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Ever tried. Ever failed. No matter. Try Again. Fail again. Fail better.

- Samuel Beckett
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Abstract

Cachexia, characterized by skeletal muscle atrophy, is a frequent comorbidity in cancer and
pulmonary diseases, including idiopathic pulmonary fibrosis (IPF), asthma, and chronic obstructive
pulmonary disease (COPD). Skeletal muscle enables movement but is also a part of the endocrine
system and plays a crucial role in maintaining systemic homeostasis. Its dysregulation in cachexia
contributes to increased exacerbation rates, reduced quality of life, and worsened prognosis. In
COPD, cachexia is associated with up to a 50% decrease in patient survival compared to non-
cachectic patients. Currently there are no approved pharmacological interventions that address
cachexia, and non-pharmacological interventions like improving diet and exercise can be difficult
to implement. This highlights the need to test novel therapies for cachexia for which experimental

mouse models of disease could be utilised.

In this thesis, experimental chapter 3 investigated murine models of IPF, asthma, and COPD for
their ability to emulate cachexia, and disruption of atrophy-associated pathways. Among these
models, only cigarette smoke (CS) exposure in IPF or COPD models induced significant skeletal
muscle atrophy and demonstrated reduced mTORC1 pathway signalling in young (8-week-old)
female and male C57BL/6 mice. Later chapters used CS exposure to induce cachexia and trial
experimental therapies. Pathway enrichment analysis of publicly available human quadriceps
microarray data revealed dysregulation of mitochondrion-associated pathways and increased local
inflammation. This supported the decision to try and improve mitochondrial health and reduce

inflammation in skeletal muscle as a treatment for cachexia.

Therapeutic models were carried out in CS-induced experimental mouse models of COPD and
aimed to restore muscle mass and balance protein synthesis/degradation by targeting

mitochondrial dysfunction and inflammation. In chapter 4, intranasal administration of H-151, a



stimulator of interferon genes (STING) inhibitor was used to prevent inflammatory signalling
caused by mtDNA through cGAS-STING signalling. H-151 did not ameliorate the negative effects of
CS on skeletal muscle or total body weight, failed to improve lung function and did not reduce a
CS-induced increase in 4E-BP1 levels in the quadriceps. However, mitochondrial respiration
analyses showed that H-151 treatment mitigated CS-induced complex | proton leak across the

mitochondrial inner membrane and reduced ADP sensitivity.

In chapter 5, Urolithin A (UA), a dietary mitophagy inducer, was provided ad libitum to young (8-
week-old) and adult (1-year-old) mice. UA treatment did not improve body and skeletal muscle
mass outcomes in young or adult mice or prevent lung function decline. Mitochondrial respiration
significantly differed with age and was modulated by UA. Additionally, CS exposure reduced
phosphorylation of S6 ribosomal protein (rpS6) in young mice and decreased muscle fiber area.
Adult mice exhibited significant muscle atrophy, whereas young mice plateaued in weight

following CS exposure.

In conclusion, increased 4E-BP1 expression and decreased rpS6 phosphorylation in the quadriceps
suggested alterations in protein balance in CS exposed mice. Furthermore, mitochondrial
functions such as complex | proton leak and ADP sensitivity in the gastrocnemius were altered by
CS exposure and both H-151 and UA treatments, though the changes were inconsistent between
the two models. Collectively, this study demonstrates the potential utility of murine COPD models
for investigating cachexia-targeted therapies as mice consistently lost significant gastrocnemius
and quadriceps muscle mass with CS exposure. However, it also highlights significant limitations of
these models, in particular the rapid, supra-physiological nature of CS induced muscle mass loss
and the poor reproducibility of skeletal muscle outcomes such as mitochondrial respiration and

mMTORC1 signalling measurements. Overall, this suggests that targeting mitochondrial dysfunction



and inflammation could still provide therapeutic potential for COPD cachexia and indicates H-151

and UA have limited therapeutic efficacy.
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Chapter 1 Literature Review

1.1 Cachexia: Diagnosis, prevalence and impact in respiratory diseases.

Cachexia is defined as a complex metabolic syndrome associated with underlying illness and
characterized by muscle and strength loss with or without loss of fat mass. [1, 2]. This definition is
different from sarcopenia, which is ageing associated muscle loss [3], or muscle disuse
atrophy/wasting syndrome which is muscle loss caused by sedentarism or muscle disuse [2, 4].
However, definitions of these terms vary in literature, and are often used inter-changeably, which
has led to difficulties elucidating the epidemiology of cachexia [1]. Fundamentally, muscle mass is
regulated by a balance of anabolism and catabolism or protein synthesis and degradation

respectively (Figure 1.1) [5, 6].

