows
groups of muscle cells to perform multiple tasks, ranging from deliberate movements such
as picking up a bottle of water, to more involuntary actions such as peristalsis. There are
three forms of muscle tissue, smooth, skeletal, and cardiac, each of which has different
structural properties that promote specific metabolic and mechanical functions. Cardiac
muscle, as the name implies, is located exclusively in the heart, skeletal muscle is attached
to the bones of the skeleton and smooth muscle can be found lining the interior of hollow

organs (figure 1.4).

1.4 F \
Cardiac muscle

Figure 1.4. Location and structure of the three muscle types; cardiac, skeletal and

smooth. Sourced from (McNamara & Sadayappan, 2018).

There are two ways to classify muscle tissue. They are either “striated or unstriated” and

“voluntary or involuntary” (figure 1.5). The term “striation” reflects the light and dark



1.5

bands that are visible under light microscopy. Cardiac and skeletal muscle fall under this
term, smooth muscle is thus termed “unstriated”. Furthermore, the terms “voluntary and
involuntary” reflect conscious (somatic nervous system) and subconscious (autonomous

nervous system) control of the muscle tissue.
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Figure 1.5. Characterization of different muscle types. Representative images of

longitudinal sections taken from (A) skeletal muscle, (B) cardiac muscle and (C)

smooth muscle. Sourced from (Sherwood, 2015).

1.5.1. Smooth muscle

Smooth muscle cells are spindle shaped, mononucleated with poorly developed

sarcoplasmic reticulum and are usually arranged in sheets within the walls of hollow organs,

10



tubes, and blood vessels. The autonomous nervous system drives contractions through
calcium ion influx, and even though smooth muscle tissue is unstriated (i.e. lacking in
sarcomeric organization) they do however have “dense bodies” comprised of actin and
myosin chains that facilitate contraction (Sherwood, 2015). A major difference between
smooth and skeletal muscle is the initiation of contraction, smooth muscle instigates a
chemical change to the thick filament (myosin) to initiate cross-bridge cycling whereas
skeletal muscle induces a physical change to the thin filament. Smooth muscle contraction
occurs when cytosolic Ca®" binds to intracellular calmodulin, the resulting complex activates
myosin light chain kinase, an enzyme, which in turn phosphorylates the myosin light chain
allowing for cross bridge formation with actin and the cycling to begin (Sherwood, 2015).
Some of the functions performed by smooth muscle include iris constriction, peristalsis in

the bowels and vascular constriction.

1.5.2. Cardiac muscle

The heart, the life pump which beats over 3 billion times in a lifetime is made up of multiple
cell types including endothelial cells, fibroblasts, vascular smooth muscle cells and
myocytes. Each of these cells contribute to the function of the heart, however it is the
myocyte which is the contractile unit of the heart. Cardiac muscle cells (cardiomyocytes)
and skeletal muscle cells are similar with regards to striation (or sarcomeric organization)
and fibre banding. However, cardiomyocytes are shorter in length, are usually
mononucleated and are dense with both mitochondria and myoglobin. The branched fibres
are linked at their ends by intercalated discs (figure 1.6) which allow the muscle cells to
contract in a wave-like form (Sherwood, 2015). These synchronized contractions allow the
heart to act as a pump, driving blood through systemic circulation. Intercalated discs have
two structures that are vital for contraction, desmosomes, and gap junctions. Desmosomes

act as safety-buckles, keeping muscle cells coupled at the ends and stopping them from
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pulling apart during contraction. Gap junctions have multiple channels between neighboring
cells that form intercellular pathways for swift conduction of action potential through the
cells, resulting in the synchronized contraction of the heart (functional syncytia) (figure 1.6).
This synchronized contraction begins with specialized cardiac muscle cells known as
“pacemaker cells”, which in turn react to signals from the autonomic nervous system and

hormones to regulate blood pressure and heart rate (Betts, 2013).
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Figure 1.6. Branching cardiac muscle cells are linked by intercalated discs which have
two types of membrane junctions. Desmosomes which hold adjacent cardiac muscles
together, and gap junctions that allow swift transfer of action potential. Sourced from

(Sherwood, 2015).

1.5.3. Skeletal muscle

Skeletal muscle contraction induces movement and generates force. It aids in the
maintenance of posture and protection of the joints, bones, and internal organs. Skeletal
muscle is controlled voluntarily via the somatic nervous system. Mechanically, it converts
chemical energy to motion. Metabolically, it acts as storage for carbohydrates and amino
acids which may later be utilized for activity (Frontera & Ochala, 2015) or donated to other
organs for protein synthesis (Wolfe, 2006). Each muscle consists of connective tissue, blood

vessels, nerves, and muscle fibres. The connective tissue encapsulates the muscle
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maintaining integrity and structure when the muscle contracts. The outermost layer of
connective tissue is called the epimysium, which acts as a barrier, keeping the muscle away
from other organs allowing it freedom of movement. Within the muscle an arrangement of
fibres, bundled together by the middle layer of connective tissue known as perimysium, is a
fascicle. Within the fascicle every muscle fibre is enveloped by a thin layer of collagen and
reticular fibre called the endomysium, this houses extracellular nutrients that support the

muscle fibres (figure 1.7) (Betts, 2013).

1.7
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Figure 1.7. Muscle layout within the extracellular matrices. Sourced from (Betts,

2013).

Muscle fibres are long, cylindrical, dense with mitochondria and multinucleated, a result of

myoblast fusion in early embryonic development. A high number of nuclei means multiple
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copies of genes, which in succession means creation of large amounts of proteins and
enzymes needed for contraction. These nuclei reside under the plasma membrane or
“sarcolemma”, the mitochondria and myofibrils within the cytoplasm or “sarcoplasm”. The
endoplasmic reticulum or “sarcoplasmic reticulum” is responsible for storage, release, and
retrieval of calcium ions vital to contraction. The contractile unit of a muscle fibre resides
within the myofibril and is called the Sarcomere; it houses an arrangement of thin and thick

myofilaments that give skeletal muscle striated appearance (figure 1.8).
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Figure 1.8. Arrangement of the thin and thick filaments of the sarcomere within a

muscle fibre. Sourced from (Betts, 2013).

Sarcomere are packed within the myofibril, spanning the whole length of the muscle fibre.
Each sarcomere is approximately 2 um in length, the borders which anchor the thin filaments
are called the Z-lines. The thin filament is comprised of actin, troponin, and tropomyosin.

The thick filament, anchored in the middle of the sarcomere (M-line) by myomesin, is
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comprised of myosin, it extends from the center of the sarcomere towards (but not all the
way) to the Z-line (figure 1.9). Contraction of the muscle occurs when the filaments slide

across one another (Betts, 2013; Lange et al., 2020).
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Figure 1.9. The sarcomere is comprised of thin and thick filaments organized to
form cross bridges producing the sliding filament model observed in contraction.

Sourced from (Sherwood, 2015).

Contraction of skeletal muscle starts at the neuromuscular junction (NMJ). This is where the
motor neuron meets the muscle fibre. The axon terminal releases acetylcholine (ACh) which
diffuses across the synaptic cleft and binds to ACh receptors on the motor endplate of the
sarcolemma. This opens an ion channel on the receptor allowing positively charged ions to
pass into the muscle fibre causing it to depolarize. The depolarization triggers voltage-gated
sodium channels to open, firing the action potential along the sarcolemma, into the transverse
tubules (T-tubules). These tubules run perpendicularly from the surface of the sarcolemma
into the muscle fibre. As the action potential travels the T-tubules, it activates the
dihydropyridine receptors, which in turn trigger ryanodine receptors on the lateral sacs of

the sarcoplasmic reticulum releasing calcium ions (Ca*") into the cytosol (figure 1.10).
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Figure 1.10. The action potential travels through the sarcolemma, down the T-
tubules activating the dihydropyridine receptors, this triggers the release of Ca?*

through the ryanodine receptor into the cytosol. Sourced from (Sherwood, 2015).

Once released, Ca** binds to troponin (on the thin filament of the sarcomere), shifting
tropomyosin uncovering the myosin binding sites on actin and initiating cross-bridging. The
binding of myosin and actin triggers a power stroke pulling the thin filament inwards towards
the center of the thick filament. The cross-bridges and power stroke, driven by adenosine-

triphosphate (ATP), continues successively and in cycles (figure 1.11).
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Figure 1.11. The cross-bridge activity and power stroke. Sourced from (Sherwood,

2015).

Each cycle of the cross-bridge to power stroke consumes ATP as the energy source. Myosin
has an actin binding site and an ATPase binding site. This is responsible for the energized
myosin state through splitting ATP to adenosine diphosphate (ADP) and inorganic
phosphate (P;). The crossbridge cycle starts when Ca?" is released, allowing myosin to bind
with actin forming a cross bridge. The contact produces a power stroke pulling the thin
filament towards the centre. During the power stroke P; is released and once its complete
ADP is released. This permits the now empty myosin ATPase site to bind another ATP
molecule. Once the ATP binds the cross bridge detaches, returning myosin to the unbent
form and ready for the next cycle. The new ATP molecule is now split by myosin ATPase
to give an “energized” crossbridge (figure 1.12). The cycles continue as long as Ca" is

present in the cytosol.
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Figure 1.12. ATP drives crossbridge and power stroke. (A) presence of calcium allows
myosin to bind actin forming a crossbridge (B), (C) a power stroke upon contact pulls
the thin filament towards the center of the sarcomere releasing P; in the process and
ADP at the end, (D) the empty ATPase binding site recruits ATP detaching the
crossbridge and “cocking” the myosin. (E) ATPase splits ATP into ADP and P;, the cycle

is now ready to be repeated. Sourced and modified from (Betts, 2013).

Skeletal muscle relaxation occurs when the electrical impulse stops, this allows Ca**-
ATPase pumps in the sarcoplasmic reticulum to transfer Ca>" from the cytosol back into the
lateral sacs. The removal of Ca®" from the cytosol allows troponin-tropomyosin to return to
its blocking position on actin. Consequently, the cross-bridges can no longer form thus

allowing the thin filament to slide back into its resting position relaxing the myofibre.

Due to high demand for ATP to continue activity, skeletal muscle has adopted three
pathways to maintain supply: Creatine phosphate, oxidative phosphorylation, and glycolysis
(Sherwood, 2015). Creatine phosphate is the first energy source used upon contraction from
rest. It is rapidly hydrolyzed by donating a phosphate directly to ADP forming ATP and
creatine, a process catalyzed by creatine kinase. At rest excess ATP is stored by transferring

the energy phosphate back to creatine forming creatine phosphate and ADP (figure 1.13).
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Figure 1.13. The creatine phosphate metabolic pathway first utilized at contraction

from rest. Sourced and modified from (Betts, 2013).

For prolonged contractile activity, the muscle diverts energy production to either oxidative

phosphorylation or glycolysis (figure 1.14).
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Figure 1.14. Glycolysis and oxidative phosphorylation are metabolic pathways used
to generate energy during prolonged muscle activity. Sourced and modified from

(Betts, 2013).
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Oxidative phosphorylation occurs within the mitochondria of muscle cells if a sufficient
quantity of oxygen is present. This pathway is powered by glucose and fatty acids from the
blood stream to generate a high yield of ATP molecules per molecule processed, in a
relatively slow process. Hence, due to physiological limitations, if there is a lack of oxygen
or energy supply to the muscle, the glycolysis pathway is activated. Glucose from the blood
stream or glycogen stored in the muscle are converted into pyruvate and ATP. The pyruvate
may further be utilized in oxidative phosphorylation when oxygen is present, however, in an

anaerobic environment it is converted to lactate (Sherwood, 2015).

1.5.4. Types of skeletal muscle fibre.

Skeletal muscle fibres can be classified into many specialized types that have variations in
contractility, metabolism and morphology. For example, skeletal muscles involved in
maintaining posture need to sustain tension for prolonged durations while resisting fatigue.
Whereas muscles responsible for eyelid and eye movement require fast contraction. These
variations are the outcome of the diverse expression of contractile protein isoforms in muscle
cells as well as metabolic influences that control the supply and utilization of oxygen.
Skeletal muscle fibres can be classified depending on their main pathway for ATP synthesis;
oxidative phosphorylation or glycolysis, and on the maximum rate of contraction; fast or
slow twitch fibres (Mescher, 2023). Fast-twitch fibres have a high myosin ATPase activity,
while the slow-twitch skeletal muscle fibres have lower myosin ATPase activity (Sherwood,
2015). Multiple combinations of these isoforms can be found within a single fibre, but
ultimately the most common isoform determines the functional characteristics such as

resilience to fatigue and contraction speed (Graziotti et al., 2001).
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There are three major types of skeletal muscle fibres (Mescher, 2023):

I.  Slow oxidative (type I) fibres are adapted for slower contractions for prolonged
periods without fatigue. They have a high number of mitochondria, an increased
amount of myoglobin and surrounding capillaries.

II.  Fast glycolytic (type IIb) fibres are adapted for short, rapid contractions. They have
a lower number of mitochondria and capillaries than type I fibres. Relying mostly on
anaerobic metabolism of glucose in stored glycogen results in rapid fatigue due to
accumulation of lactic acid from glycolysis.

III.  Fast oxidative-glycolytic (type Ila) fibres have histological and physiological

features that are intermediary to the other two.

The characteristics of skeletal muscle fibre types are summarized in table 1.1.

Mitochondria
Capillaries

Fiber diameter

Size of motor unit
Myoglobin content
Glycogen content
Major source of ATP
Glycolytic enzyme activity
Rate of fatigue
Myosin-ATPase activity
Speed of contraction

Typical major locations

Slow, Oxidative
Fibers (Type )

Numerous
Numerous
Small

Small

High (red fibers)
Low

Oxidative phosphorylation
Low

Slow

Low

Slow

Postural muscles of back

Fast, Oxidative-Glycolytic
Fibers (Type lla)
Numerous

Numerous

Intermediate

Intermediate

High (red fibers)
Intermediate

Oxidative phosphorylation
Intermediate

Intermediate

High

Fast

Major muscles of legs

Fast, Glycolytic
Fibers (Type llb)
Sparse

Sparse

Large

Large

Low (white fibers)
High

Anaerobic glycolysis
High

Fast

High

Fast

Extraocular muscles

Table 1.1. The characteristics of different skeletal muscle fibres according to twitch

speed and ATP synthesis. Sourced from (Mescher, 2023)
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1.5.5. Skeletal muscle regeneration.

Muscle damage is inevitable in a person’s lifetime, it may occur due to disease, such as
Duchenne muscular dystrophy, stress from excessive exercise or trauma such as stab or
laceration and chemical interactions from sources that may be medicinal or recreational.
Some features of muscle damage include centrally located nuclei, distortion of contractile
components, presence of necrotic fibres, inflammatory cells and phagocytosis are visible.
To combat damage, muscle cells have varying capabilities for regeneration, cardiac muscle
has very poor ability to regenerate, skeletal and smooth muscle show sturdy regeneration
(Mescher, 2023; Sherwood, 2015). Keeping this in mind, if the damage is however extensive
and beyond repair capabilities, then fibrosis and scar tissue is formed hindering muscle
function and contractile efficacy. Skeletal muscle regeneration occurs in five inter-dependent
stages (figure 1.15), beginning with degeneration then inflammation/regeneration followed

by remodeling of the extracellular matrix and finally maturation/innervation.
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Figure 1.15. Skeletal muscle regeneration cycle. (1) Degeneration and necrosis of
damaged fibres. (2) Inflammation, neutrophil and M1/M2 macrophage recruitment.
(3) Regeneration of damage by satellite cell activation, proliferation, differentiation.
(4) Remodelling of extracellular matrix and angiogenesis. (5) functional repair and

innervation of myofibres. Sourced from (Musaro, 2014).
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During degeneration, a necrosis cascade is seen. The sarcolemma is disrupted, increasing
permeability of the myofibre leading to the breakdown and discharge of intracellular
materials. When the intracellular components are released into the extracellular space they
act as signals, known as damage-associated molecular patterns (DAMPs), that trigger an
inflammatory response (Forcina et al., 2020). Neutrophils and macrophages infiltrate the
affected tissue. Their activity results in the secretion of a variety of cytokines and growth
factors that regulate tissue regeneration response and promote stem cell activation.
Neutrophils recruited to the damage site release numerous proinflammatory molecules that
include cytokines (TNF-a, IL-1, IL-6, IL-8 and ADAMS) and growth factors (IGF-I, VEGF,
TGF-B1) this creates an environment that attracts other inflammatory cells that include
monocytes and macrophages. Macrophage activity is split into two stages; M1 which is pro-
inflammatory and responsible for debris removal via phagocytosis and secretion of
molecules to stimulate myoblast proliferation from satellite cells. M2 is non-phagocytic,
anti-inflammatory macrophage invasion which stops myoblast proliferation, promotes
differentiation, fusion, and growth of myofibres (Sass et al., 2018). Regeneration is dictated
by satellite cells (SC), which reside between the sarcolemma and basal lamina, they
proliferate and generate myoblasts that will either fuse with damaged fibres repairing them,
or fuse to each other forming new fibres (Gayraud-Morel et al., 2009). This process of
regeneration and renewal results in expression, up-regulation, and down-regulation of
multiple molecular markers (figure 1.16), most notable are Pax7, CD34, Myf5, MyoD and
Myogenin. The expression of Pax7 and CD34 in quiescent SC is up-regulated as they
activate and proliferate but once differentiation begins Pax7 is down-regulated and CD34 is
no longer expressed. MyoD and Myf5 are expressed once SC proliferate, upon
differentiation and fusion into myotubes Myf5 is downregulated and Myogenin is expressed

(Beauchamp et al., 2000; Forcina et al., 2020; Musaro, 2014; Scharner & Zammit, 2011).
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Figure 1.16. During regeneration, satellite cells activate, proliferate, differentiate
and fuse. Associated with each stage are several markers that are either expressed,
up regulated or down regulated. (Blue represents expression, green is up regulation,

red is down regulation). Sourced and modified from (Musaro, 2014).

The remodeling process involves angiogenesis and the activation of the extracellular matrix
(ECM) resulting in production of fibrotic framework for support of the newly differentiated
muscle fibres and innervating them through establishing the neuromuscular junctions
(NMJs). The final step of repair is the innervation of muscle fibres before returning to

functionality (Lluri et al., 2006).

1.5.6. Effect of smoking on muscle.

Cigarette smoke (CS) has a long history of causing multiple diseases, all of them life
threatening (Centers for Disease et al., 2010). The chemicals enter our blood stream causing
a chain reaction in the entire body. Extensive studies have been performed to link CS to
cancer, COPD, CVD as well as how muscle is affected, however, not much is understood
about the mechanism of how it affects skeletal muscle. A study was performed on 4249
Japanese men (Saito et al., 2012). Aged between 20 to 79 years they underwent an annual
checkup over a period of ten years. During these annual investigations the muscle strength,

exercise habits and smoking habits were evaluated. Of the subjects that took part 1618 were

24



current smokers and 2631 were nonsmokers. The study concluded that smokers had
diminished grip strength when compared to the non-smokers in the study cohort. However,
there were some limitations to this study. Only men were examined thus the results cannot
be generalized to women. Additionally, former smokers were not included removing the
possibility to complete the classification profile of (i) smokers, (i1) past smokers and (iii)
nonsmokers. Furthermore, no biological mechanisms that are detrimental to muscle strength

such as hormonal changes or nutritional deficits were accounted for.

In a more comprehensive study performed longitudinally over a period of 15 years on both
men and women aimed to assess whether smoking is related to muscle strength and if
lifestyle choices influence this relation (Kok et al., 2012). Kok et al, tested knee muscle
strength using an isokinetic strength test. Measurements of the subjects were taken at the
ages of 21, 27, 32, and 36. During the investigation, smoking habits and lifestyle covariates
such as daily physical activity and diet were evaluated using interviews and questionnaires.
Subsequently they found that smoking 100g of tobacco a week resulted in diminished
strength in both men and women, furthermore this effect was mostly independent of
variations in lifestyle choices. This study agrees with the findings of Saito et al (Saito et al.,
2012) and builds upon it with the inclusion of diet and lifestyle choices, however it has its
limitations as well. In the last timepoint of the study the device used to measure the knee
muscle strength was different to the previous examinations. Even though the device was
standardized this still could introduce a form of measurement bias. Questionnaires are a valid
form of data collection but still do not exclude the possibility of recall bias. Additionally,
hormonal factors were not accounted for and not tested limiting the biological insight.
Finally, the age range of the subjects was limited to young adults thus missing out on the

effects that may occur in an older population.

The decrease in strength in the previous studies could possibly be attributed to CS induced

muscle atrophy. A previous study (Montes de Oca et al., 2008) performed on 34 subjects
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investigated the effect of smoking on skeletal muscle. By comparing fourteen healthy
smokers with twenty nonsmokers, they found that smokers exhibited atrophy in the oxidative
fibres of the Vastus Lateralis. Similarly, Petersen et al, (Petersen et al., 2007) linked CS to
increased gene expression of muscle atrophy F-box (MAFbx/atrogin-1) and myostatin. Both
play a prominent role in muscle catabolism. MAFbx/atrogin-1 is an E3 ubiquitin ligase
involved in protein degradation via the ubiquitin proteasome system (UPS) (Foletta et al.,
2011) and myostatin is a known inhibitor of muscle growth and differentiation (Carnac et
al., 2006). Another study (Liu et al., 2011) performed in-vitro and in-vivo experiments to
determine if CS induced skeletal muscle atrophy. They exposed rats to cigarette smoke and
L6 myotubes were incubated with cigarette smoke extract. Then using western blotting and
quantitative real-time polymerase chain reaction (qQPCR) they found that ubiquitin-specific-
protease-19 (USP-19) was indeed upregulated and myosin heavy chain (MYH)
downregulated, this was coupled with inhibition of myogenic differentiation via p38, ERK,

and mitogen-activated protein kinases (MAPK).
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1.5.7. Effect of vaping on muscle.

In the past decade there has been an increase in use of electronic cigarettes otherwise known
as vape (Pepper & Brewer, 2014). The popularity of vaping has led to more than twenty
million users worldwide due to the belief that it is safe (Theron et al., 2019). It has been
reported that the presence of chemicals like formaldehyde and acrolein is lower than
traditional cigarettes (Goniewicz et al., 2014; Margham et al., 2016; Sleiman et al., 2016),
however, these chemicals are still present in vaping. Acute exogenous lipoid pneumonia,
diffuse alveolar hemorrhage and many other lung related injuries have been reported after
the use of vape (Theron et al., 2019). Systemically it is believed to cause an inflammatory
response. A study performed on human alveolar macrophages (Scott et al., 2018) found that
vaping caused inflammation and inhibited phagocytosis. Vaping may be considered a new
trend, where scientific findings are still emerging and the mechanism of its systemic effect

is yet to be fully understood, especially on muscle.
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1.6. Hypothesis

Hypothesis 1.