The criteria for the diagnosis of cachexia in cancer, heart failure and COPD includes a loss of >5%
body weight over a 12-month period, as well as needing to meet 3 of the following criteria: loss of

strength, fatigue, anorexia, low fat free mass index (FFMI) or increased inflammatory markers [1].

According to a meta-analysis from 2022, the global prevalence of sarcopenia, defined by the
authors as a “loss of muscle mass and strength”, was estimated to be between 10-27% of adults
over the age of 60. The study acknowledged difficulties in providing an exact number due to issues
arising from the different diagnostic criteria used between studies [7]. However, even with a
modest estimate of 10%, the global burden of muscle atrophy is clearly a major issue, especially
considering the estimated cost of cachexia and other physiological conditions relating to muscle
atrophy on the cost of healthcare [8-11]. This is because patients with increased muscle loss are
more likely to be hospitalised, require longer periods of care, are more likely to be readmitted and

have a higher incidence of complications [12, 13].



Although there is consensus that sarcopenia and cachexia carry significant economic costs, a 2019
meta-analysis by Bruyere et al. highlighted the difficulty of assessing their exact economic burden
[11]. This challenge stems from variations in diagnostic criteria and substantial study
heterogeneity, underscoring the need for consistent methods to define sarcopenia and cachexia.
However, one U.S.-based study examined the cost of hospitalization for patients with sarcopenia
and found they were more likely to be hospitalized than those without sarcopenia, with an annual

marginal cost increase of $2,315.70 per patient [14].
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Figure 1.1 An overview of the main physiological effects of cachexia.

A: Under normal conditions, protein synthesis and degradation are in equilibrium in skeletal
muscle. Muscle growth or hypertrophy involves an increase in protein synthesis that results in
positive net protein synthesis/protein degradation. During many illnesses, cachexia may be

induced through dysregulation of this equilibrium, resulting in decreased protein synthesis and
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increased protein degradation. Photo credit: Ronnie Coleman B: Cachexia is associated with
skeletal muscle loss, malnutrition, systemic inflammation, decreased muscle fibre area,
mitochondrial dysfunction and dysregulated protein synthesis/degradation. Image made using

BioRender.

Cachexia can negatively impact prognosis in many diseases especially in cancer where it is
commonly reported and studied. The impact of cachexia in pulmonary diseases is less understood
and, aside from in COPD, has not been widely investigated [15]. However, studies that have shown
a link between muscle loss, function and wasting in the chronic pulmonary diseases COPD, asthma
and IPF. It has been observed that in COPD approximately 10-40% of patients will develop cachexia
[16], resulting in a 50% decrease in median survival [17-19] and mortality rate of 10-15% per year
[15]. In IPF, muscle atrophy, especially in the erector spinae muscles was associated with increased
mortality in IPF patients [20-25]. In moderate and severe asthma, low muscle mass and strength

were associated with worse patient symptoms [26] and overall disease outcome [27].

1.1.1 Skeletal muscle is required for maintaining homeostasis

Skeletal muscles play a critical role in maintaining whole body homeostasis by regulating and
providing essential physiological services [28-31]. They serve as the body's primary glycogen
storage site, followed by the liver, with glycogen readily converted into glucose and subsequently
into ATP through glycolysis and the tricarboxylic acid (TCA) cycle [32, 33]. Glycogen stored in
skeletal muscle is used during exercise, as ATP production is required for contraction [33].
However, skeletal muscles are highly metabolically adaptable, and capable of shifting rapidly to
alternative fuel sources such as fats, amino acids, and ketones for ATP production under different
physiological conditions (e.g. exercise, disease) or depending on the abundance of bioenergetic

substrates [34].



In addition, skeletal muscles function as detoxifying systems. They manage toxic byproducts such
as ammonia by converting it into glutamine, which is safely transported to the liver [35, 36].
Similarly, increased lactate, H*, P; and Mg?* which are increased in the cytosol during periods of
intense exercise or hypoxemia, is buffered by muscles to prevent acidosis [37]. Buffering allows
muscles to maintain efficient energy metabolism [38], and for lactate to be safely transported to

the liver where the Cori cycle can convert it back to glucose to be used in the muscles again [39].

Muscles are an integral part of the endocrine system [40, 41], producing and releasing signalling
molecules known as myokines into the circulatory system that exert systemic effects on energy
metabolism, inflammation, and overall homeostasis [42]. These myokines include classical
inflammatory mediators such as interleukin-6 (IL-6) and tumour necrosis factor (TNF), as well as
other regulators like myostatin, that promote protein degradation and contributes to muscle
atrophy [43]. Myokines enable communication between muscles and other organs, dynamically

adjusting their function based on physiological conditions.

A crucial role of skeletal muscle is to serve as a reservoir for amino acids, the building blocks of
proteins. During periods of physiological stress, such as illness, aging, or malnutrition, muscles
activate pathways for protein degradation within myofibers, releasing amino acids into circulation.
Amino acids are essential for repairing damaged tissues, supporting immune responses, fuelling
metabolism, and maintaining organ function and systemic homeostasis [29]. This has been

previously demonstrated during emphysema, a major hallmark feature of COPD [44].

Many studies investigating the role of skeletal muscle in homeostasis and disease in humans have
been conducted following dietary, exercise, or pharmacological interventions and are frequently
performed in the context of diseases where skeletal muscle wasting is a comorbidity. Despite this,

animal models remain essential for studying skeletal muscle in both homeostasis and disease, with



their efficacy well established [45, 46]. This is largely due to the critical role of protein synthesis
and degradation mechanisms in regulating fundamental cellular processes and development [47].
As a result, these mechanisms have become highly conserved across mice, humans, and other
species [47, 48]. Mouse models have been widely used to study human muscular dystrophies [49],
as well as conditions such as atrophy, cachexia, and sarcopenia [45, 50-52]. Additionally,
experimental mouse models offer common advantages associated with animal studies, including
the use of genetically modified mice to investigate specific genes, their high-throughput nature,
and the ability to conduct in vivo treatment experiments. This provided a strong foundation for

investigating the skeletal muscle phenotype in mouse models of respiratory disease.

1.2 Cachexia in respiratory diseases

Major advancements in the last few decades have identified many risk factors for the
development of muscle atrophy across a range of illnesses but mainly in the context of cancers,
COPD and myopathies: Systemic inflammation [53-55], inactivity [17, 56], malnutrition [57, 58],
dysfunctional and unhealthy mitochondria [59, 60], denervation [61-63], hormonal changes
(decreased growth factors e.g. testosterone, insulin growth factor (IGF)) [6, 64], corticosteroid
treatment [65, 66], hypoxia [67] and ageing [63, 68] have all been demonstrated as co-
contributors in cachexia [6]. These risk factors ultimately operate via downregulating protein
synthesis and increasing protein degradation [6]. As outlined above, protein degradation and
supply of amino acids is important to maintain homeostasis during illness and are needed for the
immune response to disease and tissue repair. However, it is likely that chronic pulmonary

diseases like COPD, IPF and asthma can perpetuate this cycle of muscle degradation.

There is a current lack of pharmacological interventions that try to directly improve skeletal
muscle health in and attenuate cachexia in pulmonary diseases [69, 70]. This has been in part due

to the difficulties in finding good therapeutic targets through the identification of key mechanisms.
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Unfortunately, the underlying mechanisms of cachexia in asthma and IPF have not been
elucidated as cachexia has not received much attention in these diseases, despite high estimated
prevalence in both diseases [23, 26], although risk factors relating to worse spirometry
measurements in patients with asthma or IPF seem to be associated with muscle atrophy in these
diseases [23, 26]. Cachexia in COPD on the other hand has been better characterised in both an
experimental and clinical setting, and some risk factors have been established though not fully

elucidated [16, 71, 72].

While it is true that the prevalence of cachexia in asthma patients is not well reported, there have
been studies in the past few years that have highlighted a need for further investigation into the
association and impact of muscle loss in asthma. A study by Visser et al. 2023 [27], looking at a
cohort 114 of asthma patients, observed that asthma patients with low muscle mass had lower
muscle strength and worse clinical outcomes. They also identified an association with lower
muscle mass and a decrease in FEV1, 6-minute walking distance, overall quality of life and a higher
number of ER visits. A separate study by Hu et al. [26], found that asthmatics had a 17.6% and
5.5% of being diagnosed with sarcopenia or severe sarcopenia respectively. Sarcopenic asthmatics
had a higher prevalence of shortness of breath, airway obstruction and lower compared to non-
sarcopenic asthmatics. Furthermore, this study highlights an increased likelihood of developing
COPD in sarcopenic asthmatics than in non-sarcopenic asthmatics. This implies the development
of sarcopenia in asthmatics as a risk factor for the development of COPD. Asthma-COPD overlap
prevalence has an estimated range of between 12.6% and 55.7% among COPD patients [73]so it is

important to understand how one may relate or lead to the other.