Cigarette smoke induced muscular dysfunction is still not fully understood, we postulate that
using in-vitro and in-vivo experiments we will see delayed muscle regeneration, then using
gene expression analysis and the bio-informatic approach known as “Connectivity-
mapping” (Lamb et al., 2006) we will identify already clinically approved medications for

repurposing as possible therapies to promote muscle function in smokers.

Hypothesis 2.

Vaping is a recent trend marketed as the safe alternative to cigarette smoking. However,
many of the constituents remain the same as those found in cigarettes. We hypothesize that
the effect of vape smoke will be similar to that of cigarette smoke in both in vitro and in vivo

experiments.

1.7. Objectives

e To determine whether CSM and VM have a direct effect on myoblast viability,
proliferation, migration, fusion and atrophy.

o Use genetic expression analysis and bioinformatic approaches to determine
clinically approved compounds that can be repurposed as therapeutics to counter
the effects of CSM on myoblasts.

e To determine whether CSM and VM diminish regenerative capabilities of skeletal

muscle following acute injury in mouse models.
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2.1. Cell culture

The C>C12 mouse muscle derived myoblasts were cultured in growth media (GM) comprised
of high glucose Dulbecco’s modified eagles’ medium (DMEM) (Gibco) supplemented with
10% (v/v) heat-inactivated foetal bovine serum (FBS) (Gibco) and 1% (v/v)

penicillin/streptomycin (Gibco), at 37° C in a humidified incubator with 5% CO,.

The AB1190, AB1167 and AB678 human muscle derived myoblasts were cultured in growth
media comprised of skeletal muscle cell growth medium (SMGM) (PromoCell) with
supplement mix (PromoCell) and 1% (v/v) Gentamicin (Gibco), at 37° C in a humidified

incubator with 5% CO,.

To differentiate the myoblasts (all cell lines), cells were allowed to reach 85-95% confluence
then, the relative growth media was replaced with differentiation media (DM) (high glucose
DMEM (Gibco) supplemented with 5% (v/v) heat-inactivated horse serum and 1% (v/v)

penicillin/streptomycin).

The IMRO0 cell line was cultured in minimum essential medium (MEM) (Gibco) with 10%
(v/v) FBS (Gibco), 1% (v/v) penicillin/streptomycin (Gibco) and 1% (v/v) 100mM sodium
pyruvate. Dr. Anand Rai from Micregen Ltd. conducted the maintenance and culture of the

IMRO9O cells.

2.2. Mice maintenance and model

All experiments conducted on the mice were performed in accordance with the Animals
(Scientific Procedures) Act 1986 (UK). Male C57BL/6J mice (10 weeks old) were from
Charles Rivers, Harlow (UK) and housed in the Biological Resource Unit at the University
of Reading. Four to five mice were kept per cage under standard environmental conditions
(12h light/dark cycles and a temperature of 20/22°C) with food and water provided ad

libitum.
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2.3. Conditioned media preparation

2.3.1. Cigarette smoke Conditioned media

Filtered 1R6F research cigarettes, purchased from the Centre for Tobacco Reference
Products at the University of Kentucky (Kentucky, USA) were connected to a 60ml syringe
with rubber tubing. After a cigarette was lit, air was withdrawn by fully retracting the plunger
in a process that lasted on average eight seconds. The withdrawn smoke was then bubbled
through 10 ml of phosphate buffered saline (PBS); every “exhalation” would last an average
of 20 seconds. The process was repeated until the cigarette was fully consumed a process
that would require on average nine draws (figure 2.1). The absorbance (optical density (OD))
of the smoke bubbled PBS was measured at 220 nm and recorded. Thereafter dilutions were
made in PBS to investigate various concentrations of cigarette smoke conditioned media
(CSM), however, the final working dilution was a 1:10 into either growth (GM) or

differentiation media (DM) depending on the requirements of the experiment.

To prepare the cigarette smoke conditioned media (CSM) that was used for the in-vivo
experiments, a single cigarette was bubbled through 10 mL of PBS producing an optical
density of 1.8 at 220 nm. The CSM was filtered using 0.22 pum filter (Merck) then injected

in the mice intraperitoneally.
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2.1

Figure 2.1. Setup used to extract cigarette smoke media.

2.3.2. Electronic cigarette conditioned media

The electronic cigarette “PockeX” used to produce the vape conditioned media (VM), was
purchased from Aspire Electronic Cigarettes (UK) LTD and has a 0.6 Q atomizer (replaced
after five preparations) with the power pre-set to run between 18-23 watts. An E-liquid;
Menthol 3 mg nicotine made by “VS Fifty Fifty”, purchased commercially from an online
retailer was used for all VM preparations. The device was connected to a 60 ml syringe using
rubber tubing. The aerosol was withdrawn the full length of the syringe at an average of
eight seconds. The smoke was then bubbled through 10 ml PBS at an average of 20 seconds.
The “bubbling” would end when the absorbance reached at least 1.0 OD at 220 nm, this was
recorded, and the subsequent dilutions were made in PBS, however, the final working

dilution was a 1:10 into GM or DM depending on the requirements of the experiment.

To prepare the vape conditioned media that was used for the in-vivo experiments the extract
was bubbled through 10 mL of PBS until an optical density of 1.0 at 220 nm was reached.

The VM was filtered using 0.22 pum filter (Merck) then injected in the mice intraperitoneally.
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2.4. Viability assay (MTS)

The CellTiter96® AQueous One solution cell proliferation assay kit (Promega) was used to
assess the effect of CSM and VM on myoblast viability. The MTS assay is a colorimetric
method of determining the number of viable cells, the solution contains a tetrazolium
compound which is reduced to a coloured formazan compound by dehydrogenase enzymes
in metabolically active cells. In concordance with the supplier protocol, 10’000 cells per well
were seeded into a 96-well plate and allowed to adhere overnight, a well omitting cells was
kept for each condition of treatment as a blank to insure there is no interference with the
MTS reagent (Promega). The cells were exposed to different concentrations of the
conditioned media for 24 h (10 ul of CM with 90 pul of GM per well), then 20 pl of the MTS
reagent (Promega) was added and incubated for 4 hours at 37° C. Afterwards, the absorbance

was recorded at 490 nm using a plate reader.

2.5. Coverslip etching

The etching process provides a rough surface on which the cells can adhere. The coverslips
were first soaked in absolute ethanol (Sigma) for 15 minutes, then placed in 2.5 M HCI
(Fisher Scientific) for 30 minutes. Coverslips were then washed in sterile water for three
consecutive times 5 minutes each, followed by 5 minutes in absolute ethanol. The coverslips
were then air dried and placed inside a biological hood to be sterilised by exposure to UV

light for 2 hours at least.

2.6. Fusion assay

Myoblast fusion analysis was performed to assess the effect of our conditioned media on
myogenic differentiation. Initially, etched coverslips were placed in the wells of a 12-well
plate before seeding 4.5x10° cells per well. The myoblasts were allowed to reach 85-95%
confluence before the media was changed to differentiation medium with the addition of

various concentrations of the conditioned media (CSM/VM). The cells were allowed to
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differentiate at 37° C and 5% CO; until the characteristic elongated morphology of the
myotubes in the control was identified with a light microscope, this was approximately 96-
120 hours for C2C12 and 72-96 hours for the human cell lines. The myotubes were then fixed
using 2% (w/v) paraformaldehyde (PFA) (Fisher Scientific) in PBS followed by
immunostaining and imaging with an epifluorescence microscope (Zeiss Axiolmager) with
Axiovision SE64 Rel. 4.9.1 software installed. Fusion was judged to have occurred when a
minimum of three nuclei were seen in a myosin-positive myotube. The fusion index (FI) was
used as a parameter of analysis and was calculated as the percentage of nuclei within

myotubes compared to the total number of nuclei in a field of view.

2.7. Atrophy assay

To investigate the effect of the conditioned media (CSM/VM) on muscle atrophy, 4.5x10°
cells were seeded on etched coverslips within a 12 well plate. The myoblasts were allowed
to reach at least 85% confluence before the growth media (GM) [DMEM, 10% (v/v) FBS
and 1% (v/v) penicillin-streptomycin for C2Ci2 or SMGM with supplement mix and 1% (v/v)
gentamycin for AB1190] was changed to differentiation media (DM) [DMEM, 5% (v/v)
FBS and 1% (v/v) penicillin-streptomycin] inducing differentiation. The cells were cultured
at 37° C and 5% CO; until the characteristic elongated morphology of the myotubes was
seen, this was approximately 96-120 hours for C2Ci2 and 72-96 hours for the human cell
lines. Subsequently the DM was replaced with DM containing the various concentrations of
conditioned media (CSM/VM) along with fresh DM for the control. The cells were then
cultured for a further 24 h before being fixed in 2% (w/v) PFA followed by immunostaining
and imaging with an epifluorescence microscope (Zeiss Axiolmager) with Axiovision SE64
Rel. 4.9.1 software installed. ImageJ was used to measure the mean area of the myotubes as

the parameter to assess atrophy.
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2.8. Cell migration

2.8.1. Individual cell tracking

The myoblasts were seeded at low confluence (3000 per well in a 12-well plate) and allowed
to adhere overnight. The next day, prior to the start of timelapse, the environmental chamber
was turned on and allowed to equilibrate to 37° C and 5% COx. Next, the myoblasts were
exposed to different concentrations of the conditioned media (CSM/VM), tracked for 24 h
and cell position captured using a timelapse (Nikon TIE) microscope at a rate of one frame
taken every 10 minutes with a 10X objective (NIS-elements AR software). Single cell
tracking was performed on ImageJ using the MTracklJ plugin. Selection of cells was based
on them being isolated at the beginning of the assessment and must remain in the field of
view throughout the recoding period. A minimum of five fields of view were taken per well,

with each condition having 3 wells at least.

2.8.2. Scratch assay

To assess migration using the scratch assay 40,000 myoblasts were seeded per well in a 24-
well plate. They were allowed to adhere overnight at 37° C and 5% CO- before a scratch was
made using a sterile 10uL pipette tip across the middle of the well. The media was removed,
and the cells were gently washed with PBS to remove any debris, then fresh growth media
(GM) including the various concentrations of conditioned media (CSM/VM) were added.
The plate was transferred to an environmental chamber at 37° C with 5% CO; and imaged
using a timelapse (Nikon TIE) microscope for 24 h at a rate of one frame every 10 minutes
with a 10X objective (NIS-elements AR software). Myoblasts were tracked Using Imagel,
and when the first cells met from opposite sides the timepoint was taken as the migration

parameter.
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2.9. Focal adhesion assessment

To investigate the effect of conditioned media (CSM/VM) on focal adhesions, 5,000 cells
were seeded on etched coverslips within the wells of a 12-well plate. The cells were allowed
to adhere overnight at 37° C and 5% CO: then exposed to the different concentrations of
CSM or VM for at least 4 h. The myoblasts were then fixed with 2% (w/v) PFA for 20 min
followed by two washes in PBS for 1 minute each. The cell membranes were then disrupted
using permeabilization buffer at room temperature for 15 min, followed by three washes in
PBS for 5 min. Blocking of non-specific binding sites was performed using 10% (v/v) goat
serum in PBS for 30 min. To stain for focal adhesions the cells were incubated with anti-
paxillin antibody (Y113) (1:200 dilution; Abcam) overnight at 4° C then washed five times
with PBS for 3 minutes. The secondary antibody (Alexaflour 488 goat anti-rabbit, 1:200;
Invitrogen) was added and kept for 1 h in the dark at room temperature. This was then
followed by two washes in PBS for 5 minutes, subsequently incubating the slides using
rhodamine conjugated phalloidin (ThermoFisher) for 20 minutes at room temperature to
stain for actin, and finally two more 5-minute washes in PBS before DAPI was added. The
slides were then imaged (Nikon A1R confocal microscope) at a 100X magnification and
analysed using ImagelJ. Expression of paxillin that colocalised to phalloidin was judged as
the presence of focal adhesions and the presence of stress fibres was judged when they met

the size parameters reported previously (Horzum et al., 2014).

Dr. Bokai Guo from the University of Reading conducted the staining and imaging

of the focal adhesion slides.

2.10. Cellular senescence

Prior to staining, in a 12-well plate, 5000 cells were seeded per well and allowed to adhere
overnight, the next day they were exposed to different concentrations of CSM or VM for at

least 48 hours at 37° C and 5% COas. Thereafter the media was aspirated and replaced with
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fresh growth media (GM) for 24 hours. To assess the possibility of the conditioned media
inducing senescence, the Abcam senescence detection kit (ab65351) was utilised. The
staining process and all solutions were prepared according to the manufacturers protocol
prior to application on samples. In brief, the media was aspirated from the wells, the cells
were washed once with PBS then fixed for 15 minutes at room temperature with the fixative
solution provided in the kit. Two 5-minute washes with PBS ensued, followed by the
addition of the senescence staining solution into each well and incubation at 37° C overnight.
Afterwards, the wells were washed twice with PBS and images were taken on a Zeiss Al
Inverted epifluorescent microscope and analysis was carried out using ImageJ by counting

the percentage of senescent cells (stained blue).

Dr. Anand Rai from Micregen Ltd. conducted the maintenance, exposure, fixation

and staining of the IMRO90 cells.

2.11. Cellular and mitochondrial analysis

Seven thousand cells were seeded per well in a black 96-well plate (Gernier, G655090) and
allowed to adhere overnight at 37° C and 5% CO». The following day the cells were exposed
to various concentrations of the conditioned media (CSM/VM) and allowed to incubate for
3 hours. Meanwhile, the staining dye mix was prepared in the growth media without any
supplement (serum free) (only antibiotics), Calcein green AM (Invitrogen) which labels the
cytoplasm of viable cells was used at a final concentration of 1 uM and to label the
mitochondria a final concentration of 0.2 uM Mitotracker Orange (Invitrogen). After the 3-
hour exposure to CSM or VM was complete, the media was aspirated, and the cells were
twice washed in PBS for 5 minutes, then for 30 minutes the cells were incubated with the
staining solution in 37° C with 5% CO,. Subsequently, the cells were fixed with 2% PFA
(Fisher scientific) for 15 minutes followed by two washes of PBS for 3 minutes. The nuclei

were stained with DAPI (Fisher scientific), a 1:10000 dilution in PBS and left for 15 minutes
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at room temperature, two more washes of PBS followed before finally 100 pl of 0.1% (w/v)
sodium azide (Fluka) in PBS was added to each well. For image acquisition the plate was
transferred to the Operetta® high content imaging system (PerkinElmer) under cell culture
environmental conditions. At a 40X magnification, 10 to 20 images were taken per well and
analysed using the Oparetta® software (PerkinElmer). The parameters interrogated were
number of cells, nuclear area, nuclear roundness, nuclear staining intensity, cell area, cell
roundness, cytoplasmic staining intensity, Mitotracker intensity and Mitotracker area, results

were taken as mean per well.

Mustafa Al Asady from the University of Reading conducted the staining, imaging

and analysis of the assay.

2.12. Haematoxylin and eosin

The muscle tissue slides were removed from -80° C and allowed to dry for at least 15 minutes
at room temperature. Then they were washed for two minutes in PBS to remove the freezing
media and transferred to Harris haematoxylin (Sigma-aldrich) for 2 minutes to stain the
nuclei. The slides were then placed in distilled water for one minute before being transferred
under the tap where the water was allowed to wash the slides for up to five minutes to remove
any excess background staining. As a counter stain, the slides were placed in 1% eosin for 1
minute followed by immersing the slides in in 70% ethanol for 1 minute, 90% ethanol for 2
minutes, then 100% ethanol for 2 minutes repeated thrice. Finally, the slides were cleared in
two washes of xylene, 3 minutes each then mounted with DPX mounting media (Fisher) and
cover slipped. The slides were allowed to dry for 15 minutes in a fume cupboard before

being imaged using the NanoZoomer-SQ (Hamamatsu) digital slide scanner.

2.13. Picrosirius Red staining

The muscle tissue slides were removed from -80° C and allowed to dry for at least 15 minutes

at room temperature. The Picrosirius red stain kit (Abcam — ab150681) was used, the

38



manufacturers protocol was followed and performed in a fume hood. Briefly, to stain the
cytoplasm the slides were placed in Bouin solution (prewarmed to 56° C in a water bath) for
15 minutes, then rinsed and washed in tap water for 15 minutes at room temperature. This
was followed by a 1-hour incubation in Picrosirius red at room temperature and in the dark
to stain for collagen. The slides were then rinsed quickly (two dips only) in two consecutive
washes of acidified water (0.5% v/v glacial acetic acid in distilled water) and dehydrated in
3 washes of ethanol 100% for 5 minutes each. Finally, the slides were cleared in xylene for
5 minutes then mounted with DPX mounting media (Fisher) and cover slipped. The slides
were allowed to dry overnight in a fume cupboard before being imaged using the

NanoZoomer-SQ (Hamamatsu) digital slide scanner.

2.14. Immunostaining

The slides were removed from -80° C and allowed to dry for at least 15 minutes at room
temperature. Using a hydrophobic pen (Merck) a barrier was drawn around the desired
section (to maintain the antisera used in the protocol) and allowed to dry for 15 minutes. The
slides were washed three times with PBS for 5 minutes, then to expose the antigens they
were left in permeabilization buffer (Sucrose 20.54 g, HEPES 0.952 g, NaCl 0.584 g, MgCh
0.260 g, sodium azide 0.1 g, Triton X-100 1 mL) for 15 minutes. The slides were washed
once again three times with PBS for 5 minutes followed by 30 minutes in blocking buffer
(FBS 25 mL, sodium azide 200 mg, Triton X-100 250 pL dissolved in 1X PBS to make a
final volume of 500 mL) at room temperature, and then overnight incubation at 4° C with
the desired primary antibody. Next, the slides underwent three 10-minute washes in blocking
wash buffer to remove the unbound primary antibodies, concurrently the corresponding
secondary antibody was prepared in blocking wash buffer. Once the washes were completed
the secondary antibody (200 — 300 pL depending on section size) was applied and left for 1
hour in the dark at room temperature followed by three more 10-minute washes in PBS to

remove any excess antibody. If multiple antibodies were required for profiling, then another
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primary antibody would be introduced at this stage and the previous steps of incubation,
washing, adding secondary antibodies and further washes would be repeated. Ultimately, the
slides were mounted with 4',6-diamidino-2-phenylindole (DAPI) and imaged using an
epifluorescence microscope (Zeiss Axiolmager) with Axiovision SE64 Rel. 4.9.1 software
installed. Analysis of images was performed with Image] software and where required;
Adobe Photoshop was used to merge the exported images creating the whole muscle

sections.

2.15. In-vivo muscle damage

The first phase of the study involved an 8-week pre-conditioning period where the mice were
split into three cohorts receiving intraperitoneal injections (IP) twice a week, a control batch
(n=12) of PBS, a cigarette smoke conditioned media batch (n = 15) and a vape conditioned
media batch (n = 15). Following every injection the mice were weighed and monitored for
at least 30 minutes before being housed. After 8 weeks, 30 uL of 50 pM Cardiotoxin (CTX)
from Naja Pallida (Latoxan) was injected into the right tibialis anterior (TA) of all the mice,
they were monitored for 30 minutes before being returned to housing. The second phase of
the study was the regeneration period, the mice still received IP injections twice a week until
they were euthanised on day 5, 10 and 20 after injection of CTX. Then the TA, extensor
digitorum longus (EDL), gastrocnemius and soleus muscles of both legs were collected

(figure 2.2). Finally, the muscles were blocked, cryo-sectioned and immunostained.
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Figure 2.2. The in-vivo study plan.

2.16. Intraperitoneal injections

The conditioned media was prepared in 25G, 500uL syringes (Insumed). To start the mice
were weighed, then scruffed with the head oriented upwards, the needle was inserted into
the peritoneum on the right side of the mouse at a point proximal and lateral to the last nipple,
100 puL of the CSM, VM or PBS was injected. The mice were then returned to the cage and

monitored for 30 minutes before being returned to housing.

2.17. Anaesthesia

Anaesthesia was performed with 3.5% isoflurane in oxygen, then maintained at 2% during
the procedure. Afterwards, the mice were returned to the cages and monitored for 30 minutes

to ensure recovery.

2.18. Intramuscular injections

First the cardiotoxin was prepared in 30G, 8 mm long needles with 300 puL syringes
(Insumed). The mice were anesthetised and the area around the TA was shaved to allow
accurate delivery. The first injection was inserted parallel to the muscle at the distal end of

the anterior of the TA, the needle was inserted approximately 7 mm into the muscle and 10
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uL of cardiotoxin was administered. The next two injections were delivered perpendicular
to the muscle, lateral to the right and left of the proximal end of the TA, similarly 10 uL of
solution was administered in each site. In total the animals received 30 pL of 50 uM
cardiotoxin from Naja Pallida (Latoxan) in the right TA, thereafter they were returned to

their cages where they were monitored for at least 30 minutes ensuring full recovery.

Dr. Robert Mitchell from Micregen Ltd. conducted the intramuscular injections.

2.19. Euthanasia

Euthanasia was performed by CO; asphyxiation, followed by cervical dislocation as
confirmation. The procedure conformed with Guidance on the operations of the ASPA

issued by the Home Office.

2.20. Cardiac puncture

This procedure was only carried out on mice from day 20 after cardiotoxin injection to ensure
that mice received the maximum number of conditioned media (CSM/VM) injections before
the blood was utilised. Euthanasia was performed via CO; for 70 seconds; the mice were
thoroughly checked by pinching of the foot or ear to confirm loss of consciousness. Then,
the rodent was laid on its back and using a 19G needle inserted below the thorax towards the
heart the blood was slowly drawn. Immediately after, cervical dislocation was conducted to
confirm death. The blood was centrifuged at 10,000 G for 20 minutes and the serum was

collected in a tube and stored at -80° C.

Andrew Parnell from the University of Reading aided with the cardiac puncture.