There are also difficulties in distinguishing between COPD and asthma diagnoses in older adults. Is
cachexia in asthma going underreported due to an association between COPD and cachexia?

Indeed, one of the distinguishing factors of COPD that is highlighted in the GOLD 2025 guidelines is
6



weight loss, muscle mass loss and anorexia. These are considered “common factors” in COPD with
“prognostic importance”. The report does caveat this by saying it could be the sign of other

diseases such as lung cancer or tuberculosis, but crucially there is no mention of asthma [75].

Considering the association between asthma and muscle loss in the discussed epidemiological
studies, the prevalence of asthma-COPD overlap, and the difficulty in distinguishing between
asthma and COPD, It was deemed reasonable to investigate the skeletal muscle phenotype in our

mouse model of moderate and severe asthma.

Indeed, Studies investigating the risk factors for cachexia in COPD have implicated a variety of
mechanisms. As reviewed by Sanders et al., COPD-induced cachexia is associated with numerous
factors, including increased catabolic signaling mediated by nuclear factor k-light-chain-enhancer
of activated B cells (NF-kB) and forkhead box O transcription factors (FoxOs). These transcription
factors regulate the ubiquitin-proteasome system (UPS), atrogene induction, and inflammation in
the limb muscles of patients [16]. Interestingly, a study examining protein synthesis signaling in
COPD found an increase in protein synthesis pathway activity, but only in cachectic COPD patients
[76]. Sanders et al. also hypothesized that reduced muscle quality contributes to cachexia. This
reduction in muscle quality is evidenced by a loss of the oxidative phenotype, which is mediated
by fiber type shifting (type | to type Il), reduced muscle strength and endurance, and diminished

mitochondrial capacity observed in the skeletal muscle of COPD patients [16].

To investigate disruption to protein synthesis and degradation in COPD, some studies have
analysed the metabolome of COPD patient serum using techniques such as isotope labelling of
metabolites, and liquid chromatography-mass spectrometry. In one such study, postabsorptive
whole body protein balance was reduced in COPD patients and was associated with increased

systemic inflammation, high blood pressure, low protein intake and reduced physical activity [77].



A separate study observed an increase in protein synthesis/breakdown in COPD patients in the
postabsorptive state, indicating an increase in whole-body protein turnover but not a net increase
in protein catabolism [78]. However, a non-targeted metabolomics study using samples from 178
COPD patients of varying severities observed higher protein degradation products in patient
serum, even in non-cachectic patients [79]. Increased serum methylhistidine, a product of muscle
actin and myosin degradation, was also observed, suggesting active protein degradation in the

skeletal muscle [79].

The role of autophagy in the skeletal muscles of COPD patients remains poorly characterized.
Many studies have focused on static markers of autophagy, such as microtubule-associated
protein 1 light chain 3 alpha (LC3) and p62 abundance, or the LC3BI/LC3BII ratio [80, 81]. However,
these measurements do not provide a comprehensive indication of autophagic flux, which is
essential to understanding whether myofibers are effectively clearing dysfunctional organelles,
such as mitochondria, to improve muscle health. Autophagic flux also reflects key cellular signaling
pathways mediated by mammalian target of rapamycin complex 1 (mTORC1) and 5’-adenosine

monophosphate (AMP)-activated protein kinase (AMPK), which have opposing actions [82].

Furthermore, mitochondrial dysfunction has been implicated in both myopathies and cachexia

[83]. Impaired glucose metabolism is a shared feature of the skeletal muscle and lungs in COPD
highlighting the importance of mitochondrial health in COPD-induced muscle wasting [84]. This
further implicates dysfunctional autophagy as reduced clearance of dysfunctional mitochondria

may result in their accumulation, inefficient metabolism and mitochondrial induced inflammation.

To further understand the mechanisms of pulmonary disease-induced cachexia, this review
outlines the key characteristics of COPD, IPF and asthma, relevant clinical interventions, and the

experimental murine models in which these mechanisms can be examined and targeted with



therapies. Following this, an overview of the signalling pathways that prevent or contribute to
muscle atrophy such as the protein synthesis and degradation pathways respectively, and their
modulation by inflammation will be highlighted. Finally, therapeutic targets for addressing

cachexia in pulmonary diseases will be discussed.

1.3 COPD

According to a 2024 WHO report, COPD is the 4™ leading cause of illness and death globally, and
was responsible for 3.5 million deaths in 2021 [85]. It has many associated risk factors and is
phenotypically diverse, which makes treating or curing COPD very challenging [85]. The
predominant cause of COPD is cigarette smoke (CS) exposure, cessation of which is the only known
treatment that can help reduce disease progression [75, 86]. CS is the cause of 70% and 30-40% of
COPD cases in high-income and low-income countries respectively [85]. High household or ambient
air pollution is also a major risk factor, especially in low-middle-income countries compared to high-
income countries. Pollutant exposure such as occupational hazards (e.g. dust, chemicals, and
fumes), air pollutants from industry (e.g. particulate matter (PM)2.5, smoke from coal or vehicles),
and co-morbidities like infections and asthma are also known to cause COPD [87-90]. CS exposure
and household air pollution remain the top known causes. Outside of environmental risk factors,
genetic factors including endotypes such as a-1 antitrypsin deficiency and telomerase
polymorphisms account for 2% of COPD cases [91], although there are possibly other factors not yet

fully characterised like hypoxia inducible factor-2 related COPD [92].

Hallmarks of COPD include chronic bronchitis, obstruction of the small airways and emphysema
(destruction of the alveolar structure) [93]. Exposure to risk factors results in a breakdown of the
epithelial barrier of the lung airways, and airway remodelling. Increased mucus secretion, cell
composition of the epithelium and changes to the immune landscape are some of the main factors

associated with COPD airway remodelling [93]. Forced spirometry measurements that demonstrate
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a post-bronchodilator FEV1/FVC < 0.7 is required for a COPD diagnosis [74, 75]. Mucus production,
dyspnoea, chronic cough and a history of exposure to risk factors are also taken into account but

not required for diagnosis [74].

Inflammation in COPD: Accumulation of innate immune cells like granulocytes, macrophages and
innate lymphocyte cells (ILCs), in the lung is a hallmark pathology in COPD and their contribution to
chronic inflammation and emphysema have been well documented [94-98]. Mouse models of COPD
have demonstrated early recruitment of neutrophils to the lung lumen which coincides with early
loss of epithelial barrier integrity [99]. Macrophages residing in the lung lumen can be functionally
impaired and demonstrate reduced phagocytic capacity, resulting in increased bacterial burden
during infection, causing increased chronic inflammation [100]. The increased presence of ILCs, ILC1,
ILC3 and NK cells, indicate COPD severity and can drive activation of macrophages through IFN-y
production [101]. ILC2s have also demonstrated plasticity and can convert into ILC1s in response to
viral infection [97]and IFN-y signalling [98], further driving pathogenesis in COPD. Eosinophils are of
major importance in COPD as they are potentially implicated in inflammation but are also useful
from a clinical perspective as they can be predictive of a patient ability to respond to inhaled

corticosteroids (ICS) [102, 103].

Inflammation in COPD can be driven by different adaptive immune types and are responsible for
the heterogeneity seen in COPD. Broadly, there are four types: 1. Type 1 (Th1l cell mediated;
interferon driven), 2. Type 2 (Th2 cell mediated; IL-4, IL-5, IL-13 driven), 3. Type 17 (Th17 mediated;

IL-17 and IL-22 driven), 4. Regulatory T cells (Treg mediated; anti-inflammatory; TGF-B driven) [93].

Exacerbations are an important factor to consider during COPD. Increased exacerbations are linked
to poor prognosis and can perpetuate muscle loss [104, 105]. Exacerbations can be driven by

different immune mechanisms in different patients and are often associated with co-morbidities
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like infection or asthma [106]. Exacerbation associated immune phenotypes can be broken down
into four groups: 1. High airway IL-1p and TNF, 2. T1 mediated (high airway CXCL10 and CXCL11), 3.

T2 immunity mediated (high airway IL-5 and CCL17) 4. Low airway inflammation [107].