2.21. Muscle dissection

Muscle dissection was performed within 10 minutes after euthanasia. The mice were sprayed
with 70% ethanol before being secured on a corkboard, the fur around the circumference of

the belly was cut and drawn down to the feet exposing the muscles and tendons. The skin
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covering the ankle and foot was gently sliced downwards towards the toes then pulled free
by hand. Using surgical forceps, the fascia layer covering the TA and EDL along with muscle
covering the proximal EDL tendon were removed exposing the muscles and tendons. Using
surgical micro-scissors, the distal tendon of the TA was severed where it crossed the medial
side of the limb. Thereafter, using surgical forceps the TA was pried proximally to the knee
by the tendon and liberated by cutting at the origin then temporarily placed in PBS. Next,
the distal tendons of the EDL were severed using micro-scissors, then using surgical forceps
carefully pried through the ankle. The muscle was drawn proximally to the knee by the
tendons, and while the muscle was kept taut the proximal tendons were severed freeing the
EDL, it was then temporarily placed in PBS. Afterwards, the mice were turned to the prone
position and secured on the corkboard using pins. The gastrocnemius tendon at the distal end
was cut before it was lifted proximally exposing the plantaris and soleus. The proximal
tendon of the soleus was carefully cut, then drawn distally by the tendon while the muscle
was taut, the distal end was cut without damaging the gastrocnemius. The soleus was then
temporarily stored in PBS. Subsequently, the plantaris was removed by separating the distal
tendon from the gastrocnemius tendon and liberating it by severing the proximal tendon.
Finally, to liberate the gastrocnemius, the tissue surrounding the muscle was removed
exposing it entirely, then using surgical forceps it was drawn proximally and cut at the origin
before it was temporarily placed in PBS. When all the required muscles of a mouse were
collected in PBS they were individually weighed, imaged and snap-frozen by placing them
on foil before transferring the foil to a bed of pre-prepared frozen isopentane in liquid
nitrogen. The frozen muscles were then moved into pre-labelled and pre-cooled (on dry ice)

Eppendorf tubes before being stored in -80° C.

Mustafa Al Asady from the University of Reading aided with the weighing, imaging

and freezing of the muscles.
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2.22. Muscle blocking and cryosectioning

A dry-ice alcohol bath was set up with a metal block placed in the middle, along with the
forceps being used they were allowed to cool to the temperature of the dry-ice for at least 20
minutes. The muscles were transferred from -80° C in a dry-ice container to prevent freeze-
thaw. Individually the muscles were set on the chilled metal block and overlayed with
Optimal Cutting Temperature compound (OCT) (CellPath) in a dropwise manner until
completely enveloped. The muscle was rapidly placed into an appropriately sized aluminium
foil container of OCT and floated in the dry-ice alcohol bath causing the OCT to freeze into
a block. Temporarily, the blocks were stored in dry-ice until all muscles were completed

then stored in -80° C.

The blocked muscles were transversely sectioned at 12 um thickness using a Hacker Bright
OTF5000 cryostat and collected serially onto pre-labelled glass slides then stored in -80° C

until utilised for immunostaining.

2.23. Inflammatory cytokine analysis

Inflammatory cytokine assessment was performed on samples taken from a human cell line

(AB1190) and mice serum.

In a 6-well plate, 60°000 cells per well were seeded and allowed to adhere overnight at 37°
C and 5% COa,. The following day the cells were incubated with the conditioned media for
72 hours. Afterwards, the media was collected and spun for 10 minutes at 500 G at 4° C to
remove cell debris, and subsequently another centrifugation at 2000 G for 20 minutes at 4°
C. The supernatant was collected and stored at -80° C until it was sent to Eve Technologies
Corporation (Canada). The multiplexing analysis was performed using the Luminex™ 200
system (Luminex, USA) by Eve Technologies Corp. (Calgary, Alberta). Fifteen markers
were simultaneously measured in the samples using Eve Technologies' Human Focused 15-

Plex Discovery Assay® (MilliporeSigma, USA) according to the manufacturer's protocol.
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The 15-plex consisted of GM-CSF, IFNy, IL-18, IL-1Ra, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10,
IL-12p40, IL-12p70, IL-13, MCP-1 and TNF-a. Assay sensitivities of these markers range
from 0.14 — 5.39 pg/mL for the 13-plex. Individual analyte sensitivity values are available

in the MilliporeSigma MILLIPLEX® MAP protocol.

To assess inflammatory cytokines in mice, after the cardiac puncture of the day 20
dissections the blood was centrifuged at 10’000 G for 20 minutes and the serum was
collected in a tube and stored at -80° C until it was sent to Eve Technologies Corporation
(Canada). The multiplexing analysis was performed using the Luminex™ 200 system
(Luminex, USA) by Eve Technologies Corp. (Calgary, Alberta). Thirty-two markers were
simultaneously measured in the samples using Eve Technologies' Mouse Cytokine 32-Plex
Discovery Assay® (MilliporeSigma, USA) according to the manufacturer's protocol. The
32-plex consisted of Eotaxin, G-CSF, GM-CSF, IFNy, IL-1a, IL-1p, IL-2, IL-3, IL-4, IL-5,
IL-6, IL-7, IL-9, IL-10, IL-12(p40), IL-12(p70), IL-13, IL-15, IL-17, IP-10, KC, LIF, LIX,
MCP-1, M-CSF, MIG, MIP-1a, MIP-1B3, MIP-2, RANTES, TNFa, and VEGF. Assay
sensitivities of these markers range from 0.3 —30.6 pg/mL for the 32-plex. Individual analyte

sensitivity values are available in the MilliporeSigma MILLIPLEX® MAP protocol.

2.24. Microarray

The C>Ci2 cell lines were investigated as both myoblasts and myotubes. The myoblasts
were allowed to grow to 60% confluence before they were exposed to CSM for 24 hours
then lysed and collected for microarray. For myotubes, the cells were allowed to reach
confluence before differentiation, then they were exposed to CSM for 24 hours before lysis
and collection. The transcriptomic expression profiles for each biological replicate were
generated on the Affymetrix Mouse Genome 430 2 Array platform from ThermoFisher

Scientific. For each treatment, total RNA was extracted by direct cell lysis and recovery
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using the Absolutely RNA Microprep Kit (Agilent, as per the manufacturer’s guidelines).
Each treatment series also incorporated a vehicle-only control set of triplicate cultures.
Integrity of total RNAs was determined using an Agilent Bioanalyser as per the
manufacturer’s instructions and only samples with RNA integrity number >7 were
progressed to transcriptome analysis. Transcriptome changes driven by exposure to the
treatments were determined using the Nugen Ovation V2 labelling system
(https://www.nugen.com/ products) followed by Mouse Genome 430 2 GeneChips as per

the manufacturer’s instructions

(https://www.thermofisher.com/order/catalog/product/902490). Gene expression data was
analysed in the Transcript Analysis Console (TAC):

https://www.thermofisher.com/uk/en/home/life-science/microarray-analysis/microarray-

analysis-instruments-software-services/microarray-analysis-software/affymetrix-

transcriptome-analysis-console-software.html). Raw data was extracted and normalised

(MAS _5) and differentially expressed genes (DEGs) were generated for each treatment
profile (P<0.05). CMAP treatment profiles were based on statistically significant DEGs

derived from treatment and control groups.

Professor David Chambers from the University College London performed the
Microarray experimentation. Transcriptomic analysis was performed by Professor Darius
Widera at the University of Reading, Daniela Gerovska and Marcos Arauzo-Bravo from the
group of computational biology and systems biomedicine at the Basque foundation for

science, Spain.

2.25. Connectivity Mapping

CMAP data were generated by comparison of the treatment-specific DEGs (see above) to

the Broad connectivity map database (www.broadinstitute.org/connectivitymap-cmap) as

previously described:
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(https://pmc.ncbi.nlm.nih.gov/articles/PMC6731247/pdf/41398 2019 _Article 555.pdf)

and using the SPIED web portal (http://92.205.225.222/HGNC-SPIED3-QF.py)

[https://bmcgenomics.biomedcentral.com/articles/10.1186/1471-2164-14-765]. CMAP
‘hits” were ranked according to their correlation with the treatment-specific cohort of

DEGs.

Professor David Chambers from the University College London performed the C-

Mapping.

2.26. Statistical analysis

Data was presented as the mean + standard error of the mean (SEM). Statistical analysis was
carried out with GraphPad Prism using unpaired Student’s t-test or a one-way analysis of
variance or a two-way analysis of variance followed by post hoc Tukey’s test or Bonferroni’s
multiple comparison or Dunnet’s multiple comparison tests. A minimum of 95% confidence
interval was used for significance; p values on figures were indicated by p < 0.05 (one

asterisk), p <0.01 (two asterisks), p <0.001 (three asterisks) and p < 0.0001 (four asterisks).
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Chapter 3: Investigating the effects of cigarette

smoke media and vape media on early stages of

skeletal muscle cell development.
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3.1. Introduction

Muscle damage may occur due to disease, trauma and stress from excessive exercise or
lifestyle choices. Smoking and recently vaping is popular, according to the Office for
National Statistics in 2023 an estimated 6 million people aged over 18 smoked, additionally
5.1 million over the age of 16 vape in the UK (Statistics, 2024). Disease outcomes from the
use of cigarettes and vaping are well documented, they include a variety of cardiovascular
and respiratory diseases. Furthermore, studies have shown that cigarette smoke causes cell
death (Feng et al., 2021; Kunzi & Holt, 2019), delays wound closure (Luppi et al., 2005) and

bone healing (Patel et al., 2013).

Skeletal muscle regeneration is driven by the resident satellite cell population located
between the basal lamina and sarcolemma (Mauro, 1961). They remain quiescent until
required for growth or repair, once activated they undergo symmetric and asymmetric
division. The former leads to repopulating the resident stem cell pool, the later results in a
daughter cell that can migrate (Schultz et al., 1985), differentiate and fuse generating new

myofibres (Yin et al., 2013).

Cigarette smoke induced muscle dysfunction has been well documented with a focus on
functionality, fatigue, atrophy and weakness (Chan et al., 2020; Degens et al., 2015; Luppi
et al., 2005; Nogueira et al., 2018; Saito et al., 2012). Much less is known about the impact
on muscle regeneration. This chapter investigates the impact of both cigarette smoke and
vape on the initial stages of muscle biology. We believe that smoking or vaping (Churg et
al., 2002; Lee et al., 2012) leads to diminished satellite cell biology. Thus, we investigated
the direct impact of CSM, VM on mice and human myoblasts to assess viability,
proliferation, migration, differentiation, and fusion. We suggest that dysfunction in any or

all these stages would potentially result in delayed regeneration.
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3.2. Results:

3.2.1. Cigarette smoke and vape extract conditioned media.

The first hurdle was to devise a method of exposing cells to cigarette and vape smoke. This
method had to be feasible and reproducible. Therefore, the work of (Nogueira et al., 2018)
was used as launching point and a similar method was devised. The conditioned media was
prepared by bubbling the combusted smoke of a cigarette or vape through PBS until the
cigarette was consumed, or an equal number of “inhalations” to that for the vape. Afterwards
an optical spectrum analysis was performed to determine and visualize the chemical
constitution. This was found to be between the UV range (190 nm to 400 nm) (figure 3.1).
Phosphate buffered saline (PBS) (figure 3.1A) which was used as the vehicle for the
conditioned media had no effect on absorbance. Cigarette smoke media (CSM) (figure 3.1B)
showed a peak starting at 210 nm then dropping and extending to 350 nm. Vape extract
media (VM) (figure 3.1C) showed a similar trend to CSM where a peak is visible starting at

210 nm then dropping immediately after.
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Figure 3.1. Spectrum analysis of conditioned media. (A) PBS, (B) cigarette smoke
conditioned media (CSM) and (C) vape conditioned media (VM) used in experimental

procedures. (n=3).
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To determine functional concentrations that were used to calculate multiple dilutions
implemented in the experiments, absorbance of the conditioned media was measured
individually at different wavelengths falling within the UV range. Both CSM (figure 3.2 A)
and VM (figure 3.2 B) presented a peak absorbance at 220 nm. Going forward all absorbance
measurements were performed at 220 nm as the reference point for calculations of dilutions.
The maximum absorbance that was measured using a single cigarette in 10ml PBS was 1.8
OD at 220 nm. Similarly, the maximum optical density measured for VM was 1.3 OD in 10

ml of PBS.
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Figure 3.2. Absorbance measurements of the conditioned media within a portion of

the UV range. The peak absorbance wavelength was determined for both CSM (A),

and VM (B) allowing us to standardize the use of this wavelength to determine

concentrations of conditioned media used in future experiments.
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3.2.2. Cigarette smoke media diminished cell viability

The first test was to assess cell viability using an MTS assay (Promega) after exposure to
conditioned media for 24 hours. The C:Ci> cell line was exposed to increasing
concentrations of conditioned media starting from 0.001 OD to 0.24 OD with CSM (figure
3.3 A) and from 0.001 OD to 0.1 OD with VM (figure 3.3 B). After 24 h exposure, a
concentration dependent decrease in viability was seen starting from 0.05 CSM (figure 3.3

C), however with the VM there was no effect (figure 3.3 D).
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Figure 3.3. Viability assay of C,Ci2. Cells were exposed to increasing concentrations
of CSM (A) and VM (B) for 24 hours. Afterwards viability was assessed and quantified
(using an MTS reagent) for (C) CSM and (D) VM exposed cells. Data presented as the
mean +/- SEM using one-way ANOVA with Dunnett’s multiple comparison test.

**¥p<0.01, ***p<0.001, ****p<0.0001, (n=3). Scale bar is 400um.

Next three human cell lines were examined. These were, AB1190 sourced from the
paravertebral muscles of a 16-year-old boy. The AB678 sourced from the quadriceps of a
53-year-old man, and AB1167 sourced from the fascia lata of a 20-year-old-man. This
allowed us to investigate the effect of genetic variability as well as cell origin. The AB1190
was exposed to various concentrations of CSM (figure3.4 A) for 24 hours, which resulted in
a significant increase in absorbance at the lower concentrations of 0.001 OD to 0.05 OD, no
change at 0.1 OD and then a significant decrease at 0.12 OD and 0.24 OD (figure 3.4 C).
However, when exposed to VM (figure 3.4 B) all concentrations showed a significant
increase (figure 3.4 C). With AB678 a significant decrease in absorbance was seen at 0.1
OD and 0.2 OD after 24 hours exposure to CSM, and at 0.05 and 0.1 OD with VM (figure
3.4 D). AB1167 showed a significant drop in absorbance from 0.05 OD through to 0.2 OD
after exposure with CSM, similarly after 24 hours exposure to VM, a significant decrease in
absorbance was observed from 0.025 OD to 0.1 OD (figure 3.4 E). These results are very
interesting as they display a variable reaction to CSM and VM from muscle cells sourced

from different donors and locations.
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Figure 3.4. Viability assay of human cell lines. Cells were exposed to increasing
concentrations of CSM and VM for 24 hours before viability was assessed and
quantified (using an MTS reagent). (A) representative images of AB1190 exposed to
CSM. (B) representative images of AB1190 exposed to VM. (C) quantified data of
AB1190 exposed to CSM and VM. (D) MTS results of AB678 cells and (E) AB1167 after
24 hours exposure to CSM and VM. Data presented as the mean +/- SEM using one-
way ANOVA with Dunnett’s multiple comparison test. *p<0.05, **p<0.01,
**¥*p<0.001, ****p<0.0001, (AB1190 n=4, AB678 n=4, AB1167 n=4). Scale bar is
400um.
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3.2.3. CSM drives cellular senescence in AB1190 myoblasts

The ability to proliferate is essential to muscle regeneration. Senescence is where cells stop
proliferating permanently due to stress and avoid apoptosis. They remain metabolically
active and dysfunctional. This leads to the release of pro-inflammatory cytokines and
proteases into the surrounding environment causing damage and promoting chronic
inflammation. This cascade of events is also known as the senescence associated secretory
phenotype (SASP) which leads to tissue degeneration and is a hallmark of aging (Borghesan
et al., 2020; Gorgoulis et al., 2019). Etoposide (EP) is a toxin found in American Mayapple;
it was first synthesized in 1966 and was approved as a cancer therapeutic by the U.S food
and drug administration in 1983. Etoposide targets DNA topoisomerase II inhibiting its
activity and preventing DNA re-ligation. This leads to increasing numbers of DNA double
strand breaks, halting of the cell cycle and eventually senescence or cell death (Montecucco

et al., 2015; Mugaddas & Siddiqui, 2015).

In this experiment, we determine whether CSM and VM would induce senescence. First, the
C2C12 cell line was exposed to increasing concentrations of conditioned media for 72 hours,
we used etoposide (EP) 50 uM as a positive control, a known chemical that induces
senescence (Kellers et al., 2022), was incubated with the cells (figure 3.5 A). The results
showed that there was limited to no B-Gal staining in the positive control and across all
concentrations of conditioned media used. Furthermore, the number of countable cells was
low with the EP and decreased in a concentration dependent manner when exposed to CSM

(figure 3.5 B).
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Figure 3.5. B-Gal staining of C,Ci; myoblasts exposed to conditioned media for 72
hours. (A) Representative images of staining. (B) Total number of cells counted, and
number of positive cells observed. Data presented as the mean +/- SEM using one-

way ANOVA with Dunnett’s multiple comparison test (n=3). Scale bar is 20um.
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To investigate if the conditioned media drives the AB1190 cell line into senescence, they
were exposed for 72 hours before fixing and staining with -gal (figure 3.6 A). Five images
were taken from each well and the number of stained cells was counted as a percentage of
all cells in the field of view. The VM had no significant effect on the myoblasts, however
the two concentrations of CSM (0.05 & 0.1 OD) revealed a significant increase in positively

stained cells (figure 3.6 B), furthermore there was visible number of dead cells with the

higher concentration of CSM.
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Figure 3.6. B-Gal staining on AB1190 myoblasts. Cells were exposed to CSM and VM
for 72 hours before staining for B-Gal activity. (A) representative images of positively
stained cells (shown by the red arrows). (B) shows the percentage of positive stained

cells. Data presented as the mean +/- SEM using one-way ANOVA with Dunnett’s

multiple comparison test. ¥**p<0.01, (n=3). Scale bar is 40um.
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To confirm that the conditioned media was indeed driving the cell lines to senescence, since
there were varying results between the C>Ci2 and AB1190, the IMR-90 human fibroblast
cell line was similarly exposed to the conditioned media, fixed, stained and imaged (figure
3.7 A). Both CSM and VM (figure 3.7 B) showed no significant increase in positively stained
cells in all concentrations. Furthermore, due to the negative control showing a high
percentage of staining, the cells on the plate were lysed, collected and the absorbance was
measured at 630 nm to ensure results were accurate. The absorbance measures of CSM and
VM exposed IMR-90 lysates revealed a significant increase of staining with 0.05 OD, 0.1

OD CSM, and the highest concentration of 0.1 OD VM (figure 3.7 C).
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Figure 3.7. B-Gal staining on IMR-90. Cells were exposed to CSM and VM for 72 hours
before staining for B-Gal activity. (A) representative images of positively stained cells
(presented with blue dye). (B) shows the percentage of positively stained cells.
Subsequently, the cells were lysed, and the absorbance was measured at 630 nm (C).
Data presented as the mean +/- SEM using one-way ANOVA with Dunnett’s multiple

comparison test. *p<0.05, **p<0.01, ***p<0.001, (n=3). Scale bar is 40um.

65



3.2.4. Cellular migration was impaired by cigarette smoke media

Cell migration is essential to regenerating muscle fibres, satellite cells residing between the
sarcolemma and the endomysium (Mauro, 1961) generate myoblasts that migrate towards
the damaged area and repair the fibres (Morgan et al., 1987; Siegel et al., 2009; Watt et al.,
1987). To determine the effect of the conditioned media on C>Ci2 myoblast migration two
methods were employed: single cell tracking and the scratch assay. First the cells were
exposed to three concentrations, 0.01 OD, 0.05 OD and 0.10D of CSM then directly tracked
for 24 hours under timelapse (figure 3.8 A). Similarly, the cells were exposed to three
concentrations of VM and 0.05 OD CSM as a positive control (we observed a delay in
migration and then a significant decrease after 24 hours, thus we used this concentration of
CSM as a positive control) then tracked for 24 hours (figure 3.9 A). Subsequently the same
parameters were employed in the scratch assay (figure 3.10 A). Single cell tracking revealed
a reduction in the distance travelled with 0.05 OD, 0.1 OD CSM (figure 3.8 B) and only 0.1
OD VM (figure 3.9 B). When the speed was calculated over 2-hour intervals; the myoblasts
exposed to 0.05 OD CSM displayed a period of 10 hours where the myoblasts had reduced
speed but then recovered by 12 hours after exposure. The highest concentration of 0.1 OD
CSM showed most cells dying except for a few that had limited motility (figure 3.8 C). The
speed of myoblasts exposed to VM showed similar speeds to the control until the 24™ hour

when 0.1 OD VM had a significant reduction (figure 3.9 C).

The scratch assay (figure 3.10) exhibited similar findings where cells exposed to 0.05 OD
CSM resulted in a delay of cells crossing the scratch (figure 3.10 B) whereas exposure to
VM had no effect on cell traversal (figure 3.10 C). Cells exposed to 0.1 OD CSM failed to
cross the scratch even after the 24-hour threshold had passed and therefore removed from

the analysis.
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Figure 3.8. Effect of CSM on C;Ci; myoblast migration. Cells were exposed to CSM
then monitored for 24 hours using timelapse microscopy. (A) representative images
of cell migration tracks (coloured lines) and (B) the distance travelled after 24 hours.
(C) the average speed of myoblasts during the 24-hour timelapse. Data presented as
the mean +/- SEM using one-way ANOVA with Dunnett’s multiple comparison test for
the distance travelled. A two-way ANOVA with Dunnett’s multiple comparison test
was used for the analysis of the speed. *p<0.05, **p<0.01, ***p<0.001,
**¥%**n<0.0001, (n=3) scale bar is 100um.
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Figure 3.9. Effect of VM on C,Ci; myoblast migration. Cells were exposed to VM then
monitored for 24 hours using timelapse microscopy. (A) representative images of cell
migration tracks (coloured lines) and (B) the distance travelled after 24 hours. (C) the
average speed of myoblasts during the 24-hour timelapse. Data presented as the
mean +/- SEM using one-way ANOVA with Dunnett’s multiple comparison test for the
distance travelled. A two-way ANOVA with Dunnett’s multiple comparison test was
used for the analysis of the speed. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001,

(n=3) scale bar is 100um.
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Figure 3.10. Scratch assay of C,Ci; myoblasts. Cells were plated overnight then a
scratch was formed across the face of the well. This was followed by exposing to CSM
or VM and monitoring using a timelapse microscope for 24 hours. (A) representative
images of the end of the experiment (arrows indicate cells meeting). The time taken
for the first cell to meet another from the other side with CSM (B) and VM (C) was
used as the scratch closure time. Data presented as the mean +/- SEM using one-way

ANOVA with Dunnett’s multiple comparison test. **p<0.01, (n=3) scale bar is 200um.