Murine models of COPD: The most widely used murine models of COPD are the intranasal (i.n.)
elastase-induced, i.n. LPS-induced and CS-induced COPD models [108]. LPS and elastase models are
relatively acute models compared to the CS model and don’t typically span more than 4 weeks [108].
These models induce severe, acute airway inflammation that results in emphysema, a key
phenotype of COPD [109-113]. However, LPS and elastase are not causes of COPD in humans and
the short duration for the induction of emphysema is not reflective of human development of COPD.
Chronic CS-induced models of COPD are considered the gold-standard model for COPD as CS is a
cause of COPD in humans, the model slowly induces emphysema relative to elastase- and LPS-
induced models and produces hallmark features of human COPD [111]. CS exposure can be
administered via two routes, whole-body exposure and nose-only exposure. There are minor
differences between the two routes of administration. One study that investigated the differences
between the routes showed an increased whole-body inflammation using whole-body exposure,
and some small increases were observed in bronchial epithelial layer, mucus secretion and
emphysema (determined by mean linear intercept) using nose-only exposure compared to whole
body exposure [114]. An increasing emphasis on the COPD microbiome also highlights the need for
murine models of COPD that minimise non-relevant disruption to the microbiome [115-119]. In the
case of whole-body CS exposure models, smoke that settles on the fur of the mice may be ingested
during grooming, effecting the gut microbiome. However, neither route has been studied directly
so it is currently unclear which method best reflects the human COPD microbiome. Although the
cigarette smoke (CS)-induced murine model of COPD is widely regarded as the gold standard, it has

limitations that highlight the challenges of replicating human disease features in animal models.
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These limitations are particularly relevant when designing therapies targeting specific aspects of
COPD, such as chronic bronchitis and airway remodelling, which are not always evident in some
murine COPD models [112, 120]. Therefore, to improve therapeutic development, animal models
must accurately capture hallmark features of human COPD, including lung function decline, chronic
bronchitis, emphysema, microbiome dysbiosis but also cachexia, considering its significant impact

on disease prognosis.

Few studies that have examined the impact of the CS-induced experimental COPD on muscle mass
or health. One study that looked at the effect of acute exercise in a 90-day CS-induced murine COPD
model, exercised mice from days 60 to 90. The result of exercise was a somewhat surprisingly potent
improvement of pulmonary inflammation, systemic inflammation and reduced airway remodelling
[121]. Unfortunately, the authors did not examine the effect of exercise on muscle health or
hypertrophy, nor did they provide any information on whole body or skeletal muscle weight
fluctuations [121]. A repeat of this study is required to confirm the impressive improvements to
COPD symptoms that exercise provided in this model, and to further examine the effects of exercise

on muscle health in COPD, and the role it has in improving symptoms.

There have been some studies that have used alternative models to investigate muscles in the
context of COPD. One examined the impact of pulmonary emphysema on muscle health and
function. The model used genetically inducible IL-13 to drive emphysema as opposed to CS-induced
emphysema as the authors state that CS can influence the muscle response to injury, and they
wanted to remove this as a confounding factor [122]. This provides a more precise avenue for
examining the effects of pulmonary emphysema alone on muscle atrophy, however it removes the
highly relevant impact of CS on COPD induced cachexia, as this is a major etiological factor for COPD
patients. Another emphysema/COPD murine model that employed porcine pancreatic elastase to

induce emphysema demonstrated reduced exercise tolerance, weight loss and atrophy of the
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diaphragm [123]. Thus, the use of murine COPD models requires therapeutic goals that address

specific overlapping aspects of both specific murine and human COPD.

1.4 Asthma

Asthma is a major non-communicable respiratory illness that effects approximately 300 million
people globally and is responsible for approximately half a million deaths/year [124, 125]. On
average, adults over the age of 65, females and non-Hispanic blacks have a much higher death rate
[126]. In contrast to the epidemiology of COPD, asthma is more prevalent in high-income countries
(~10%) compared to low-income countries (6-7%) [127]. Asthma severity is sometimes described in
terms of a patient’s response to ICS, with steroid sensitive patients considered mild-moderate
asthmatics and steroid resistant patients is severe asthmatics [128]. Steroid resistant asthma,
despite being an estimated 3.6-10% of total asthma cases [129], accounts for amount of the total
healthcare costs of asthma (50-80%) [128, 130, 131]. There are many known risk factors that can
cause/ contribute to the development of asthma including environmental factors like CS exposure
and household air pollution, which overlap with risk factors associated with COPD [89]. Other risk
factors include genetics, exposure to allergens (e.g., house dust mites (HDM)) and infections
(influenzae, early life exposure to beneficial microbes, socioeconomic factors, sex (boys have higher

likelihood of developing asthma before puberty but this trend reverses post-puberty) and age [125].

Asthma is used as an umbrella term for a group of phenotypically different airway diseases that can
vary in cause, severity and treatment method, but retain similar disease features. Hallmarks of
asthma are wheezing, dyspnoea, mucus hypersecretion, chest tightness, tightening of the airway
and variable expiratory flow limitation [132, 133]. Exposure to risk factors can cause a breakdown
of the airway epithelium, airway remodelling, changes to the immune landscape. Notably, these
changes result in bronchial hyperresponsiveness and smooth muscle remodelling that cause airway

tightening and thus, breathing difficulties [134, 135].
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The diagnosis of asthma is non-trivial, and it can be difficult to pinpoint the exact type of asthma a
patient has without longitudinal monitoring [136, 137]. Diagnosis is usually based on a
demonstrated history of characteristic asthma symptoms, ICS use, but most importantly
confirmation of variable expiratory airflow limitation using spirometry or peak expiratory flow (PEF)
measurements[138]. FEV1, FEV1/FVC and PEF are decreased in asthma patients and increased FEV1
and FVC 212% and 200ml respectively, or an increase in PEF>20% in response to bronchodilators or
ICS are required for confirmation of variable expiratory airflow limitation [138, 139]. Thus, patient
history of variable respiratory symptoms and a post treatment increase in FEV1 and PEF are used to

confirm asthma diagnosis.

Inflammation in asthma: Asthma can be broadly divided into two endotypes based on their
dominant CD4+ T cell response, type 2 (Th2 mediated) and non-type 2 [132, 140]. Type 2 endotypes
of asthma can be divided into three phenotypes, atopic, late onset and AERD (aspirin-exacerbated
respiratory disease). They are characterised by a high Type 2 T helper (Th2) cell mediated immune
response. Th2 cells, along with group 2 innate ILCs, produce IL-4, IL-5 and IL-13 that mediate airway
eosinophilia, Goblet cell metaplasia, mucus hypersecretion, and B cell isotype switching to produce
IgkE [141]. IgE production causes mast cell and basophil degranulation and is typically triggered in
response to an allergen [142]. Type 2 asthma accounts for approximately half of all asthma cases

[132].

Non-type 2 endotypes of asthma can be divided into four phenotypes, non-atopic, smoking related,
obesity related, and late onset asthma that typically occurs in patients >50 years of age. These
phenotypes usually lack a high Th2 cell presence or airway eosinophilia and instead can have a high
Th1/Th17 cell presence, high levels of neutrophils in the sputum, paucigranulocytic and resistant to

corticosteroid therapy [132].
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Murine models of asthma: Murine models of asthma can help investigate underlying mechanisms,
future therapeutic targets, and response to experimental therapies in asthma [143]. BALB/c and
C57BL/6 mice are commonly used in these models, along with knockout (KO) variants [144],
however BALB/c mice are most common because of their heightened type 2 response vs other
strains making them the preferred option for studying type 2 endotypes of asthma [145]. Challenges
like using physiological allergens (HDM, cockroach, pollen, fungal spores), artificial allergens
(ovalbumin (Ova), LPS, cyclic-di-GMP) and infections (non-typeable haemophilus influenzae (NTHi),
chlamydia muridarum (CMU), respiratory syncytial virus (RSV)) and multi-challenges have been used

to induce asthma in murine models [144].

The type of challenge used in the model dictates the asthma phenotype. For example, HDM-induced
asthma in BALB/c mice induces airway hyperresponsiveness (AHR), eosinophilia, and airway
remodelling [146, 147]. Ova-induced models in BALB/c mice are a commonly used model of asthma
due to their reproducibility and ability to reflect many aspects of human type 2 asthma [144].
Ovalbumin sensitisation, with an adjuvant like aluminium hydroxide, followed by Ova-challenge can
induce type 2 mediated airway inflammation, epithelial remodelling, increased airway and serum

IgE, and AHR in response to an agonist (e.g. methacholine, histamine, leukotrienes) [148, 149].