The effect of the conditioned media on migration was replicated using the AB1190
myoblasts (figure 3.11 A). The findings revealed a decrease in distance travelled (figure 3.11
B) and diminished speed when tracked over 24 hours (figure 3.11 C) with 0.05 OD and 0.1
OD CSM. However, there was no effect on distance travelled and speed with VM. These
findings were supported by the scratch assay; myoblasts were incubated with the two
conditioned media for 24 hours (figure 3.12 A) and the time taken for cells to cross the
scratch and meet was recorded. Myoblasts exposed to 0.05 OD CSM took significantly
longer to cross (figure 3.12 B), meanwhile cells exposed to 0.1 OD CSM barely moved even
after 24 hours and were subsequently removed from the analysis. On the other hand,

myoblasts exposed to VM displayed no difference to control (figure 3.12 C).
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Figure 3.11. Effect of CSM and VM on AB1190 myoblast migration. Cells were exposed
to CSM and VM then monitored for 24 hours using timelapse microscopy. (A)
representative images of cell migration tracks (coloured lines) and (B) the distance
travelled after 24 hours. (C) the average speed of myoblasts during the 24-hour
timelapse. Data presented as the mean +/- SEM using one-way ANOVA with Dunnett’s
multiple comparison test for the distance travelled. A two-way ANOVA with Dunnett’s
multiple comparison test was used for the analysis of the speed. *p<0.05, **p<0.01,

**¥*p<0.001, ****p<0.0001, (n=3) scale bar is 100um.
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Figure 3.12. Scratch assay of AB1190 myoblasts. Cells were plated overnight then a

scratch was formed across the face of the well. This was followed by exposing to CSM

or VM and monitoring using a timelapse microscope for 24 hours. (A) representative

images of the end of the experiment (arrows indicate cells meeting). The time taken

for the first cell to meet another from the other side with CSM (B) and VM (C) was

used as the scratch closure time. Data presented as the mean +/- SEM using one-way

ANOVA with Dunnett’s multiple comparison test. **p<0.01, (n=3) scale bar is 200um.
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3.2.5. Examining impact of CSM and VM on focal adhesions.

The ability of a cell to adhere to the extracellular matrix and respond to external stimulatory
factors can determine the cell’s fate, proliferation, migration and differentiation (Turner,
2000). Focal adhesions play a critical role in cell motility. They form connection points to
the extracellular matrix and undergo cycles of turnover allowing the cell to crawl along
surfaces (Choi et al., 2020). Investigating the effect of CSM and VM on focal adhesions
(FA) and filamentous actin / stress fibres (SF) was developed to explain why decreased
motility was observed previously. The C2Ci2 (figure 3.13 A) underwent conditioned media
exposure for at least 4 hours before fixing and staining for paxillin, and filamentous actin
(using phalloidin). Paxillin is a protein located at focal adhesions and phalloidin is an extract
that binds tightly to filamentous actin revealing cellular cytoskeleton (Melak et al., 2017;
Turner, 2000). C2Ci2 cells exposed to 0.05 OD CSM had no change in the number of focal
adhesions or the number of stress fibres compared to the control, however there was a
significant decrease in the total area of focal adhesions and stress fibres (figure 3.13 B).
Furthermore, with VM the number and total area of focal adhesions along with total area of

stress fibres were significantly higher than the control (figure 3.13 C).
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Figure 3.13. Effect of CSM and VM on C,C1; focal adhesions. The cells were exposed
to different concentrations of CSM and VM for at least 4 hours before they were fixed
and stained. (A) representative images of CSM and VM exposed myoblasts stained
with paxillin, phalloidin and DAPI. The number and area of focal adhesions with stress
fibres of (B) CSM and (C) VM exposed myoblasts. Data presented as the mean +/- SEM
using one-way ANOVA with Dunnett’s multiple comparison test. *p<0.05, ***p<0.001,
**¥**¥p<0.0001, (n=4) scale bar is 20um.

When the AB1190 myoblasts (figure 3.14 A) were examined an increase in the number and
total area of focal adhesions was seen in the cells exposed to 0.05 OD CSM, furthermore a
decrease in the number of stress fibres was observed in the 0.01 OD CSM cohort (figure
3.14 B). Moreover, the VM had no significant effect on the number and area of either the

focal adhesions or stress fibres (figure 3.14 C).

75



3.14

Concentration (OD)

>

Control

0.01

FAs

SFs

300

275

250
F225
» 200
La7s
G 150
bl
S125
E 100
75
50
25

Number of stress fibers (%)

25

Concentration (OD)

[~

S
& & S
SR &

QF o

Concentration (OD)

Total area of stress fibers (%)

150,

N
g

100+

-
Ll

o
i

)
i

sone

FAs

SFs

S S
o & ,\OC’
N
Concentration (OD)

o
&
o

ol = >
& F P
¢ P
o o
Concentration (OD)

Number of stress fibers (%)

Number of FA's (%)

o a4 4w
o N o P N S
= = = =

)
3

=]

o &
\0
X B\\\ &
Concentration (OD)

75
50

25

=

e
o
& & F

Concentration (OD)

Total area of stress fibers (%)

Total area of FA's (%)

N
3

Concentration (OD)

Concentration (OD)

76



Figure 3.14. Effect of CSM and VM on AB1190 focal adhesions. The cells were exposed
to different concentrations of CSM and VM for at least 4 hours before they were fixed
and stained. (A) representative images of conditioned media exposed myoblasts
stained with paxillin, phalloidin and DAPI. The number and area of focal adhesions
with stress fibres of (B) CSM and (C) VM exposed myoblasts. Data presented as the
mean +/- SEM using one-way ANOVA with Dunnett’s multiple comparison test.

*p<0.05, ***p<0.001, ****p<0.0001, (n=4) scale bar is 20um.

3.2.6. CSM and VM affect myogenic differentiation and fusion.

To determine the impact of the conditioned media on myogenic differentiation and fusion,
C2Cy2 cells were cultured to 85% confluence followed by induction of differentiation by
changing the growth media (GM) to differentiation media (DM) containing the various

concentrations of CSM or VM and then incubating them a further 5 days (figure 3.15).

3.15 CM MYH

l' Dapi

| Growth media -|-. Differentiation media "I"
| | |
Day 0 Day 2 Day 7

Figure 3.15. Schematic representation of the procedure used to investigate the

effect of both the conditioned media (CM) on C,C1, myoblast fusion.

After differentiation, staining for myosin heavy chain 1 (MYH1) to identify the myotubes
was performed. The addition of CSM resulted in myotubes smaller than control (figure 3.16
A). Furthermore, when the fusion index (FI) was calculated, (by counting the number of
nuclei within myotubes and calculating it as a percentage from the total number of nuclei),

a significant decrease in all concentrations of CSM was seen (figure 3.16 B).
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Figure 3.16. Impact of CSM on C,Ci, fusion. (A) Representative images of MYH1
stained myotubes incubated with various concentrations of CSM. (B) The percentage
of fusion index was quantified and compared to the control. Data presented as the
mean +/- SEM using one-way ANOVA with Dunnett’s multiple comparison test.

**¥**n<0.0001, (n=3) scale bar is 100um.
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The impact of VM on C»C;, fusion capabilities was tested by incubating the cells with VM
and initiating differentiation. After staining MYHI1 (figure 3.17 A) the myotubes that were
exposed to the 0.05 OD CSM (used as a positive control) and the higher concentrations of
VM appeared smaller than the control, furthermore, the fusion index was found to be

significantly lower in 0.05 OD & 0.1 OD of VM (figure 3.17 B).
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Figure 3.17. Impact of VM on C,Cy; fusion. (A) Representative images of MYH1 stained
myotubes incubated with various concentrations of VM. (B) The percentage of fusion
index was quantified and compared to the control. Data presented as the mean +/-

SEM using one-way ANOVA with Dunnett’s multiple comparison test. ****p<0.0001,
(n=3) scale bar is 100um.
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Based on these findings, the experiment was repeated with the human AB1190 cell line to
investigate if they responded in a similar manner. The cells were grown to confluence then
induced to differentiate for at least 72 hours (AB1190 differentiate quicker than C,Ci2) with

various concentrations of CSM and VM (figure 3.18) before immunostaining.

3.18 CM MYH
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| Growth media -|- Differentiation media
I |
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Figure 3.18. Schematic representation of the procedure used to investigate the effect
of conditioned media (CM) on AB1190 myoblast fusion. The AB1190 cell line

differentiates quicker than the C,C;..

From the myosin staining it was visible that the myotubes formed were smaller in size and
had fewer nuclei within as the concentration of CSM and VM increased (figure 3.19 A).
Furthermore, when the fusion index was calculated a significant decline was observed in all
concentrations of CSM (figure 3.19 B) and in the two higher concentrations of VM (figure

3.19 Q).
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Figure 3.19. Impact of CSM and VM on AB1190 fusion. (A) Representative images of
MYH1 stained myotubes incubated with various concentrations of CSM and VM. (B)
guantification of the fusion index of CSM, and (C) VM. Data presented as the mean
+/- SEM using one-way ANOVA with Dunnett’s multiple comparison test. *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001, (n=3) scale bar is 100 um.
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3.2.7. Only Cigarette smoke media caused myotube atrophy.

Muscle atrophy can occur due to inactivation, damage and denervation but also in response
to systemic influences such as aging, malnutrition and disease. The C2Ci2 and AB1190 cell
lines were used to assess whether the conditioned media causes atrophy in-vitro. The
myoblasts were cultured until confluence then differentiated, once myotubes had formed (72
hours for AB1190, 120 hours for C>Ci2) the media was changed to include different

concentrations of CSM or VM and then cultured for a further 24 hours (figure 3.20, figure

3.03).

CM MYH

3.20 Dapi
Growthmedia  Differentiation media |

Day 0 Day 2 Day 7 Day 8

Figure 3.20. Experimental procedure used to investigate the effect of the

conditioned media (CM) on C,Ci, myotube atrophy.

Once incubation with the conditioned media was completed, the cells were stained for
MYHI1 and imaged. After 24 hours with CSM the area of MYH1 was significantly lower in
both 0.05 OD and 0.1 OD (figure 3.21 A, B). However, myotubes exposed to VM exhibited

no change (figure 3.22 A, B).
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Figure 3.21. Impact of CSM on C,C;; myotubes. (A) Representative images of MYH1
stained myotubes incubated with various concentrations of CSM. (B) quantification
of the area of the myotubes. Data presented as the mean +/- SEM using one-way
ANOVA with Dunnett’s multiple comparison test. **p<0.01, ****p<0.0001, (n=3)

scale bar is 100um.
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Figure 3.22. Impact of VM on C,Ci; myotubes. (A) Representative images of MYH1
stained myotubes incubated with various concentrations of VM. (B) quantification of

the area of the myotubes. Data presented as the mean +/- SEM using one-way ANOVA

with Dunnett’s multiple comparison test. (n=3) scale bar is 1000 um.
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AB1190 myotubes cultured with CSM and VM proved more robust than the C>Ci> cells.
After 24 hours with CSM the area of myotubes exhibited a concentration dependent decrease
from 0.1 OD, albeit only 0.24 OD was significant (figure 3.24 A, C). The myotubes exposed

to VM demonstrated no change (figure 3.24 B, C).
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Figure 3.23. Experimental procedure used to investigate the effect of the

conditioned media (CM) on AB1190 myotube atrophy.
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Figure 3.24. Impact of CSM and VM on AB1190 myotubes. Representative images of
MYH1 stained myotubes incubated with various concentrations of (A) CSM and (B)
VM. (C) quantification of the area of the myotubes. Data presented as the mean +/-
SEM using one-way ANOVA with Dunnett’s multiple comparison test. *p<0.05, (n=3),

scale bar is 100um.
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Following these findings another experiment was performed where the myotubes were
cultured for 48 hours with 0.1 OD CSM and 0.1 OD VM (figure 3.25 A). We wanted to find
out if longer exposure even to a lower concentration of CSM would have an effect. This
resulted in a significant decrease in the area of myotubes with CSM (figure 3.25 B, C). With

VM we observed a decrease in the area, however it was not significant (figure 3.25 D, E).
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Figure 3.25. Impact of extended incubation (48 hours) of conditioned media (CM) on
AB1190 myotubes. (A) Schematic representation of the experimental timeline.
Representative images of MYH1 stained myotubes incubated with (B) 0.1 OD CSM and
(D) 0.1 OD VM. (C, E) quantification of the area of the myotubes. Data presented as
the mean +/- SEM using a Student’s t-test. *p<0.05, (n=3), scale bar is 100um.
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3.2.8. A myostatin ligand trap (sActRIIB) rescues CSM induced atrophy.

Myostatin is part of the transforming growth factor-f (TGF-B) family and predominantly
expressed in skeletal muscle tissue. It acts as a negative regulator of skeletal muscle growth
(Grobet et al., 1997; McPherron et al., 1997). Therefore, compounds that target myostatin
and activin, such as soluble activin receptor I1IB (sActRIIB), and block the signaling pathway
have been found to cause hypertrophy in mice (Lee et al., 2005). An experiment using
sActRIIB was set up to investigate if CSM induced atrophy could be prevented (figure 3.26).
The myoblasts were cultured until confluence and differentiated. Then we exposed the C2Ci2
to 0.05 OD CSM with 1ug/mL sActRIIB for 24 hours (figure 3.27), while AB1190 cells
were incubated with 0.24 OD CSM and 1ug/mL sActRIIB for the same duration (figure
3.28). The difference in CSM concentrations used was due to the 0.05 OD CSM producing
an effect on the C>Ci2 myotubes whereas AB1190 myotubes showed no impact. The
AB1190 myotubes were more robust and therefore the higher concentration of 0.24 OD
CSM was used to elicit a significant effect. The addition of 1pug/mL of sActRIIB resulted in
the “rescue” of both myotube cell lines after exposure to an atrophy inducing concentration

of CSM (figure 3.27 and 3.28).
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Figure 3.26. Experimental design used to investigate CSM atrophy induced prevention

by sActRIIB.
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Figure 3.27. Impact of sActRIIB on C,Ci2 CSM induced atrophy. (A) Representative
images of MYH1 stained myotubes incubated with 0.05 OD CSM and sActRIIB. (B)
guantification of the area of the myotubes. Data presented as the mean +/- SEM using
one-way ANOVA with Bonferroni’s multiple comparison test. **p<0.01, ****p<0.0001

(n=3), scale bar is 100pum.
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Figure 3.28. Impact of sActRIIB on AB1190 CSM induced atrophy. (A) Representative
images of MYH1 stained myotubes incubated with 0.24 OD CSM and sActRIIB. (B)
guantification of the area of the myotubes. Data presented as the mean +/- SEM using

one-way ANOVA with Bonferroni’s multiple comparison test. *p<0.05, **p<0.01,

****p<0.0001 (n=3), scale bar is 100um.
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3.2.9. Conditioned media increased the area of nucleoli.

Cell organelles control cell behavior, each structure has a specific role that contributes to
overall health of the cell. We observed dysfunctional muscle cells in our previous
experiments. We therefore investigated the effect of CSM and VM on nuclei, nucleoli,
mitochondria and cytoskeleton (Schieweck & Gotz, 2024). The nucleolus, a nuclear
organelle involved in the regulation of the cell cycle under stress or in response to damage,
produces and assembles ribosomes which are essential for protein synthesis (Cmarko et al.,
2008). Fibrillarin is a nucleolar protein involved in ribosome assembly and plays an essential
role in cell growth (Amin et al., 2007). To investigate how the nucleoli respond the AB1190
myoblasts and myotubes were exposed to both conditioned media for 24 hours.
Subsequently, fixed and immuno-stained for fibrillarin; a nucleolar stain, and with
phalloidin; stains the actin filaments to visualize the cytoskeleton (figure 3.29 A).
Consequently, myoblasts exhibited no significant change in the area or number of nucleoli
(figure 3.29 B and C). When the same investigation was carried out on myotubes (figure
3.30 A) a significant increase in the area of nucleoli was observed in both CSM and VM
(figure 3.30 B), additionally there was a significant decrease in the number of nucleoli with
CSM alone (figure 3.30 C). The increased size of nucleoli after exposure to CSM and VM
suggests stress induced dysfunction. An increased nucleolar size has been associated with

neoplasms such as prostate cancer (Koh et al., 2011).
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Figure 3.29. Impact of CSM and VM on the nucleoli of AB1190 myoblasts. Myoblasts
were exposed to CSM or VM for 24 hours then stained with fibrillarin and phalloidin
to show the nucleoli and cell cytoskeleton. (A) Representative images of myoblasts
after 24 hours exposure to CSM or VM. (B) quantification of the area of nucleoli, and
(C) number of nucleoli counted. Data presented as the mean +/- SEM using one-way

ANOVA with Dunnett’s multiple comparison test. (n=3), Scale bar is 100um.
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Figure 3.30. Impact of CSM and VM on the nucleoli of AB1190 myotubes. Myotubes
were exposed to CSM or VM for 24 hours then stained with fibrillarin to show the
nucleoli. (A) Representative images of myotubes after 24 hours exposure to CSM or
VM. (B) quantification of the area of nucleoli, and (C) number of nucleoli counted.
Data presented as the mean +/- SEM using a one-way ANOVA with Dunnett’s multiple

comparison test. ¥*p<0.05, ***p<0.001 (n=3), scale bar is 20pum.
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3.2.10. CSM and VM affect AB1190 mitochondria and nucleus.

Mitochondria are membranous organelles responsible for the cell’s energy production.
They are responsible for the regulation of cellular metabolism and play a critical role in
apoptosis. Mitochondrial dysfunction caused by cigarette smoke (CS) increases reactive
oxygen species (ROS) production, alters mitochondrial membrane potential, reduces
respiration and leads to apoptosis in lung tissue and cells (Kanithi et al., 2022)
(Maremanda et al., 2021). We investigated the effect of 0.05 OD, 0.1 OD CSM and 0.1 OD
VM on AB1190 cell line by incubating for 3 hours. The switch to a shorter incubation
period from 24 hours was because we believed that mitochondrial dysfunction due to CSM
exposure occurs rapidly. Afterwards, staining with Mitotracker™ for mitochondrial
labelling, Calcein green for cytoplasmic staining of live cells and DAPI for the nucleus
(figure 3.31 A) was performed. This was then followed by interrogating multiple
parameters using the Oparetta® high content imaging system. We observed a significant
decrease in the number of nuclei (figure 3.31 B) and intensity of DAPI staining (figure
3.31 E) with 0.1 OD in both CSM and VM. A significant decrease in the area of nucleus in
all concentrations of both conditioned media (figure 3.31 C). A significant increase in the
nuclear roundness with all conditioned media concentrations (figure 3.31 D). There was a
significant drop in cell area (figure 3.31 F) with 0.1 OD CSM only and all concentrations
of conditioned media in the intensity of cytoplasmic staining (figure 3.31 H). Finally, the
area of mitochondrial staining was significantly higher with 0.05 OD CSM (figure 3.31 I)

and the staining intensity was significantly higher with 0.1 OD VM.
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Figure 3.31. Organellar analysis of AB1190 myoblasts exposed to CSM or VM. The
myoblasts were exposed to CSM or VM for 3 hours before staining with Mitotracker™,
calcein green and DAPI. (A) Representative images of myoblasts after staining. (B)
Quantification of the number of nuclei. (C) Quantification of nucleus area (um?2). (D)
Quantification of the roundness of the nucleus. (E) Quantification of the intensity of
nuclear staining. (F) Quantification of the area of the cells (um?). (G) Quantification
of the roundness of the cells. (H) Quantification of the intensity of cytoplasmic
staining. (1) Quantification of the area of mitochondrial staining (pm?). (J)
Quantification of the intensity of mitochondrial staining. Data presented as the mean
+/- SEM using one way ANOVA with Dunnett’s multiple comparison test. *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001 (n=5), scale bar is 50um.
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3.2.11. Cigarette smoke elevated the IL-8 inflammatory cytokine in AB1190.

Smoking is a factor in many pathological conditions. It has been found to have immune
compromising properties (Sopori & Kozak, 1998) and to modulate inflammatory and anti-
inflammatory cytokines in human airways (Hagiwara et al., 2001), in alveolar
macrophages (Lugg et al., 2022), and alveolar epithelial cells (Szoka et al., 2019). We
believe that CSM and VM will cause a pro-inflammatory response in muscle myoblasts
and therefore investigated the effects directly on muscle cells. The AB1190 cells were
exposed to CSM and VM then the inflammatory response was measured. The myoblasts
were seeded into 6 well plates and allowed to adhere overnight. They were then exposed to
different concentrations of CSM and VM for 72 hours. Afterwards, the media was
collected from the wells and frozen at -80° C before sending to Eve technologies (Calgary,
Alberta) for investigation. The multiplex analysis of 15 human focused markers
investigated the levels of GM-CSF, IFNy, IL-1p, IL-1RA, IL-2, IL-4, IL-5, IL-6, IL-8, IL-
10, IL-12p40, IL-12p70, IL-13, MCP-1, and TNFa (figure 3.32). The analysis revealed a
significant increase in the levels of IL-8 only with 0.025 OD CSM. Fluctuations were
observed but none were significant, furthermore the cytokines that displayed no change

have not been presented in (figure 3.32 B).
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Figure 3.32. Effect of CSM and VM on AB1190 inflammatory cytokine profile. The
myoblasts were exposed to CSM or VM for 72 hours, the media was then collected,
and a multiplex analysis of 15 human focused markers was performed. (A)
representative images of cells after 72 hours exposure to CSM or VM. (B)
qguantification of the multiplex analysis of inflammatory cytokines. Data presented as
the mean +/- SEM using one way ANOVA with Dunnett’s multiple comparison test.

**p<0.01, (n=3), scale bar is 1000um.
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3.3. Discussion

We have shown that CSM alone diminished viability, slowed migration through decreased
areas of focal adhesions (FAs) and stress fibres (SFs), induced senescence as well as atrophy
and elevated IL-8 release. Furthermore, both CSM and VM reduced fusion capabilities,

increased the area of nucleoli, and decreased the area of the nucleus.

The immortalized myoblast cell lines were chosen for the in-vitro experiments due to their
sustainability and malleable nature. They proliferate rapidly and differentiate to functional
myotubes capable of contracting and generating force in low serum conditions making them
the ideal precursor to in-vivo experiments (McMahon et al., 1994). The C2Ci2 cell line was
chosen to represent the mouse subject throughout the project and the human counterpart
AB1190; sourced from paravertebral muscle of a 16-year-old boy, was chosen as the
transition from a lower to a higher mammal under in-vitro conditions, subsequently allowing

for comparisons of any outcomes.

Cigarette smoking remains popular, more recently electric cigarettes or vaping have become
more prevalent (Statistics, 2024). Many studies have investigated the outcomes of cigarette
smoke, even on muscle, however the knowledge we have about how smoking and vaping

affects early-stage regeneration remains scarce.

This project investigates how the early steps of muscle regeneration were affected by both
cigarette smoke conditioned media (CSM) and vape conditioned media (VM). The initial
hurdle was to produce a method of reproducible and accurate delivery of cigarette smoke
and vape constituents. Based off the work from (Nogueira et al., 2018) the cigarette smoke
and vape were bubbled through PBS. The CSM was pH 6.1 and VM was pH 7.0, then using
spectrum analysis the solubilized aerosols were detected within the ultraviolet range (UV),
similar to the findings of (Luppi et al., 2005) however, the difference was that we found the

highest optical density (OD) measurements between 210 nm and 220 nm unlike their
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findings of 270 nm to 280 nm. Going forward absorbance was measured at 220 nm and all

dilutions were derived from this optical density.

The first experiment performed was to investigate the effect of the conditioned media on cell
viability and proliferation. With C>Cy> there was a dose dependent decrease in absorbance
with CSM only, interestingly with AB1190 an increase in absorbance was seen with all
concentrations of VM and lower concentrations of CSM, however no significance visible at
0.1 OD CSM and a significant decrease with the higher concentrations. The MTS assay had
been used previously as a metabolic measure (Heher et al., 2022; Wong et al., 2022) and the
findings here potentially indicate metabolic dysfunction. The two other human myoblast cell
lines were used here to investigate variability in response to the conditioned media. AB678
sourced from the quadriceps of a 53-year-old man presented with a decrease in viability
beyond 0.1 OD CSM and 0.05 OD VM, furthermore AB1167 from the fascia lata of a 20-
year-old man was highly susceptible exhibiting decreased viability from 0.05 OD CSM and
at 0.025 OD VM. The varying responses of the human cell lines can be due to differing

metabolic profiles and genetic variations between sources.

During regeneration activated satellite cells proliferate in an essential step to replenish the
satellite cell pool and as myoblasts before differentiating (Wang & Rudnicki, 2011). Should
this proliferative ability be hindered surely as a consequence the regenerative robustness of
skeletal muscle would be diminished through exhaustion of the satellite cell pool. Cigarette
smoke had previously been shown to stop the proliferation of lung fibroblasts through
increased p53, p21 and pl6 activity (Nyunoya et al., 2006). Our investigation showed that
C>Ci2 did not undergo senescence but rather; based on the images, we suspect it was cell
death in a dose dependent manner with CSM. Furthermore, both AB1190 and IMR-90
displayed signs of cell death however they also showed significant senescence after exposure
to the conditioned media for at least 24 hours. These variations in response could be due to

the method of immortalization or even inherent genetic mutations within the cell line; it is
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quite possible that the C2Ci2 has a mutation in the p53 gene thus preventing the cells from
senescing. Initially, this experiment was performed on AB1190 then C>Ci2 both displaying
contradicting findings. The IMR-90 cell line can be induced into senescence with the
addition of etoposide (Anerillas et al., 2022), this was used to resolve this problem by

confirming that indeed both CSM and VM have senescence inducing constituents.

Migration of myoblasts is vital for muscle development and successful regeneration (Choi
et al.,, 2020). The migration assay revealed that exposure to CSM decreased travelled
distance and speed in both cell lines. Exposure to VM resulted in a reduction of distance
travelled by C2Ci2 in the highest concentration only. Furthermore, when a wound closure
assay was implemented, the findings corroborated single cell tracking. The migratory ability
of myoblasts is vital for muscle regeneration; they need to travel along the fibre before
differentiation occurs. CSM significantly increased the time taken for cells to travel across
the scratch in both cell lines, no significant effect was observed with any concentration of
VM. The findings here indicate that CSM hinders migration, this correlates to the findings
of other studies (Ng et al., 2015; Wahl et al., 2016), to explore this further, phalloidin and
paxillin staining was used to quantify the area of F-actin and focal adhesion scaffolds
respectively, both are needed to create the tension required for traction. The size of focal
adhesions is linked to a cells migratory ability (Kim & Wirtz, 2013) our findings displayed
varying results; in C2Ci2 a decrease in the area of FA’s with 0.05 CSM and an increase with
VM, this explains why migration is inhibited in CSM and possibly why the VM exposed
cells displayed slightly elevated speeds. Interestingly, in AB1190 the number and area of
focal adhesions almost tripled compared to the control with CSM which could explain the
inhibited migration, VM had no effect. Indeed Kim et al (Kim & Wirtz, 2013) commented
that size of focal adhesions is linked to migratory ability. Furthermore, from their results this
indicates that any increase or decrease could influence migration. Subsequently, the focal

adhesion data corroborates the findings of the migration, however further investigations in
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this are warranted possibly in the assembly of less complex structures (Wozniak et al., 2004)

or FA turnover.

Differentiation and fusion of myoblasts is crucial during regeneration, considering this
significance, the effect of CSM and VM on the fusibility of the myotubes was examined.
Following the addition of differentiation media, the control groups in both cell lines
generated multinucleated myotubes with the characteristic pattern of striated muscle.
Conversely, the addition of both conditioned media resulted in a reduction in the myotube
areas and the number of fused nuclei. Previous studies performed on other stem cells (Ng et
al., 2015; Wahl et al., 2016) also reported that cigarette smoke caused aberrant cellular
differentiation. Fusion is a stepwise sensitive process that involves the adhesion of
myoblasts, membrane remodeling and specific changes in protein expression (Millay, 2022).
Therefore, it’s plausible that the constituents of the conditioned media could impact these

proteins and membrane integrity, potentially obstructing fusion.

Muscle injuries require significant time for healing, this often leads to atrophy due to disuse
and damage, however the bodies regenerative capabilities restore muscle mass and function
over time. In studies conducted on smokers (Kok et al., 2012; Saito et al., 2012) researchers
observed that smokers exhibited reduced muscle strength and mass compared to non-
smokers. Additionally, Peterson et al (Petersen et al., 2007) reported that smoking impaired
protein synthesis and increased the expression of myostatin, a muscle growth inhibitor
(McPherron et al., 1997). Exposing the myotubes to VM after differentiation in the atrophy
assay displayed no significant changes in both cell lines, however C>Ci2 and AB1190
myotubes displayed a reduction in area after exposure to CSM, albeit the AB1190 myotubes
were more robust and significance was only found at the highest concentration. Due to the
trend seen in the findings of the human myoblasts a second prolonged exposure at a lower
concentration of 0.1 OD was performed, this time significance was seen with CSM but not

VM. Our results corroborate the findings of (Liu et al., 2011) in vitro, and (Petersen et al.,
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2007) reported similar findings in human subjects. Furthermore, they reported increased
myostatin expression in cigarette smoke cohort; based on this and the findings of (Lee et al.,
2020; Suh et al., 2020) on the inhibition of myostatin and preservation of muscle mass we
examined whether atrophy could be prevented or rescued by inhibiting the activin/myostatin
signaling pathway. Myostatin binds to activin receptor II and activin receptor IIB with high
affinity (Lee et al., 2005), therefore using a soluble transmembrane receptor (sActRIIB)
would trap myostatin and prevent it from binding to its target nullifying its effect (Lee et al.,
2005). Stemming from this and previous work done within our group, soluble activin
receptor IIB (sActRIIB) was used in an atrophy assay with CSM, and found to rescue both

cell lines from atrophy similar to the findings of (Bin Haidar et al., 2024; Lee et al., 2005).

A functional nucleolus is essential for ribosome production as well as regulating cell survival
and proliferation (Dubois & Boisvert, 2016). An enlarged nucleoli has been reported as a
phenotype in senescent cells (Kasselimi et al., 2022), as well as an increased demand for
protein synthesis in cancerous cells (Derenzini et al., 2009), therefore fibrillarin a nucleolar
protein, was stained to determine the size of the nucleolus in our experiment. Our findings
in myoblasts revealed no change in the area of nucleoli with both conditioned media.
Furthermore, the number of nucleoli was not affected by the CSM or VM. In myotubes
however, the highest concentration of 0.24 OD CSM was used because it significantly
induced atrophy. After exposure the number of nucleoli with CSM was significantly lower
than control, however the area of nucleoli was larger in both conditioned media. These
findings may be indicative of increased ribosomal RNA production for protein synthesis,
and aberrant nucleolar behavior similar to what is seen in tumor cells (Correll et al., 2019),
the speculation here is that this increased ribosomal biogenesis could be in response to the

atrophy inducing conditioned media.

Mitochondrial response to cigarette smoke has been well documented in lung tissue and

epithelial cells within. Hara et al (Hara et al., 2013) observed disrupted mitochondrial
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dynamics through increased ROS production which led to senescence in primary human
bronchial epithelial cells. Similarly, Hoffmann (Hoffmann et al., 2013) demonstrated
changes in mitochondrial structure and function in human bronchial epithelial cells (BEAS-
2B), where prolonged exposure to cigarette smoke extract (CSE) resulted in increased
fragmentation, branching and density of the matrix. Additionally, Sundar et al (Sundar et al.,
2019) observed altered OXPHOS protein complexes. There are a few studies performed on
muscle mitochondria but none of them investigate the effect at the satellite cell (SC) level.
For instance, Orlander et al (Orlander et al., 1979) and Barreiro et al (Barreiro et al., 2010)
investigated the effect on biopsies from the quadriceps and both concluded with dysregulated
mitochondrial enzyme activity. Alternatively Alonso et al (Alonso et al., 2003) isolated the
mitochondria from the quadriceps and investigated the effect of carbon monoxide (CO); a
known chemical found in cigarettes (Talhout et al., 2011). They observed dose dependent
inhibition of cytochrome ¢ oxidase with CO. Our study investigates the direct effect of
satellite cell exposure and the mitochondrial response to CSM and VM. Our findings show
that both conditioned media are disrupting mitochondrial homeostasis and altering nuclear
morphology. Organelles such as the nucleus and mitochondria display distinct
morphological features during apoptosis. Mitochondria become more condensed and form
perinuclear masses (Bottone et al., 2013). The nuclei shrink and become more rounded as
the chromatin condenses (Kerr et al., 1972; Prokhorova et al., 2015). These could be
corroborated by performing Western Blots to investigate cleaved caspases (Nicholson et al.,
1995) or through flowcytometry, analyzing the cells with annexin V (Vermes et al., 1995),

both techniques known for evaluating apoptosis.

Cytokines are involved in the immune response and mediate communication within the
immune network. They are proteins that can be secreted by several cells such as
macrophages, lymphocytes and even muscle cells. Imbalanced or abnormal cytokine levels

can cause a multitude of diseases and in severe cases lead to death (Liu et al., 2021).
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Inflammatory cytokines also play a key role in inducing cellular senescence, some of the
inflammatory cytokines involved in inducing the senescence associated secretory phenotype
(SASP) are IL-6, IL-8 and TNF-a (Davalos et al., 2010). Our data showed dysregulated
cytokine levels when CSM and VM were added to the cells. This dysregulation ultimately
could be the driving force behind the senescence seen previously. A notable finding is the
increased IL-8 expression with the lower dose of CSM. This could be because the cells were
incubated with the conditioned media for 72 hours. This prolonged exposure with 0.5 OD
CSM has led to increased cell death as seen from the representative images in figure 3.33 A
resulting in the decreased IL-8 levels. Another notable finding is the decrease in GM-CSF
levels. This colony stimulating factor is involved in immune response and host defense
systems (Becher et al., 2016). It is usually found to be elevated in senescent fibroblasts
(Coppe et al., 2008). Our findings may be different, but this is expected due to the nature of
the conditioned media and the different cell lines. In fact, two studies by one group that
investigated the effects of smoking on inflammation (Barreiro et al., 2010) (Barreiro et al.,
2012) observed differing results with regards to cytokine levels based on the type, species
and location of the sample collected. The takeaway message here is that both CSM and VM

have a direct effect on muscle cells.

3.4. Limitations and future work

The cigarette and vape smoke were both solubilized in PBS, this provided significant results,
however, had drawbacks. The smoke released from a combusted cigarette and e-liquid
contains many organic chemicals (Eshraghian & Al-Delaimy, 2021; Jaccard et al., 2019)
which only dissolve in organic solutions such as ethanol, or chloroform. In fact, when this
was attempted with ethanol (EtOH), the spectrum analysis performed resulted in different
shaped graphs, furthermore when this conditioned EtOH was used on the cells in the same
manner as the infused PBS complete cell death was observed in all concentrations of

conditioned media. This experiment does not remove the potential effects of ethanol. An
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alternative would have to be considered, perhaps with more time available this would have
been achieved. Furthermore, the CSM was recorded at pH 6.1. It may be argued that this
decrease in the pH could have significant repercussions on our experiments. However, the
CSM was diluted in growth or differentiation media to a dilution factor of 1:10 before use.
We believe that this was enough to make the pH neutral, and a possible way to test this

would have been to simply measure it before use.

The B-Gal assay was used to assess senescence; this was to be coupled with Click-iT EdU
flow cytometry cell proliferation assay (Thermofisher) to assess the cell cycle. Had this been
completed we would have a better understanding of the effect of the conditioned media on
proliferative dynamics. Furthermore, etoposide didn’t show a significant increase in staining
with the IMR-90, this could be attributed to the low “n” numbers used in this experiment as
well as the high positivity of the negative control. Additionally, etoposide was not used on
AB1190 due to it being the first experiment done to investigate senescence. The atrophy
assay was conducted to determine the effect of our CSM and VM on myotubes. An argument
can be made that our findings do not show atrophy but rather impaired growth. This could
be settled by repeating the experiment with two control cohorts. One would be fixed at the
beginning of the conditioned media exposure and the other at the end. Then we would
compare the myotube area. If both are indeed equal, then what we observed would be CSM
induced atrophy, alternatively if there is a difference then this would be proof that it is indeed
impaired growth. Another aspect that wasn’t addressed was when sActRIIB was used to
rescue atrophy in C2Ci2, there wasn’t a cohort exposed to sActRIIB alone, this was however
remedied in the subsequent experiment involving AB1190. Additionally, the organellar
investigations were only performed on AB1190 cells. Had this experiment been completed
with the C>Cyz cell line we could have compared the findings. Based on the varying

mechanistic response of the cell lines we suspect that this would carry into the organelles.
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In the laboratory there were several human cell lines including the AB678 and AB1167, it
would have been interesting to investigate how they all respond to the CSM and VM under
the panel of assays performed here. This would allow us to thoroughly investigate any

similarities or differences between muscle cells sourced from different locations.

3.5. Conclusion

We set out to explore the effect of CSM and VM on the early phases of regeneration with an
aim to understand how muscle regeneration is impacted at the satellite cell level. Both
cigarette smoke and vaping cause systemic inflammation (Barreiro et al., 2012; Farrell et al.,
2021) which we speculate impacts the satellite cell functionality. Here we employed two
stem cell-like cell lines to investigate the multistep process of regeneration from a physical
and mechanical aspect. Our findings demonstrate that our conditioned media affected
viability and metabolism, induced senescence, limited migration, disrupted focal adhesions,

obstructed fusion, induced atrophy and dysregulated nucleoli.

From a physical and mechanical standpoint, our findings could provide evidence of

delayed muscle regeneration and offer insights into the underlying mechanisms.
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Chapter 4: Investigating the effects of cigarette

smoke media and vape media on skeletal muscle

regeneration
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4.1. Introduction

Mouse models have become integral to the study of muscular damage and regeneration. The
genetic lineage is easily traceable, immune responses are well characterized, and muscle
injuries can be easily induced through mechanical trauma, exercise or even chemically using
cardiotoxin (CTX) or barium chloride. Derived from Naja pallida, cardiotoxin induces a
reproducible and momentary muscular injury, without affecting the nerves or vasculature,
followed by complete regeneration and without causing severe consequences to the animal
(Wang et al., 2022). Muscle regeneration is a tightly regulated process that restores function
and architecture following injury through distinct but overlapping phases. Initially following
injury there is degeneration/necrosis of fibres, followed by an inflammatory response which
in turn initiates regeneration through activation, proliferation and differentiation of satellite
cells (SC). Maturation of new fibres occurs concurrently with extra-cellular matrix (ECM)
remodeling, angiogenesis, and innervation through establishment of neuromuscular
junctions (NMJ), eventually leading to functional recovery (Forcina et al., 2020). In chronic
degenerative muscular diseases, or due to extensive muscle damage, the inflammatory cells
and fibroblasts persist during regeneration leading to fibrosis within regenerating fibres

(Mann et al., 2011).

Tobacco smoking and vaping are now widely accepted to cause significant health risks. They
contain thousands of chemicals that include heavy metals and carcinogens (Goniewicz et al.,
2014; Jaccard et al., 2019). Consumers of cigarettes have been shown to have weakened
muscles (Kok et al., 2012), exhibit muscular atrophy (Liu et al., 2011; Montes de Oca et al.,
2008) and impaired function through altered calcium kinetics (Nogueira et al., 2018).
Furthermore, they display diminished orthopedic regeneration and wound healing
(Kanneganti et al., 2012; Sloan et al., 2010). In studies investigating the effects of vaping
there is increasing evidence linking it to elevated systemic inflammation and an increased

risk of cardiovascular diseases (CVD’s) (Hua et al., 2013; Wang et al., 2018; Zong et al.,
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2024), notwithstanding the psychological disorders that may arise (Farrell et al., 2021).
However, not much is known about the effects within the musculoskeletal system. In our in-
vitro experiments we observed a direct effect of cigarette smoke conditioned media (CSM)
and vape conditioned media (VM) on myoblasts. Viability, proliferation, migration and
fusion were all dysregulated. These processes are all vital steps in early regeneration.
Therefore, based on the in vitro findings we suspect that muscle regeneration would be

diminished in an in vivo setting.

In this chapter we investigated the effects of cigarette and vape extracts in-vivo. The aim
was to determine how systemic exposure to the conditioned media affects mice, and
specifically the impact it may have on skeletal muscle regeneration. Additionally, we
investigated whether there is a difference in effect between CSM and VM in the context of

skeletal muscle maintenance and regeneration.

We hypothesized based on the literature available and the previous in-vitro experiments that

both CSM and VM would cause muscle atrophy and disturb regeneration following acute

injury.

113



4.2. Results

4.2.1. Animal weights were not affected by IP injections of CSM and VM.

The experiments were conducted on forty-two C57BL/6 adult male mice. Animals were split
into three cohorts, the control cohort which consisted of 12 animals received phosphate
buffered saline (PBS) intraperitoneal (IP) injections. The second cohort and third consisted
of 15 animals each and received either CSM or VM IP injections. They were preconditioned
for 8 weeks with IP injections of 1.8 OD CSM and 1.0 OD VM twice a week. This period
of preconditioning allows the mice to become habitual smokers as shown previously by the
findings of (Nogueira et al., 2018) when the cotinine levels were measured by ELISA and
proved to be high as those of smokers. Afterwards, an intramuscular (IM) injection into the
right hind limb (into the tibialis anterior (TA) muscle) of the mice was performed using
cardiotoxin (CTX) to induce damage. Collection of the muscles was performed on day 5, 10
and 20 post CTX injections. At every time point four control animals, five CSM injected and

five VM injected were sacrificed (figure 4.1).

4.1 Collect Collect Collect
TA TA TA
EDL EDL EDL
Intramuscular Gastrocnemius Gastrocnemius Gastrocnemius
CTX Soleus Soleus Soleus
Start of End of
experiment experiment
"-f;. 3 v
l ' ] ] ] ]
Day 5 Day 10 Day 20
w1 ws after CTX after CTX after CTX
Preconditioning Regeneration Period
IP injections 2x a week IP injections 2x a week
for 8 weeks. until euthanasia
(CSM/VM/PBS) (CSM/VM/PBS)

Figure 4.1. In-vivo project outline.
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The animals were weighed before every injection until the day of sacrifice. Both CSM and

VM had no effect on animal weights throughout the experiment (figure 4.2).

4.2
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0 7 14 21 28 35 42 49 56 63 70 0 7 14 21 28 35 42 49 56 63 70

Time (days) Time (days)
Figure 4.2. The effect of conditioned media IP injections on animal weights. The mice
were weighed twice a week before every IP injection until they were sacrificed. Data
presented as mean +/- SEM using two-way ANOVA with Dunnett’s multiple

comparison tests, (n=4 for control, n=5 for CSM and n=5 for VM injections).
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4.2.2. Muscle weights weren’t affected by exposure after day 20.

The right and left tibialis anterior (TA), extensor digitorum longus (EDL), soleus and
gastrocnemius were collected from animals on days 5, 10 and 20 post CTX injections. They

were photographed and weighed before flash freezing and storage.

The muscle weights collected were normalized to body weight to account for variability in
animal sizes. We observed a significant increase in day 5 collections of the left EDL and
right gastrocnemius of mice injected with CSM. Furthermore, there was a significant
increase in the right TA of VM injected mice (figure 4.3). No changes were detected in the

remaining collections.
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Figure 4.3. Effect of conditioned media IP injections on muscle weights. The tibialis
anterior (TA), extensor digitorum longus (EDL), soleus and gastrocnemius were
collected and the normalized muscle weights to body weights was analyzed. (A) Day
5 collections, (B) Day 10 collections, (C) day 20 collections. Data presented as mean
+/- SEM using one-way ANOVA with Dunnett’s multiple comparison tests, *p<0.05.

(n=4 for control and n=5 for CSM and n=5 for VM injections)
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4.4

4.2.3. Fibre area wasn’t affected by CSM or VM after 20 days post

cardiotoxin injections (CTX).

Following the muscle weight measurements haematoxylin and eosin (H&E) staining was
performed on the TA sections. This revealed considerable damage caused by the cardiotoxin
(CTX) 5 days post IM injections, widespread myofibre necrosis with plenty of infiltration of
inflammatory cells were visible in all cohorts. By day 10 the infiltration was mostly cleared,
the myofibres appeared compact with centrally located nuclei. At day 20 the inflammatory
infiltration seemed to completely clear with the myofibres appearing normal in size and

shape but remain with centrally located nuclei (figure 4.4).

R.TA

Figure 4.4. H&E stain of TA’s 5-, 10- and 20-days post CTX injections. Scale bar is
100um.
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The damaged area (centrally located nuclei only) of fibres from day 20 collections were
measured then compared with an undamaged area within the same section (figure 4.5). This
revealed that by day 20 damaged fibres had no significant difference in fibre area to the
undamaged. Moreover, there was no difference between the CSM, VM and PBS injected

mice either (figure 4.5 B).

Damaged

Undamaged

45007 ® Undamaged Fibre
B 40004 @ Damaged Fibre

PBS CSM VM
IP Injection

Figure 4.5. The effect of CSM and VM on fibre area 20 days post CTX injections. The
area of damaged fibres was compared to the undamaged fibres within the same
section. (A) Representative images of H&E sections. (B) Quantification of the fibre
areas. Data presented as mean +/- SEM using a Two-way ANOVA with Tukey’s multiple
comparisons test. (n=4 for control, n=5 for CSM and n=5 for VM injections). Scale bar

is 100 um.
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4.2.4. CSM and VM have no effect on IgG™ infiltration after damage.

Following the H&E staining we investigated the effect of CSM and VM on immune cell
infiltration after damage. The muscle sections from day 5, 10 and 20 post CTX injections
were stained for IgG (figure 4.6 A). This allowed us to detect muscle fibre damage due to a
leaky membrane. IgG is normally extracellular and once the sarcolemma is damaged it
infiltrates the cell (Oxenhandler et al., 1977). Once measured the IgG" area (figure 4.6 B) of
damaged muscle revealed that there was no difference in percentage area of infiltration with
the conditioned media injected mice when compared to PBS in any of the time points. This

means that the conditioned media had no effect on immune cell infiltration.
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Figure 4.6. The effect of CSM and VM on IgG infiltration of damaged muscle. (A)
representative images showing IgG* infiltration (seen in red) of days 5, 10 and 20 post
CTX injected mice. (B) Quantification of the percentage area of IgG* fibres. Data
presented as mean +/- SEM using a One-way ANOVA with Dunnett’s multiple

comparison tests. (n=4 for control and n=5 for CSM & VM injections). Scale bar is

1500 pum.
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4.2.5. Embryonic myosin persists with CSM and VM injected mice.

Embryonic myosin was used as a marker for regenerating fibres (Guiraud et al., 2019).
Muscle sections from day 5, 10 and 20 collections were stained and imaged (figure 4.7).
Upon analysis, the size of embryonic myosin (eMYHC/MYH3) positive fibres was similar
in all injected mice on day 5. Day 10 quantification revealed a significant increase in both
CSM and VM injected mice. Finally, there was no eMYH detected in all samples by day 20
(figure 4.7 D). The results here suggest that regeneration does ultimately occur but may be

hindered by the CSM and VM.
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Figure 4.7. Effect of CSM and VM on area of eMYH after injury with CTX. (A)
Representative images showing eMYH staining (seen in green) on day 5-, (B) day 10-,
(C) day 20- post CTX injury. (D) Quantification of the area of eMYH. Data presented
as mean +/- SEM using a One-way ANOVA with Dunnett’s multiple comparison tests.
*p<0.05, (n=4 for control and n=5 for CSM and n= 5 for VM injections). Scale bar is
300 um.
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4.2.6. Fibre maturity is affected twenty days post CTX injury by conditioned

media exposure.

Dystrophin is essential for muscle membrane stability and is used as an indicator of fibre
maturity, it is naturally distributed evenly around the myofibre. Following damage, the
expression of dystrophin under the sarcolemma is lost. It returns over time, with the
development of multiple foci that gradually extend to ultimately form a continuous band
under the sarcolemma. (Gao & McNally, 2015). Therefore day 20 sections post CTX damage
were stained (figure 4.8 A) and the expression of dystrophin was quantified as a percentage
of each fibre’s perimeter (figure 4.8 B). The analysis revealed that there was a significant
decrease in dystrophin perimeter of damaged fibres of mice injected with CSM and VM
when compared to those injected with PBS. Once again, the findings here suggest that

regeneration ultimately occurred but was delayed.
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Figure 4.8. The effect of CSM and VM on fibre maturity. The expression of dystrophin
(seen in red) and perimeter values were measured 20 days post CTX injections. (A)
Representative images of dystrophin staining with arrows pointing to low expression
areas. (B) quantification of perimeter percentage of dystrophin. Data presented as
mean +/- SEM using a One-way ANOVA with Dunnett’s multiple comparison tests.
*p<0.05, **p<0.01. (n=4 for control and n=5 for CSM and n = 5 for VM injections).
Scale bar is 1500 um for full muscle sections and 100 um for magnified cross sectional

images.
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4.2.7. Levels of fibrosis were not affected in damaged sections.

Fibrosis occurs when there is excessive deposition of collagen in the ECM by fibroblasts
and fibro adipogenic progenitors (FAPs) resulting in fibrotic scar tissue. This leads to
impaired muscle function and affects regeneration (Mahdy, 2019). Here the levels of fibrosis
were assessed in damaged sections of day 20 collections using picrosirius red staining (figure
4.9 A). The results showed that the levels of fibrosis in CSM and VM injected mice are the

same as those injected with PBS (figure 4.9 B).
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Figure 4.9. Effect of CSM and VM on fibrosis. Picrosirius staining was performed, and
the area of fibrosis was measured on day 20 post CTX sections. (A) Representative
images of PBS, CSM and VM injected mice. (B) quantification of percentage of
picrosirius staining in cross sections. Data presented as mean +/- SEM using a One-
way ANOVA with Dunnett’s multiple comparison tests. (n=4 for control and n=5 for
CSM and n =5 for VM injections). Scale bar is 1 mm for full muscle sections and 100

um for magnified cross sectional images.

130



The in-vivo experiments were conducted with two aims in mind. To determine how
systemic exposure to CSM and VM impacts skeletal muscle maintenance and regeneration.
To summarize, CSM and VM had no major impact on muscle weights following damage
with CTX. However, from the staining performed everything suggests delayed but

ultimately successful regeneration.

4.2.8. Atrophy wasn’t observed in contralateral undamaged muscle sections

of CSM and VM injected mice.

The second part of the in vivo experiments aimed to determine the effect of CSM and VM
on muscle fibre homeostasis. Hence, muscle sections were taken from the contralateral
undamaged TA 20 days post CTX to assess fibre area. The sections were examined with
antibodies to identify the different fibre types, 1A (MHC-IIA), IB (MHC-IIB), IIX (MHC-
IIX) and laminin for the extra cellular matrix (figure 4.10 A). Type IIA fibres are oxidative,
fatigue resistant, are considered fast twitch and produce high force similar to glycolytic
fibres. Type IIB fibres are glycolytic, with low fatigue resistance, can generate high force
and are considered fast twitch. Type IIX fibres are fast twitch glycolytic fibres that generate
explosive power and have extremely low fatigue resistance. The antibodies used bind to the
different myosin heavy chain (MHC) isoforms that are expressed in the sarcomeric thick
filament (Mescher, 2023; Schiaffino et al., 2015). A 1500 um cross section was taken from
the deep and superficial regions then the areas of each fibre were measured, pooled and
averaged (figure 4.10 B). There was no significant change detected in the area of any of the

fibre types when compared to the PBS.
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Figure 4.10. The effect of CSM and VM on fibre areas of contralateral undamaged TA.
The areas of IIA (green), IIB (red), and lIX (black) were analyzed from day 20
collections post CTX injury. (A) Representative images of PBS, CSM and VM exposed
mice. (B) quantification of muscle fibre areas. Data presented as mean +/- SEM using
a One-way ANOVA with Dunnett’s multiple comparison tests. (n=4 for control and n=5
for CSM and n = 5 for VM injections). Scale bar is 1500 um for full muscle sections

and 100 um for magnified cross sectional images.
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4.2.9. CSM and VM cause Inflammatory cytokine dysregulation.

Inflammatory cytokines are essential for immunity and regeneration. When dysregulated it
can lead to chronic inflammation, fibrosis, and an autoimmune response. To investigate the
effect of CSM and VM on the inflammatory response of mice we collected blood through
cardiac puncture of the day 20 cohorts. The blood was centrifuged, and the serum was
collected. Afterwards, the analysis was performed by Eve technologies (Calgary, Alberta,
Canada) which targeted 32 known inflammatory markers. Our findings showed that both
CSM and VM injections caused inflammatory cytokine dysregulation (figure 4.11). Most
notably there was a decrease in G-CSF, IP-10, and LIX levels. However, this was only
significant with VM. Additionally, there was a significant decrease in IL-5 with CSM only
(figures 4.11 A & B). Our results show a trend in many of the cytokines tested however it

is likely that due to the small “n” numbers we don’t have significance.
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Figure 4.11. Inflammatory cytokine response to CSM and VM exposure. Blood was
collected from the day 20 cohorts of mice, the serum was collected and analyzed for
32 known inflammatory markers (A) & (B). Data presented as the mean +/- SEM using
one way ANOVA with Dunnett’s multiple comparison test. *p<0.05, **p<0.01 (n=4 for
the control and 5 for CSM and VM injected).

Our findings indicate that there was no atrophy seen in the undamaged contralateral
muscle. However, muscle homeostasis was affected by CSM and VM through

dysregulated inflammatory cytokines.
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4.3. Discussion

This experiment was based on the previous findings that conditioned media affected satellite
cell viability, migration, proliferation and differentiation in-vitro. The hypothesis was that
systemic exposure of CSM and VM would affect the regenerative capacity, not only through
a heightened state of inflammation, but also through affecting the resident stem cell. The
conditioned media exposure had no effect on animal weights and muscle weights.
Additionally, there was no notable fibrosis after 20 days regeneration. The regenerating
fibres were the same size as the control. IgG infiltration was similar in all cohorts; however,
more regenerating fibres were visible in conditioned media injected cohorts by day 10, and
incomplete dystrophin perimeters were seen 20 days post-CTX injections. Furthermore, the
undamaged contralateral TA muscle fibres displayed no atrophy in IIA, IIB or IIX fibres

after 20 days post CTX.

Smoking and now more recently vaping have become prevalent amongst the population in
the UK (Tattan-Birch et al., 2023). These are easily consumed through inhalation when the
tobacco or e-liquid are combusted through heat. Translating this experience to the mice
meant that, due to Home-Office regulations, it required a different route than the most
obvious being a smoke chamber. This resulted in mice having two weekly intraperitoneal
injections of the conditioned media which would introduce the smoking/vaping constituents
to their systems. The preconditioning phase of 8 weeks was to induce a habit within the
cohorts and ensure that cotinine levels are similar to those in regular smokers (Nogueira et
al., 2018). In this investigation CTX was used to induce skeletal muscle injury, the
assumption is that damage would be uniform throughout the muscle due to the concentration
of CTX and the same target locations used. This doesn’t absolve variability in location of
damage but standardizes the strength of injury. The animal weights were not affected by
systemic exposure through IP injections. This is similar to previous findings from (Nogueira

et al., 2018), they investigated both full body exposure to cigarette smoke (CS) and cigarette
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smoke extract (CSE) IP injections. Interestingly, they found that only mice exposed through

inhalation don’t gain weight.

Damage was induced to the right TA of the mice, with the left used as contralateral control.
Collections of the muscles included the EDL, soleus and gastrocnemius. Each of these has a
different fibre composition and would be useful for future experiments. When the right hind
limb muscle weights were recorded and normalized to body weights, a significant difference
in the right gastrocnemius was observed between conditioned media injected and PBS on
day 5 dissections. Moreover, a significant increase in weight was observed in the right TA
of VM injected mice only. This is interesting, vape smoke has been shown to increase the
inflammatory response in the lungs (Masso-Silva et al., 2021), and also gut epithelium
(Sharma et al., 2021). Recent studies investigating the effect of “E-cigarette aerosols”
(Bahmed et al., 2019; Ma et al., 2021; Wang et al., 2020) show that immune cells including
macrophages, neutrophils, eosinophils and t-cells were recruited to the lungs and airways
upon exposure to vape smoke. It is possible that due to edema from the inflammatory status
of vape exposed mice resulted in increased recruitment of the inflammatory cells leading to

heavier TA weights.

Muscle regeneration is a coordinated process that involves inflammation, regeneration
leading to fibre maturation, which is tied into extracellular matrix remodeling before
functional recovery through innervation. Our experiment targeted some aspects of every step
of this process. Initially I[gG" area used to detect fibre necrosis (Forcina et al., 2020; Morgan
et al., 2018) and the early stages of inflammation, which from our results shows to be
unaffected in the conditioned media exposed cohorts. This continues with the detection of
eMYH a marker for regenerating fibres that was still significantly higher in the CSM and
VM injected cohorts by day 10 collections. Additionally, the incomplete ECM remodeling
seen by dystrophin staining 20 days post CTX in the conditioned media exposed cohorts

leads us to believe that regeneration is delayed but not impeded. We can assume this due to
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the similar fibre area size of damaged and undamaged, aided by no significant fibrosis
observed in the damaged sections from the picrosirius staining. The secondary aim of this
experiment was to investigate if conditioned media induced atrophy in muscle fibres. We
stained the contralateral undamaged TA and stained for IIA, IIB and IIX muscle fibres.
Previous studies on smokers and cigarette smoke extracts demonstrated atrophy (Chan et al.,
2020; Montes de Oca et al., 2008; Stevens et al., 2024) a finding that was unfortunately not
shared by our results, we believe that this could be due to the mode of exposure and the

concentration of CSM/VM administered.

4.4, Limitations and future work

The first limitation faced in our experiments was the smoke and vape delivery method.
Due to rules and regulations, a respiratory method of delivery was not an option under our
licence. Therefore, the IP systemic delivery route was adopted. Even though (Nogueira et
al., 2018) provides evidence that IP delivery of CSM is just as effective, the main route of
consumption within the population remains through inhalation. Ideally, we would have

opted for a side-by-side comparison.

The number of mice used in these experiments is minimal compared to similar projects
investigating the outcomes of smoking and vaping. The study would benefit from more
animals, namely the muscle weights in section 4.2.2 and the comparisons of fibre size of
damaged vs undamaged in section 4.2.3. Here we saw a trend of decreased weights and
sizes and potentially with higher numbers this trend would become significant. But our

findings remain substantial even with the cohort sizes used.

Following IgG" staining, an F4/80 fluorescence or immunohistochemical stain would have
provided insight into the recruitment of macrophages to the damage site. A recent study by
(Tan et al., 2025) concluded that TNF-a released by cigarette smoke induced macrophages

promoted skeletal muscle pyroptosis and likely contributing to muscle atrophy.
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Staining for fibre type would provide insights into which could be affected by systemic
exposure to the conditioned media. Even though fibre area was measured using H&E in the
damaged area, cross sectional measurements by fibre type was intended, and would have
added value to the current study. We observed a decrease in fibre size with CSM and VM;
(though insignificant and perhaps with larger cohorts this would be different), this may be
due to reduced protein synthesis. The best way to investigate this would be to prepare

western blots using antibodies against 26S proteasome and LC3 for autophagy.

The experiment has three time points of muscle collection post CTX, this allowed for
visualization of the regenerative process. However, extension of the timeline by adding one
more cohort, would have provided more insight into the remodeling of the ECM, ideally we
would have preferred to have a timepoint where we could visualize the complete expression

of dystrophin.

Future studies would involve profiling the neuromuscular junction (NMJ). Cross sections
would be stained with a-Bungarotoxin; an antibody used to visualize the (NMJ) (Hsieh &
Chen, 2024) to determine the outcome on innervation and potential functionality of the
muscle fibres. Then, RNA sequencing of the gastrocnemius to determine any differences in
expression. The EDL’s would undergo single fibre isolation and then (I) on-fibre analysis of
the stem cell, where we interrogate activation, proliferation and migration (II) expansion of
the primary satellite cells on a petri dish then investigate how they respond to CSM/VM and

compare to immortalized cell lines.
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4.5. Conclusion

In this study we set out to investigate if cigarette smoke and vape smoke media affected

muscle regeneration in-vivo. We hypothesized that due to the inflammatory nature of both

conditioned media and the previous findings from in-vitro experiments that regeneration

would be hindered or impeded, leading to increased fibrosis in damaged areas.

We found that animals exposed to the conditioned media had hindered regeneration and
incomplete fibre maturation by day 20 after CTX induced muscle injury. Most literature
alludes to the cardiovascular and respiratory outcomes of e-cigarettes and as far as we

know, this is the first instance proving that vaping has the same implications as cigarette

smoke on muscle regeneration.
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Chapter S: Using transcriptomic analysis coupled

to bioinformatic based drug repurposing platforms

to identify novel therapies to reverse the effects of

cigarette smoke
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5.1. Introduction

Protein turnover is critical to muscle homeostasis. The balance between protein synthesis
and degradation is integral to maintaining muscle integrity, mass and function in both the
resting and active state. Muscle protein turnover can be influenced by nutrient supply,
hormonal stimuli, exercise and stress. Disruption in the balance can lead to sarcopenia and
atrophy. Smoking has been found to cause muscle weakness and atrophy. One mechanism
was described in a longitudinal study performed on 16 individuals concluded that smoking
impaired muscle protein synthesis and increased the expression of myostatin, a myokine that
inhibits muscle growth, and muscle atrophy F-box (MAFbx), an E3 ubiquitin ligase that
mediates skeletal muscle atrophy (Petersen et al., 2007). Alternatively, Liu et al (Liu et al.,
2011) described a different pathway involving the over-expression of USP-19 through
MAPK phosphorylation. Several studies reported hindered cellular differentiation (Ng et al.,
2015; Wahl et al., 2016), furthermore (Liu et al., 2011) specifically reported inhibited
myogenic differentiation and myotube formation after cigarette smoke extract exposure.
From our in vitro studies we showed that cigarette smoke conditioned media (CSM) affects
viability, proliferation, migration, differentiation of muscle cells, and metabolism potentially
causing atrophy. These effects are a result of direct exposure to CSM as evidenced by our
work and supported by the works of (Feng et al., 2021), where cigarette smoke (CS) induced
apoptosis of Raw264.7 macrophages, (Martinez et al., 2022) impeded osteoblast
differentiation and (Liu et al., 2011) inhibition of myogenic differentiation in L6 rat cells,
(Horinouchi & Miwa, 2021) and attenuated mitochondrial metabolic activity in human
vascular endothelial cells. The changes in cell function could be due to alterations in
transcription. Liu et al (Liu et al., 2011) reported that CS exposure upregulated USP-19 gene
expression in L6 myotubes. Similarly, Wang et al (Wang et al., 2021) reported changes in
transcription of IL-lo, IL-1B, TNF-a and TGF-B after exposing BEAS-2B (a human

bronchial epithelial cell line) to cigarette smoke condensate. Currently, there are multiple
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methods to process gene expression, these include northern blotting, quantitative polymerase

chain reaction (qQPCR), DNA microarray and RNA-seq.

Northern blotting is used to measure the size and quantity of a particular RNA in a sample
through separation by electrophoresis, transfer to a nylon or nitrocellulose (NC) membrane,
and hybridisation with labelled complementary probes. Despite the simplicity and low cost,
the technique is limited by time consumption, low sample throughput and high demand of

starting materials (Singh et al., 2018).

qPCR quantifies gene expression in real time by amplifying cDNA and labelling with
florescence dyes. The cycle threshold (Ct) is used as an indicator of the initial transcript
abundance. Absolute quantification is accomplished using a standard curve derived from
known DNA concentrations. It is possible to detect multiple transcripts in a single reaction
by using different probes labelled with different florescent dyes, also known as multiplex
gPCR. While gqPCR is efficient and offers multiplex detection, it relies on pre-existing
knowledge of target sequences and is limited to the number of transcripts that can be

analysed (VanGuilder et al., 2008).

DNA microarrays measure gene expression by hybridizing labelled cDNA to probes on a
chip. This allows for the simultaneous quantification of thousands of transcripts at once.
There are two main types of microarray technology, cDNA microarrays and in-situ
synthesized oligonucleotide microarrays. They differ in probe design but follow a similar
approach, RNA extraction, cDNA synthesis, labelling then hybridisation and finally
fluorescence scanning. The fluorescent signal intensity is proportional to transcript quantity.
Microarrays are cost effective; they do not require prior sequence knowledge (unlike gPCR)
and can run thousands of transcripts. However, they cannot test multiple samples; a control
and test must be run separately. Moreover, they require dedicated software and statistical

tools for analysis (Singh et al., 2018; Sinicropi et al., 2006).
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RNA-seq quantifies RNA through direct sequencing and measurement of RNA fragments.
There are several methods of RNA sequencing and choice depends on the objective of the
study. However, they all share similar principles. RNA is extracted and purified, then
enriched and fragmented followed by ligation with adapter molecules. Then, the RNA is
amplified creating a sequencing library and finally high throughput sequencing. This
technology is valuable because it can detect thousands of differentially expressed gene
variants, and transcript isoforms up to a resolution of a single nucleotide. Consequently, this
comes with a high cost and computational burden for data analysis (Kukurba &

Montgomery, 2015; Singh et al., 2018).

Bioinformatics can be used to identify molecular pathways by analysing large scale data
such as transcriptomics, proteomics and metabolomics. Using pathway databases,
differentially expressed genes or proteins can be mapped to biological pathways revealing
functional associations and regulative pathways. This allows for the identification of key
signalling cascades that can be linked to therapeutic targets for various conditions. The basis
of Connectivity mapping (CMAP) is that different compounds which are readily translatable,
and accepted by the food and drug administration (FDA) are introduced to various cell lines.
Thereafter the transcriptome of the cell line is determined either using RNAseq or by
microarrays. This signature is the response of cells to a particular drug. What an investigator
can subsequently do is to take their intervention on any cellular basis or tissue and develop
a transcriptome. Thereafter, match the experimental transcriptome versus the transcriptome
induced by an FDA approved drug on the cell lines examined by the Broad institute. This
gives two possibilities; one is you match the transcriptome of your intervention to the Broad
transcriptome and thereby you identify a drug which mimics your experimental set up. The
converse could also be done; you look for a transcriptome which is opposite to the one you

induced and therefore you find the antagonist (Lamb et al., 2006).
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In the previous two chapters we investigated the effects of cigarette smoke conditioned
media (CSM) and vape conditioned media (VM) on the organellar, cellular, and tissue level.
In this chapter we delve into the gene expression of C2C12 before and after exposure to CSM,
in both myoblasts and myotubes. We aimed to identify differentially expressed genes. Then,
using C-mapping we aimed to identify compounds that could potentially alleviate or counter
the effects of the cigarette smoke in vitro. The two chosen compounds, asiaticoside and
harmine were initially tested for cytotoxicity then potential therapeutic effects in a viability

assay with CSM exposure.
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5.2. Results

5.2.1. Exposure to CSM causes differential gene expression in C,Ci

myoblasts and myotubes.

To investigate the potential changes in gene expression at mRNA level we cultured the C2C12
cell lines and analysed both myoblasts and myotubes. Briefly, the myoblasts were allowed
to grow until 60% confluence before they were exposed to CSM for 24 hours then lysed and
collected for microarray. For myotubes, the cells were allowed to reach confluence before
differentiation, then they were exposed to CSM for 24 hours before lysis and collection. This
was then followed by RNA recovery and integrity analysis. Samples with RNA integrity
number greater than 7 progressed to microarrays. Principal component analysis (PCA) is a
technique used to simplify complicated sets of data. It Enables us to visualize correlations
or variances between thousands of genes using 3-D scatter plots. The principal component
analysis of the microarray revealed distinct differences between the controls and CSM
exposed myoblasts (figure 5.1) and myotubes (figure 5.2). However, there was no visible
clustering of the samples with both controls and the cigarette smoke exposed cohort. The
variations in locations of the samples; blue dots for cigarette exposed samples and red dots
for control samples, does suggest that CSM exposure causes significant changes on the

overall gene expression pattern compared to the control.
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Figure 5.1. Principal component analysis (PCA) of the gene expression data of

myoblasts control vs myoblasts cigarette exposed. Each dot represents a sample.
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Figure 5.2. Principal component analysis (PCA) of the gene expression data of

myotubes control vs myotubes cigarette exposed. Each dot represents a sample.

In the volcano plot of the myoblast exposed cohort (figure 5.3) a fold change of 0.5 in log 2

scale corresponds to a fold change of 1.4142 in linear scale. The x-axis represents the log2

value of fold change and the y-axis represents the t-statistic as log10 p value. Each gene is

represented by a dot in the graph. We identified the highest differentially expressed genes as

Cyplal, Ahrr, and Ell. There were 45012 similar, and a total of 89 were found to be

differentially expressed. The upregulated were 43 and downregulated were 46. This was

further correlated when a more detailed view of the upregulated and downregulated genes

was viewed in a heat map of cigarette exposed in relation to control myoblasts (figure 5.4 &

5.6).
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Figure 5.3. Pairwise volcano plot of differentially expressed transcripts (DEGS)
between control myoblasts and cigarette exposed myoblasts. Each gene is
represented by a dot in the graph. There were 45012 similar, and 89 were found to

be differentially expressed. The upregulated were 43 and downregulated were 46.

In the heatmap of upregulated genes after myoblast exposure to CSM (figure 5.4) we find
all the highest differentially expressed genes. Cyplal is involved in the metabolism of
xenobiotics. It is involved in the oxidative metabolism of benzo[a]pyrene; a component in
cigarette smoke, and polycyclic aromatic hydrocarbons converting them into potent
carcinogens (Mescher & Haarmann-Stemmann, 2018). Similarly, Ahrr is activated by
pollutants and is involved in the xenobiotic signalling pathway (Baba et al., 2001).
Elongation factor for RNA polymerase II (Ell) increases the rate of transcription and acts as
a negative regulator of p53 (Shinobu et al., 1999). The functional enrichment analysis of
upregulated genes in smoke exposed myoblasts in relation to control (figure 5.5) revealed
several highly significant terms with the majority falling within the metabolic processes. But

the term with highest significance was “response to xenobiotic stimulus”.
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Figure 5.4. Heat map of up regulated genes in cigarette exposed myoblasts in relation

to control myoblasts. Each column represents one sample. The colour bar on the side

codifies gene expression in log, scale, the higher the gene expression the more red

the colour.
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Figure 5.5. Bar plot of the significantly enriched terms of cigarette exposed myoblasts

up regulated in relation to control. Longer bars correspond to higher statistical

significance of the enrichment (the p-values are given in parentheses).
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The heatmap of cigarette smoke exposed myoblasts down regulated genes (figure 5.6) in
relation to control yielded some interesting findings. Gm7325 otherwise known as myomixer
(myomerger) (Quinn et al., 2017) was a standout of the downregulated genes. Furthermore,
Nov also known as Ccn3 is a part of the CCN family that are associated with the extracellular
matrix and play a role in cardiovascular and skeletal muscle development (Heath et al.,
2008). Igf2 (Insulin like growth factor 2) a member of the insulin family and is involved in
development and growth. Finally, Actc1 (Actin alpha cardiac muscle 1), a-actins are a major
component of the contractile apparatus and together with tropomyosin form the thin
contractile filament that connects the Z-disc to myosin (thick filament) (Frank et al., 2019).
Upon investigating the functional enrichment analysis (Figure 5.7) some of the standout
terms of downregulated genes include the negative regulation of calcium mediated
signalling, tissue migration, positive regulation of protein complex assembly, wound

healing, extracellular matrix binding and growth factor activity.
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Figure 5.6. Heat map of down regulated genes in cigarette exposed myoblasts in
relation to control. Each column represents one sample. The colour bar on the side

codifies gene expression in log, scale, the higher the gene expression the more red

the colour.
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Figure 5.7. Bar plot of the significantly enriched terms of cigarette exposed myoblasts
downregulated in relation to control. Loner bars correspond to higher statistical

significance of the enrichment (the p-values are given in parentheses).
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Next volcano plots of the myotubes exposed cohort (figure 5.8) identified the highest
differentially expressed genes as Calr3, Adamts15, Myl10 and Adh7. A fold change of 0.5
in log 2 scale corresponds to a fold change of 1.4142 in linear scale. The x-axis represents
the log2 value of fold change and the y-axis represents the t-statistic as log10 p value.
Moreover, 231 differentially expressed transcripts were detected between CSM exposed
and control myotubes (98 upregulated and 133 downregulated genes). These were further
correlated when a more detailed view of the upregulated and down regulated genes was
viewed in a heat map of cigarette exposed in relation to control myotubes (figure 5.9 &
5.11). Calr3 is a member of the calreticulin family which are calcium binding chaperones
and mainly found in the endoplasmic reticulum. Adh7 is part of the alcohol
dehydrogenases (ADHs) which are mostly involved in the metabolism of drugs and
metabolites that contain alcohol functional groups (Di et al., 2021). Adamts15 is involved

in the extracellular matrix remodelling and myoblast fusion (Stupka et al., 2013)

156



5.8

-log10 p-value

o
(8]
T

oS
T

w
s

w
T

N
(9]

N
T

_.
o
T

-k
T

o
o

X

Adh7 o
My!10 o
car3". -
Adamts15 q
0.5 0 05 1

CSM exposed myotubes < fold change >

1000

900

800

700

600

500

400

300

200

100

Figure 5.8. Pairwise Volcano plot of differentially expressed transcripts (DEGS)

between control and cigarette exposed myotubes. Each gene is represented by a dot

in the graph. There were 44870 similar, and a total of 231 were found to be

differentially expressed. The up regulated were 98 and downregulated were 133.

Some noteworthy mentions of upregulated genes (figure 5.9) in response to CSM induced

stress include KI1f15 which regulates lipid flux and metabolic homeostasis in muscle (Fan

et al., 2021) and Nfix which is involved in muscle regeneration (Rossi et al., 2017).

Noteworthy mentions of down regulated genes (figure 5.11) due to CSM induced stress

include Gpr35 which is implicated in multiple tumours and immunomodulation (Takkar et

al., 2024) and fibromodulin (Fmod), a negative regulator of myostatin expression.
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The functional enrichment analysis of upregulated genes in smoke exposed myotubes in
relation to control (figure 5.10) revealed several significant terms with the highest in
significance reported as “Reactive oxygen species biosynthetic process”. The functional
enrichment analysis of downregulated genes in smoke exposed myotubes in relation to
control (figure 5.12) revealed many interesting significant terms including “proteinaceous
extracellular matrix”, “regulation of macrophage activation”, “extracellular structure

organisation” and “regulation of cytokine secretion”.
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5.2.2. C-mapping to identify compounds that may counteract the effects of

cigarette smoke.

After identifying the differentially expressed genes, a connectivity mapping (CMAP) was
generated by comparing the cigarette smoke specific differentially expressed genes (DEGs)
to the Broad connectivity map database and the SPIED web portal to identify possible
compounds that could potentially reverse or inhibit the effect of cigarette smoke. C-mapping
is a database that identifies relationships among diseases, genetic perturbations and
pharmacological compounds by comparing gene expression. This database holds hundreds
of reference signatures collected from exposing human cell lines to a multitude of FDA
approved chemical compounds. These signatures were used as a baseline against which our
signatures were compared with. This comparison results in a positive or negative correlation
which quantifies the degree of similarity or difference between our profiles and those of the
database with the most significant being termed “hits”. The CMAP ‘hits’ were ranked
according to their correlation with the cigarette smoke cohort DEGs. As previously
performed with the microarray, we investigated the effects in both myoblasts and myotubes.
Interrogating the microarray provided lists of compounds that potentially either escalated
(highlighted in green) or receded (highlighted in red) the effects of CSM (figures 5.13 &
5.14). The compounds with the highest correlation to reduce the effects of CSM in the
myoblast exposed cohort (figure 5.13) were asiaticoside, carisoprodol, harmine, hexesterol,
fluoucinonide and others. Interestingly, we find etoposide which we had previously used to

induce senescence in the list of compounds that escalate the effects of CSM in myoblasts.
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5.13

Compound Correlation Significance
Kinetin 0.66 3.43(22)
Bretylium tosilate 048 2.59(27)
Etoposide 0.37 2.50 (45)
5253409 0.47 2.48(27)
Trimethylcolchicinic acid 0.41 2.48(36)
Terazosin 0.27 2.39(76)
Bupivacaine 0.52 2.36 (20)
Thiamine 0.37 2.30(39)
Fludrocortisone 0.22 2.28(105)
Epitiostanol 0.43 22827
Monobenzone 0.36 2.28(39)
Pipemidic acid 0.35 2.26 (41)
Prednisone 0.35 2.21 (40)
Merbromin 0,24 2.17 (83)
Artemisinin 0.31 2.17 (50)
Gelsemine 0.51 2.17(18)
(-)-isoprenaline 0.33 2,10 (41)
Primidone 0.41 2.08 (26)
Prestwick-981 0.37 2.04 (30)
Vorinostat 0.18 2.04(130)
Acemetacin 0.31 2.03 (42)
Trimethoprim 0.31 2.02 (42)
Leflunomide 0.27 2.01(57)
Galantamine 2.03 (46)
Mefloquine 2.03(58)
Gramine 2.03(28)
Fluocinonide 2.04(87)
Miconazole 2.04 (41)
Paroxetine 2.04 (24)
Bergenin 2.06(27)
5155877 2.10 (45)
Myosmine 2.14 (80)
F0447-0125 2.15(39)
Androsterone 2.19(23)
Ramipril 21921
Conessine 2.24(22)
Hexestrol 2.24(101)
CP-645525-01 2.31(68)
Chicago Sky Blue 6B 2.34 (48)
Estradiol 2.42(47)
Amylocaine 2.43(27)
Lysergol 2.46(55)
C-75 2.58(43)
Saquinavir 2.92(38)
BCB000038 2.95(33)
Mepyramine 2.99(35)
Harmine 3.04(114)
Carisoprodol 3.06(28)
Asiaticoside 4.06(23)

Figure 5.13. CMAP findings of cigarette smoke exposed myoblasts. Compounds that

correlate (green) and anti-correlate (red) with the transcriptome of CSM exposed

myoblasts.
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The compounds with the highest correlation to reduce the effects of CSM in the myotubes
exposed cohort (figure 5.14) were hexylcaine, clebopride, MK-886, diethylcarbamazine, 16-

phenyltetranorprostaglandin_E2, diphemanil-metilsulfate, halofantrine, SR-95639A and

xamoterol.

5.14 Compound Correlation Significance
Hydralazine 0.47 2.96 (36)
Tetramisole 0.53 2.91(27)

L-methionine sulfoximine 0.52 2.88 (28)
Isoxsuprine 0.51 2.85(29)
Terfenadine 0.33 2.63(61)

Solanine 0.37 2.55(45)
AG-013608 0.43 2.45(32)
Fenoterol 0.30 2.44 (65)
Ioversol 0.44 2.43 (30)
Menadione 0.32 2.42 (56)
Cefazolin 0.44 2.41(29)
Retrorsine 0.43 2.41(31)
Sanguinarine 0.26 2.41(82)
10-methoxyharmalan 0.37 2.38(41)
Epiandrosterone 0.31 2.38(57)
Desoxycortone 0.40 2.38(34)
Parthenolide 0.27 2.34(73)
Rottlerin 0.27 2.34(75)
PNU-0251126 0.32 2.30(50)
Mometasone 0.40 2.29(32)
Fluphenazine 0.32 2.27(49)
Sotalol 0.42 2.25(29)
Hexylcaine 2.01(18)
Clebopride 2.17(43)
MK-886 2.19(50)
Diethylcarbamazine 2.31(15)
16-phenyltetranorprostaglandin E2 2.32(25)
Diphemanil metilsulfate 2.49(33)
Halofantrine 2.50 (40)
SR-95639A 2.53(39)
Xamoterol 2.77 (40)

Figure 5.14. CMAP findings of cigarette smoke exposed myotubes. Compounds that
correlate (green) and anti-correlate (red) with the transcriptome of CSM exposed

myotubes.
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5.2.3. The effects of CSM exposure were not alleviated by asiaticoside and
harmine in a viability setting.

The findings of the CMAP provided a comprehensive list of compounds that could be used
to counteract the effects of CSM in-vitro. The list was dissected, and a few compounds were
selected based on strength of correlation, availability, cost, solubility, lethality and previous
use in literature. Based on these criteria we opted for asiaticoside and harmine from the
myoblast exposed cohort. From the myotubes exposed cohort we selected xamoterol and

halofantrine.

Harmine, is a naturally occurring organic compound mostly found in plants. Initially isolated
in 1847 from the seed of Peganum harmal, has been found to have antimicrobial, antifungal,
antioxidant and antitumorigenic properties (Patel et al., 2012). Recently harmine has been
used to ameliorate some of the effects of spinal muscular atrophy in mice (Meijboom et al.,

2021).

Asiaticoside is a triterpene compound isolated from Centella asiatica, an herbaceous plant
that grows in the swampy areas of southeast asia. It has been reported to have several
therapeutic properties as an anti-bacterial, anti-inflammatory and antioxidant

(Bandopadhyay et al., 2023).
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First the chemicals were solubilized, and a cytotoxicity assay was performed. Briefly, the
cells were allowed to adhere overnight then incubated with the different concentrations
Dimethyl-sulfoxide (DMSO), harmine and asiaticoside for 24 hours. This was then followed
by adding the MTS reagent and incubating for a further 4 hours before measuring the
absorbance at 490 nm. Since (DMSO) was used as a solvent, it was also used as the control
in this experiment (figure 5.15 A). A concentration gradient was used starting from 1 to 50
uM. The DMSO (figure 5.15 B) had no effect on cell viability up to 50 uM where the
absorbance was significantly high. Harmine (figure 5.15 C) presented with a significant
decrease in absorbance at 50 uM and asiaticoside (figure 5.15 D) had no effect on absorbance

in all concentrations.
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5.15 DMSO Harmine Asiaticoside

Control 1 5 10 25 50 Control 1 5 10 25 50 Control 1 5 10 25 50

Absorbance (%)
coB88883388

Concentration of DMSO (uM) Concentration of Harmine (uM) Concentration of Asiaticoside (uM)

Figure 5.15. C,C;, cytotoxicity assay incubated with harmine and asiaticoside. (A)
representative images of C,Ci, myoblasts treated with a concentration gradient of
DMSO, harmine or asiaticoside for 24 hours. (B, C, D) quantification of the
cytotoxicity assay. Data presented as +/- SEM using one-way ANOVA with Dunnett’s

multiple comparison test. *p<0.05 (n=4). Scale bar is 400 um.
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Based on the findings of the cytotoxicity assay, going forward two concentrations of
compound would be used to potentially counter the effects of cigarette smoke on myoblasts.
Viability assays were performed using 5 and 25 uM concentrations of compound with the

cells exposed to a concentration gradient of CSM (figure 5.16 & 5.17).

After 24 hours of incubation in CSM with 5 uM harmine (figure 5.16 B) there was no effect
on the viability at the lower concentrations of CSM, however at the higher concentrations
there was a significant decrease in viability that was not rescued by the 5 uM harmine. When
5 uM asiaticoside (figure 5.16 C) was incubated with CSM for 24 hours a significant drop
in viability was seen between 0.01 CSM and 0.01 CSM + 5 uM asiaticoside. There was no
effect in the 0.05 CSM and at 0.2 CSM there was no rescue. Interestingly though at 0.1 CSM
with the addition of 5uM asiaticoside there was a significant increase in viability that

suggests a rescue effect.
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Figure 5.16. Effect of 5 UM harmine and asiaticoside on C,Ci; viability with CSM
exposure. The myoblasts were incubated with different concentrations of CSM and 5
UM harmine or asiaticoside for 24 hours. Thereafter, the viability was assessed (using
an MTS reagent). (A) representative images after 24 hours incubation. (B, C)
guantification of the viability assay. Data presented as +/- SEM using one-way ANOVA
with Tukey’s multiple comparison test. ¥*p<0.05, ****p<0.0001 (n=4). Scale bar is 400

um.
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Next, since the lower concentrations didn’t provide convincing results, a viability assay was
performed using higher concentrations of harmine and asiaticoside (figure 5.17). After 24
hours incubation in a concentration gradient of CSM with 25 uM harmine (figure 5.17 B)
there was no increase in viability in any of the CSM exposed concentrations, in fact at 0.05
OD CSM the addition of 25 uM harmine further decreased viability. Similarly, and
alarmingly the addition 25 uM asiaticoside to any concentration of CSM exacerbated the
effect and a significant drop in viability was observed from the lowest concentration. These

findings were clearly visible from the representative images seen in figure 5.17 A.
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Figure 5.17. Effect of 25 uM harmine and asiaticoside on C,C;; viability with CSM
exposure. The myoblasts were incubated with different concentrations of CSM and
25 uM harmine or asiaticoside for 24 hours. Thereafter, the viability was assessed
(using an MTS reagent). (A) representative images after 24 hours incubation. (B, C)
guantification of the viability assay. Data presented as +/- SEM using one-way ANOVA
with Tukey’s multiple comparison test. **p<0.01, ***<p0.001, ****p<0.0001 (n=4).
Scale bar is 400 um.
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5.3. Discussion

In this chapter we aimed to identify readily available compounds that could be used to
reverse the effects of cigarette smoking. The microarray analysis was used as a stepping
stone to identify the potential therapeutic compounds. Interestingly though, from the
analysed data there were several differentially expressed genes. Notably Cyplal, Cyplbl,
Ahrr, Igtbp4, Actcl, Nov, Igf2, Fmod and Gm7325 (Mymx). The C-mapping data revealed
several compounds with potential therapeutic outcomes, of which the two selected

compounds, asiaticoside and harmine didn’t rescue the myoblasts from CSM toxicity.

Cyplal and Cyplbl are both members of the cytochrome P450 superfamily and involved in
drug metabolism and synthesis of lipids, steroids and cholesterol. Mutations in these genes
have been associated with an increased link to lung cancer (Androutsopoulos et al., 2009).
Ahrr (Aryl hydrocarbon receptor repressor) is involved in the regulation of cell growth,
differentiation and functions as a modulator for Cyplal (Androutsopoulos et al., 2009).
Insulin growth factors (IGFs) play a substantial role in growth, development and
metabolism. IGFBP4 (Insulin like growth factor binding protein 4) is one of six high affinity
binding proteins to IGFs. These proteins moderate the activity of IGFs and are capable of
enhancing or inhibiting the IGF effects (Werner, 2023). Specifically, Igfbp4 has been found
to inhibit the action of IGF1 in vitro (Mazerbourg et al., 2004) and over expression causes
smooth muscle hypoplasia in transgenic mice (Wang et al., 1998). Gm7325 otherwise known
as myomerger (myomixer) is muscle specific and essential to myoblast fusion. It has been
shown that myocytes deficient in myomerger were able to differentiate but were fusion
incompetent (Quinn et al., 2017). Our analysis showed down-expression of myomerger in
myoblasts which could explain why the exposed cohort in vitro had a significantly lower
fusion index. The microarray data is surprising, we expected from the results of previous
chapters to find more differential expression in atrogenes involved in the ubiquitin-

proteasome pathway (MuRF1, MAFbx, USP19). In fact, the only gene we could link to the
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ubiquitin ligase family was Trim25 which was down expressed in myoblasts exposed to
CSM. An interesting finding was the down regulation of fibromodulin (Fmod), a negative
regulator of myostatin. This could be a potential explanation for the atrophy seen in the in
vitro experiments (Lee et al., 2021) and could be investigated using Western blots. Much of
the differential expression is found in genes responsible for metabolism. When comparing
the heatmaps there weren’t major changes in gene expression. It is possible that cigarette
smoke exposure affects proteins rather than genes. The effect would be post translational
and causes adducts altering the structure and function of the proteins. Several chemicals
found in cigarette smoke such as acrolein, and formaldehyde had been previously shown to
cause protein adducts (Kitaguchi et al., 2012; Metz et al., 2004; Spiess et al., 2011), therefore
mass spectrometry could be used to identify any differentially expressed proteins. In fact, a
recent study performed by Meijboom et al (Meijboom et al., 2021) attempting to identify
muscle specific treatments for spinal muscular atrophy (SMA) combined transcriptomics
with proteomics and connectivity mapping to identify potential targets of therapy. First, they
identified compounds that reversed the disease signature of SMA in the transcriptome, then
the proteome and overlapped them to come up with possible targets of therapy. Interestingly
they single out harmine as a compound that upon testing in vivo improved several disease
phenotypes that included lifespan and weight. However, when they investigated the effect
in-vitro they found differential effects with low and high doses and specifically when testing
on C2Ci2 they found that harmine had inhibitory effects on proliferation and viability at
higher doses. They contribute these findings to the fact that the CMAP resource is based on
data from human cell lines which as we mention later on is a major limitation of our work

as well.

The two compounds used, harmine and asiaticoside, are naturally occurring and derived
from plants and widely used in traditional medicine. Our findings from the viability assay

were unexpected, other than 0.1 OD CSM with SuM asiaticoside there was no improvement
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detected in all the other parameters. This could be the simple matter of the selected
compounds weren’t working or due to the concentrations selected, ideally the whole panel
would be used but this wasn’t feasible. Another explanation could be the setup of the
experiment, we incubated the cells with both the CSM and therapeutic compounds, this may
have led to interactions. Ideally variations where the cells were treated with the therapies
prior to exposure or after, with fresh media would be performed. Ultimately this proves that
C-mapping data isn’t ironclad due to the data resource being from human cell lines but rather

provides a platform for investigation of potential therapeutic targets.
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5.4. Limitations and future work

Despite our findings in this chapter, there were limitations. The microarray and C-mapping
were unfortunately only performed on the CSM exposed cohort. Consequently, the outcomes
could not be compared to VM as they were in the previous chapters. Moreover, the
experiments were only performed on the C>Ci2 cell line and we only managed to analyse
two of the compounds in a viability assay. Perhaps the biggest limitations are the use of
C>Ci2 only and microarrays alone, the use of proteomics would have given us a better
understanding of the differential expression. The use of microarray is limited, since it
measures gene expression by hybridising samples to a chip that contains thousands of known
DNA sequences. This is useful but only provides a limited picture. RNA sequencing
provides an objective and extensive view of the transcriptome and allows for the discovery

of novel transcripts.

Future work to address the limitations faced in this chapter would include microarray
analysis of the VM exposed C>C1> with C-mapping. Further investigation of the compounds
in a similar manner initially investigating cytotoxicity and viability. Should one prove to be
beneficial then investigation would continue to include the potential effect on migration,
differentiation, atrophy and proliferation. This will justify future work on mice. This would
then be followed by translating this experiment to the AB1190 cell line as this would provide
more insight and possibly different outcomes as it is more relative to the CMAP database,
since AB1190 are of human origins. Finally, RNA sequencing would be performed on the
samples collected from the mice exposed to CSM and VM in the in vivo experiments. The
results, which would be more representative of smokers, would then be used in combination
with the other transcriptomic and proteomic findings in a CMAP analysis in the hope of

finding better therapeutic compounds.
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5.5. Conclusion

We aimed to identify compounds that could revert the effect of cigarette smoke through
identifying differentially expressed genes. We discovered that there weren’t major changes
in expression in-vitro, however they were substantial enough to illicit changes found
previously. Harmine and asiaticoside didn’t revert the effects of CSM but the C-map still

provides a valuable resource of possible therapeutic targets.
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Chapter 6: General Discussion
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Smoking and now vaping are both popular amongst the population. Smoking outcomes have
been studied for more than half a century with well documented findings. Vaping, however,
is a more recent trend with much to be investigated. The principal aim of this study was to
investigate the effect of both cigarette smoking and vaping on early muscle regeneration and

to determine therapeutic agents that can be used to reverse said effects.

In this study, we investigated the effects of both CSM and VM in vitro on immortalized cells
from mice and humans. We assessed viability, proliferation, migration, fusion, organellar
and inflammatory response. We then moved into mouse models, and using the C57BL/6
mice we observed the outcomes on an organismal level. Our investigation monitored the
rodents body weight, isolated muscle weights, fibre morphometrics, histopathological
analysis, and inflammatory response. Finally, using gene expression analysis and the bio
informatic tool, connectivity mapping, identified harmine and asiaticoside as possible

therapeutics that could potentially reverse the effects of CSM.

First, we present a summary of the findings from this study on direct exposure of myoblasts

(table 6.1).
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Inflammatory

Decreased in AB678.

Decreased in AB1167.

Increased in IMR-90.

No effect in AB1190.

No effect in AB1190.

Decreased in AB1190.

No effect in AB1190.

Increase in nuclear roundness.
Increased mitotracker intensity.

Viabili nescenc Migration Focal Adhesions Fusion Atroph Organelles .
Viability Migration Fusion Atrophy tokin
Increase in area of nucleoli.
SElTEeEn e e Decrease in the number of nucleoli.
. . 2C12 X .
A Gy Increased in AB1190. Decreased in C,C,,. (R FBEE R decrgased n C?C’z' Decreased in C,C,,. Myofibre area decreased in AB1190. ZEEGEES n AT E2] o.f M
CSM AB1190, AB678 and . . Number and area of FAs increased in . . Decrease in area of nuclei.
Increased in IMR-90. Decreased in AB1190. Decreased in AB1190. | sActRIIB rescues Atrophy in both. N IL-8 elevated.
AB1167. AB1190. Increase in nuclear roundness.
Decrease in cell area.
Increased mitotracker area.
Increase in area of nucleoli.
No effect on C,C,,. . .
Increased inAB1190. | NoeffectinAB1190. | NoeffectinC,C,,. MG ESREEGTES EHEEE | e @6, No effect in C,C,. SLE NN TS AL
VM increased in C,C,,. Decrease in area of nuclei. No Change

Table 6.1. A summary of the in-vitro results
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There is a huge volume of data showing that smoking impacts muscle function and weight. In contrast,
very little is known about the effects of vaping and its effect on this tissue. Numerous mouse models
have been used where smoke inhalation brings about some of the detrimental effects seen in humans
by the action of cigarettes. We wanted to establish in the first instance whether cigarette smoke or
vaping had a direct effect on skeletal muscle. This is important as numerous studies have shown that
the primary human tissue that is encountered by smoke are lung cells. Thereafter, the cells of the lung
respond by producing various inflammatory cytokines. Therefore, in this scenario cigarette smoking
needs to be considered to have two components one being the harmful chemicals that enter the
circulation that originates from cigarettes and secondly molecules produced by human tissues
particularly the lung as a reaction to cigarette smoke. By directly applying conditioned media
containing either cigarette smoke extract or vaping extract we are in a position to dissect the direct
role on skeletal muscle. Another important aspect addressed by our experiments was related to early
stages of myogenesis. Most studies which are conducted on animals and those that concentrate on
taking human skeletal muscle biopsies focus on mature myofibres. In our setup we aim to examine
the outcome on early stages of muscle development. We focused on key properties of the myogenic
programme that are not only important during the regeneration of this tissue but now having greater
importance in maintaining adult muscle physiology. Here in the landscape of our understanding of
muscle has changed considerably in that it was previously thought that the activity of satellite cells
was only required during regeneration. Now we know that these cells are critical to replenish
myonuclei that have been lost not through acute damage but simply by the wear and tear process that

accompanies muscle contraction.

We used both human and mouse skeletal muscle cells as an experimental platform. Furthermore, we
were in the position of using a number of different human lines. These revealed several important
findings which we believe have major bearing on developing robust conclusions. Our studies using
different cell lines found that there was very low level of agreement between the effect of cigarette

smoke or vaping on a particular aspect of early muscle development. For example, cell viability was
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reduced by cigarette smoke when applied to mouse cells whereas vape media failed to provoke any
response. To further exemplify this point we found that all three human lines responded to cigarette
smoke by decreasing viability. In contrast we found that one cell line increased viability when
exposed to vape media. Of all the tests that we performed the most robust in terms of reproducibility
across different cell lines and their origin were those related to senescence and fusion. Going forward
we would advocate that the readouts assessing the function in terms of senescence and fusion are
more conserved and more reliable as opposed to those investigating for example viability or migration
or atrophy. The key question therefore to answer is why certain cells, even though they are all from
humans respond whereas others don't. Presently we have no explanation for this other than to offer
potential suggestions. Firstly, we need to take into account that the origin of the cells differs in that
they are from various sites around the body which may impact their biology. We know from
embryonic studies that the development of muscle occurs according to its location in that muscles of
the body originate from cells of the myotome whereas those of the limb undergo a process of
migration prior to activating their myogenic programme (Kablar et al., 1997; Ordahl & Douarin,
1992). Hence these differing experiences during development may have long lasting impact on the
biology of these cells. More obvious could be factors such as age and sex of the donor from whom
the muscle cells were obtained. Going forward these studies highlight that in order to generate robust
data it is imperative that large number of cell lines are investigated to reach conclusions about effect

of cigarette smoke and the efficacy of therapies when dealing at the population level.

One of the critical findings of our study was that the atrophy effect of cigarette smoke could be
alleviated by a molecule that neutralised activin or myostatin signalling. We believe that these results
are particularly informative because they offer a mechanistic explanation of muscle loss following
smoking of cigarettes. As our experiments were performed solely on skeletal muscle cells these
experiments would imply that cigarette smoke induced the expression of molecules that would work
through the activin receptor which would induce atrophy. Furthermore, the addition of the soluble

ligand trap neutralised this effect. Hence, we believe that this is the first proof that cigarette smoke
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induces an autocrine effect resulting in muscle atrophy. We were unable to determine with certainty
the nature of the ligand given that the expression of myostatin was not statistically elevated in our
microarray expression data. Furthermore, it is possible that myostatin/activin levels could be
increased by cigarette smoke without the need for transcription. It is possible that latent forms of
either protein could become activated by cigarette smoke therefore bypassing the need for
transcription. Future experiments could be designed to identify the molecule that is neutralised by the

soluble ligand trap for example through the use of analyte specific ELISA assays.
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Day 20: Same as control

Day 20: Same as control

Animal . . A . . " . Inflammatory
L Muscle weights Fiber area IgG+ infiltration eMYH area Dystrophin | Fibrosis Atrophy .
weights cytokines
Day 5: Gastroc increased . Day 5: Same as control Day 5: Same as control i
CsSM No effect Day 10: No difference zl:ddlljifjf:wc;e :‘:tween EhmEEE Day 10: Same as control | Day 10: Higher than control Inec:_?nT;Lerte No change No atrophy in contralateral fibres RV;T;U lna\'::::'ntl
Day 20: No difference ged. Day 20: Same as control | Day 20: Same as control F e 4
. Dysregulated:
Day 5: R.TAincreased . Day 5: Same as control Day 5: Same as control I
VM No effect Day 10: No difference L0l L= B 2 g Day 10: Same as control | Day 10: Higher than control Incc_)mplete No change No atrophy in contralateral fibres e 5|g_n|f_|c_:antly
and undamaged. perimeter IP-10 + significantly
LIX ¢ significantly

Table 6.2. A summary of the in-vivo results.
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Moving on from the findings on muscle cells we aimed to assess the impact of cigarette smoke and
vape media using the mouse as an experimental model with a particular emphasis on muscle
regeneration. As previously stated, we saw that there were robust effects off cigarette smoke on
senescence, fusion and migration when taken in the context of being conserved between cells of
human and mouse origin. These processes are critical to the pathway that regulates muscle
regeneration. However, we found that muscle regeneration took place quite well with the only notable
exception being that it was slightly delayed compared to the untreated damaged muscle. Therefore,
we need to offer explanations as to why cigarette smoke had a relatively minor role in regeneration.
We propose a number of explanations. Firstly, we could contemplate that the dose that was applied
put simply too low to bring about meaningful impact in our mouse experiments. We injected 100
microliters of a solution that had an optical density of 1.8 into mice weighing approximately 20
grammes. This equates to a dose that is approximately 10 times less than that used in our in vitro
assays. We used the highest dose that we were permitted to do so under our home office licence
guidelines. We could in future increase the dose not by using a higher volume but by making more
concentrated condition media. One way to achieve this goal would be simply to draw the cigarette

smoke from multiple cigarettes into a decreased volume of phosphate buffered saline.

We also noted that the procedure we used to mimic the effect of smoking, here by injection into the
peritoneal cavity of smoke extract that had been collected in saline failed to bring about a decrease in
body weight. Huge volumes of published data shows that cigarette smoke is very effective in reducing
body weight in humans (Chao et al., 2019; Nemery et al., 1983; Williamson et al., 1991). A finding
that has been repeated in studies involving smoke inhalation by rodents (Ajime et al., 2021; Stevens
et al., 2024; Tan et al., 2025). Vaping has also been reported to decrease body mass in human
population studies (Alqgahtani et al., 2021). Hence, we need to offer an explanation as to why our
experiment failed to invoke loss in body mass. One possible explanation apart from that being centred
around dosing is by understanding how we made our condition media. The process that we used

collected only elements of cigarette smoke or vape smoke that dissolved in aqueous polar solution
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(namely phosphate buffered saline). It is very likely that the highly organic molecules that are present
in cigarette smoke were not captured in this solution. Hence it is highly likely that our cigarette smoke
conditioned media only captures a fraction of harmful molecules. In future we could collect an organic

fraction and then mix it with the one collected in an aqueous water-based media.

Our work also highlights how differing mechanisms induced by cigarette smoke/vape conditioned
media that bring about body weight muscle loss. One potent means by which this occurs is simply
through appetite control. This has been reported in humans and forms the basis of a slimming regime
based on smoking and has been found in rodents (Ajime et al., 2021). A mechanistic explanation for
this finding could be the fact that studies have shown that GDF 15 levels are elevated in the blood of
smokers which acts on the brain to bring about appetite suppression (Klein et al., 2022; Wada et al.,
2020). To our knowledge a similar assessment of measuring GDF15 levels in people using vaping
has not been conducted and should be undertaken. However, our work suggests that at high enough
doses, cigarette smoke works on muscle through the modulation of molecules in the activin/myostatin
axis that control muscle mass. In order to assess the role of activin and myostatin during cigarette
smoke induced muscle loss. We propose that it will be necessary to examine all molecules in this axis
that work through the activin receptor. This could be done using ELISA assays that profile this entire
axis. In order to do generate robust data it will be important to examine not only molecules that induce
muscle atrophy (activin and myostatin) but also those that antagonise their action (Follistatin and
FLT3) (Rodgers & Ward, 2022). Ideally this study should also examine the levels of GDF 15 hence

determining the role of direct versus indirect regulation of body mass.

One aspect of our in vivo work that we didn't examine was the effect of cigarette smoke or vape
conditioned media on senescence. The investigations we undertook using cell-based assays showed
that both cigarette smoke and vape media induced senescence. Hence future work should be
undertaken to histologically profile the appearance of B-Gal activity in muscle from mice that have
been subjected to cigarette smoke or vape media. Our work nevertheless opens the possibility of a

new pathological mechanism induced by cigarette smoke or vaping. Our results suggest that both of
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these activities may affect muscle at the level of the myofibre (through atrophy) and in the satellite
cell (through the induction of senescence). Hence it will be of interest to examine human muscle
samples from people who have smoked or vaped and profile markers for senescence. There is already
good evidence that cigarette smoke induces senescence in other cells particularly in the cells of lungs
(Zheng et al., 2025). An indirect method would be to examine classical markers of SASP which
causes the release of inflammatory cytokines and the decrease of anti-inflammatory molecules.
Indeed, we saw a change in cytokine profile induced by both cigarette smoke and vaping. If there is
evidence that either of these two activities bring about increase levels of senescence, then future health
remedies based around decreasing the impact of senescent cells (senomorphics) or eliminating these
aberrant cells (senolytics) should be considered. Indeed, a large number of such compounds being
developed for clinical use and could be redirected towards pathology caused by cigarette smoke or

vaping (Shi et al., 2024).

The Aim of this project was to ultimately identify treatments or skeletal muscle pathology induced
by either cigarette smoke or vaping. To that end we used connectivity mapping to bring forward
compounds that could be readily translated into a clinical setting. Connectivity mapping has been
used over the past 10 years and identified a number of molecules that have been shown to address
various aspects of muscle pathology. For example, the study of Dyle et al, discovered tomatidine
which originates from tomatoes as an activator of mTOR signalling and had the ability to reduce
skeletal muscle atrophy, promote growth of muscle fibres following a period of atrophy as well as to
increase strength and exercise when used in animals (Dyle et al., 2014). Another compound that was
discovered through connectivity mapping in the context of skeletal muscle was ursolic acid that
promoted muscle growth in animals and stimulated hypertrophy. This molecule was thought to be
potentially valuable in dealing with muscle loss in humans following fasting as well as spinal cord
injury since it came up as a positive hit through connectivity mapping in samples from those suffering
these two conditions (Kunkel et al., 2011). More recently the group of Bowerman have used the

connectivity mapping approach to discover drugs to treat the muscle pathology for spinal muscular

189



atrophy (Hoolachan et al., 2024; Meijboom et al., 2021). In one of their studies, they found and
showed that harmine, an alkaloid found in Syrian rue seeds, passionflower and lemon balm, was able

to some degree reverse the impact of gene mutations that lead to muscle fibre atrophy.

Harmine was therefore an exciting prospect as it came up in our Connectivity mapping led
investigations. However, we failed to detect any impact of this compound in any of the cell-based
assays that we conducted. Hence it is important to explain this lack of effect. We believe that insights
into lack of efficacy come from dissecting the experiences of other groups who have used this
discovery platform. In particular the work of Meijboom (Meijboom et al., 2021) offers potential
explanations. This group found that connectivity mapping when used with either gene expression lists
or protein identifiers came up with different lead compounds. Furthermore, when they used differing
setups that would all speak to the same output, that is muscle atrophy induced by changes to the Smn
gene, again a different set of potential therapeutics came forward. Hence the connectivity map seems
to be very sensitive to slight changes in the experimental setup, from which the input data as well as
the type of input data is derived or used. This group came up to the conclusion that harmine was a
strong lead through connectivity mapping when starting data from several experimental setups were
used, and the same compound came through as and effective molecule. Furthermore, this group
validated harmine by examining the expression of genes that it was predicted to regulate (Meijboom
et al., 2021). Even after carrying out such robust preliminary investigations this compound was found
to be efficacious only in certain spinal muscular atrophy models (Meijboom et al., 2021). Hence, we
believe that in order to come up with robust leads using the connectivity mapping platform it will be
essential to not only look at gene expression but also levels of proteins and to feed these into the
discovery platform. The identification of compounds that come through using both approaches will
add robustness to these experiments and go some ways towards mitigating against failure. Secondly,
given our experiences with using different cell lines it would be judicious to examine gene expression

in a number of these and only following leads which come out in a consistent, cell line independent
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manner. Hence, we believe that until this is done, we should focus on molecules other than those

identified in this study using our Connectivity Mapping data.

We suggest that from our data following the use of sActRIIB could be the basis of a treatment for
cigarette smoke or vape induced muscle wasting. There is a huge body of data showing that muscle
wasting can be readily prevented or slowed down by either neutralising the activity of activin or
myostatin or through increasing the levels of molecules that neutralise their signalling capacity
(Algallaf et al., 2022; Lee et al., 2005; Zhou et al., 2010). Below is a list of molecules by no means
extensive, that have progressed into clinical trials. We propose that these could be repurposed as a

potential treatment for muscle wasting caused by either cigarette smoke or vaping.
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Name Developer Indication Phase Safety Outcomes
Apitegromab Scholar Rock Spinal muscular atrophy Phase 3 No serious concerns Improved motor function
Taldefgrobep Alfa Biohaven Spinal muscular atrophy Phase 3 No serious concerns Increase lean mass and bone strength with
reduced fat
GYM329 Roche Spinal muscular atrophy Phase 2 NA NA
Bimagrumab Lilly Obesity & diabetes Phase 2 | Diarrhoea and muscle spasms Fat loss, lean mass gain and reduced

HbA1c

Table 6.4. Drugs targeting the myostatin/activin pathway that are in clinical phase trial
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Appendices

Appendix 1 — Immunohistochemistry antibodies

Primary antibodies

Antigen Type Immunoglobulin | Host species | Dilution Supplier
MyHC .
A41005 Monoclonal IgG Mouse 1:100 DSHB
MyHC ITA
I M 1:1 DSHB
AdT4 Monoclonal eG ouse S
MyHC IIB
M 1:1 DSHB
BEF3 Monoclonal IgM ouse S
Santacruz
N;YIH 6C,; ;H Monoclonal IgG Goat 1:200 | biotechnology
) (sc-53091)
.. : Si
Laminin 1 | Polyclonal IgG Rabbit 1:200 (L19g31191';1)
Santacruz
Dystrophin | Polyclonal IgG Rabbit 1:200 | biotechnology
(sc-28535)
Fibrillarin | Polyclonal IgG Rabbit 1:100 Abcam
ibrillarin olyclo g : (abs821)
Paxillin | Monoclonal IeG Rabbit 1:200 Abcam
ax onoecto 8 ' (ab32084)
Secondary antibodies
Antibody Immunoglobulin | Host species | Dilution Supplier
Alexa-flour 4
exa-flour 488 1eG Goat 1:200 | Invitrogen (A-11029)
anti-mouse
Alexa-flour 488
I 1:2 Invi A-11
anti-rabbit eG Goat 00 nvitrogen ( 008)
-fl 4 )
Alexa' our 59 IgM Goat 1:200 Invitrogen (A-21044)
antr-mouse
Alexa-fl 4
exa' our 59 IgG Goat 1:200 | Invitrogen (A-11005)
anti-mouse
Alexa-flour 594
I 1:2 Invi A-11
anti-rabbit eG Goat 00 nvitrogen ( 037)
Alexa flour 647
: it A-2124
anti-rabbit IgG Goat 1:200 | Invitrogen ( 5)
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Appendix 2 — Reagents, dyes and kits

Substance Supplier
4% paraformaldehyde Fisher scientific F/1501/PB08
Asiaticoside Selleckchem.com (Cat#S3616)
Bouin Abcam ab150681
B Galactosidase staining kit Abcam ab102534
CaCl, Fisher Scientific 10161800
Collagenase Sigma-Aldrich C0130
CellTrace Calcein Green Invitrogen C34852
Chicken embryo extract MP (2850145)

4’ 6-diamidino-2-phenylindole, dihydrochloride (DAPI)

Fisher Scientific D1306

Dako fluorescence mounting medium

Dako north America Inc.

S3023
DPX Fisher scientific D/5319/05
Dulbecco’s modified eagle medium (DMEM) Gibco (11965118)
Fosin Sigma-Aldrich 318906-
500ML
Ethanol absolute Sigma-Aldrich 32221-2.5L-M
Foetal bovine serum (FBS) Gibco

Gentamycin

Gibco 15750-037

Glacial acetic acid

Fisher-scientific A38-500

Harmine

Selleckchem.com (Cat#S3868)

Haematoxylin (Harris)

Sigma-Aldrich HHS16

HCl Fisher-scientific 7647-01-0
HEPES Fisher-scientific BP410-500
Hoechst 33342 Merck

Horse serum (HS) Gibco

KCN Fisher-scientific 1059938
Methanol Sigma-aldrich 34860
MgCl, Sigma-aldrich M2670-500
Mitotracker Orange Invitrogen M7510
NaCl Sigma-aldrich 71382
OCT CellPath

PBS tablets Oxoid BR0014G
Picrosirius red Abcam ab150681

Penicllin-streptomycin

Gibco 15140-122

Rhodamine-conjugated Phalloidin

ThermoFisher scientific R415

Sodium azide

Fluka

Sodium succinate

Fisher-scientific 11418852

Sucrose

Fisher-scientific S/5860/53

TNF-alpha (Human) DuoSet ELISA kit

R&D Systems DY210

Triton X-100

Fisher-scientific T/3751/08

Xylene

Fisher-scientific 10588070
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Appendix 3 — Solutions

Solution

Preperation

1x Phosphate buffered saline (PBS)

One PBS (oxoid) tablet was dissolved in distilled water
(100 mL) and autoclaved.

4% Paraformaldehyde (PFA) in PBS

Paraformaldehyde powder (20 g) dissolved in 1x PBS
(480 mL) at 65° C, then the final volume was made up
to 500 mL in 1x PBS.

Acidic alcohol 70% ethanol (200 mL) and HCI1 (200 pL).

Foetal bovine serum (FBS) (25 mL), sodium azide (200
Blocking wash buffer mg) and Triton X-100 (250 puL) were dissolved in 1x

PBS making a final volume of 500 mL.

Add DAPI (7.5 pL) to Dako fluorescence mounting
DAPI .

medium (15 mL).

70% ethanol (160 mL), Eosin Y and 5 wt% solution in
Eosin 1% water (40 mL) to make up a final volume of 200 mL of

eosin 1%.

Permeabilisation buffer

Sucrose (20.54 g), HEPES (0.952 g), NaCl (0.584 g),
MgCl; (0.260 g), Sodium azide (0.1 g), Triton X-100 (1
mL) and made up to a volume of 200 mL in distilled
water then stored at 4° C.

Acidified water

1L distilled water with Sml Glacial acetic acid.

Collagenase solution

1 mL aliquot of 2 mg/mL type-1 collagenase solution
for every two EDLs in DMEM.

Single fibre culture medium

10% (v/v) horse serum, 1% (v/v) penicillin-
streptomycin), 0.5% (v/v) chick embryo extract and
DMEM.

C,C12 Growth medium

DMEM supplemented with 10% (v/v) FBS, 1% (v/v)
penicillin-streptomycin.

Human cell lines Growth media

SMGM with supplement mix, 1% (v/v) gentamycin.

Differentiation media

DMEM supplemented with 5% (v/v) horse serum and
1% (v/v) penicillin-streptomycin.

Asiaticoside

Solubilised in DMSO to produce a stock solution of
ImM.

Harmine

Solubilised in DMSO to produce a stock solution of
ImM.
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