Recently, co-challenge models that use an allergen or stimulus like HDM or ovalbumin along with
an infection have demonstrated the potential for more precise induction of asthma phenotypes.
These co-challenge models retain clinical relevancy as infections like NTHi, CMU and RSV are all
common isolates from the airways of asthma patients and presents an opportunity for studying
mechanisms within different phenotypes [128]. For example, CMU and NTHi respiratory infections,
with ovalbumin sensitisation and challenge induced a murine model of severe steroid-resistant-

asthma. In this model, increased AHR, neutrophilia and NOD-, LRR- and pyrin domain-containing
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protein 3 (NLRP3)-induced IL-1B was observed in the airway. This was reversed by neutrophil

depletion [150].

Diet and obesity have also been shown to increase asthma severity and the likelihood of steroid
resistance. A study that examined the sputum of 25 obese asthmatics found an increase in type-2
responses, increased NLRP3 inflammasome activity and eosinophilia [151]. These findings were
replicated in a model with BALB/c mice that were given a high fat diet (HFD) and ovalbumin
sensitised. Interestingly, HFD alone (without Ovalbumin sensitisation) was enough to induce AHR,
and HFD/ovalbumin sensitised mice became steroid insensitive [151]. As expected, the HFD mice
gained weight over the 13 weeks of the model compared to the normal chow diet mice, but most
of this weight was due to an increase in fat, not skeletal muscle mass. Therefore, targeted regimes
that increase skeletal muscle mass, rather than just overall weight gain through HFD, may be the
best route for improving cachexia in asthmatics, as the latter may lead to increased inflammation,

AHR and likelihood of steroid insensitivity [151].

1.5 Idiopathic Pulmonary Fibrosis (IPF)

IPF is an interstitial lung diseases (ILD) defined as a “specific form of chronic, progressive fibrosing
interstitial pneumonia of unknown cause, occurring primarily in older adults, limited to the lungs”
which has a distinct histopathological/or radiologic pattern [152]. The epidemiology of IPF is not
well known as there is heterogeneity between epidemiological studies when it comes to their
methods, especially in how IPF is defined [153], but also because there are no large scale studies
[152]. For these reasons it is difficult to say exactly the prevalence of IPF, however, systematic
reviews of the current studies as of 2017 estimate that 3 million people suffer from the disease
globally [154]. One literature review from 2021 that used data from 22 different studies estimated
a prevalence of 0.33—4.51 per 10,000 persons [155]. Prognosis for patients with IPF is poor and

most patients do not survive 5 years post-diagnosis [156].
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The aetiology of IPF is difficult to define, however there are associated risk factors that correlate
with incidence like CS exposure, environmental exposures (e.g. occupational dust from stone
cutting, mining, farming), microbial infections and gastroesophageal flux, and genetic factors [152,
157]. The hallmarks of IPF disease are progressive cough, dyspnoea, and lung scarring (fibrosis).
Diagnosis is based on three factors: 1. The exclusion of other ILDs, 2. Histological assessment of
the lungs to confirm usual interstitial pneumonia (UIP) pattern (usually by high resolution
computed tomography scan (HRCT)) and 3. Lung biopsy is recommended for patients where UIP is
not confirmed by HRCT [152, 158, 159]. UIP histopathological features comprise of
“honeycombed” lung areas (subpleural cystic spaces that give the appearance of a honeycomb
structure due to their well-defined walls), fibrotic areas, as well as intermittent normal
parenchymal areas [152]. There is usually mild to moderate immune cell infiltration, and patches
of proliferating fibroblasts and myofibroblasts [160]. Fibroblasts that differentiate into
myofibroblasts secrete ECM proteins which alter the lung interstitial space, reducing gas
exchange, causing stiffness in the lungs and shortness of breath [161]. ECM deposition and
changes to spirometry has so far been shown to be irreversible in humans and there are no

treatments that fully halt progression [162].

Inflammation in IPF: The role of the immune system in inducing and perpetuating IPF is not well
characterised compared to asthma and COPD, where there are clear immune endotypes and
phenotypes. Neutrophils were found to be elevated in both the blood and bronchoalveolar lavage
fluid (BALF) of IPF patients, and in a mouse model of bleomycin induced IPF and there is evidence
of neutrophil extracellular traps (NET)osis in exacerbating fibrosis in the lung [163, 164]. Studies
have suggested an increased Th2/Th1 cell ratio could be linked to increased fibrosis, however anti-
IL-13 [165] and recombinant IFNy administration [166] did not provide any improvement in human

trials. M2 macrophages, cytotoxic T cells, Th17 cells and Treg cells could promote fibrosis [167].
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Th1 cells, and tissue resident memory CD4+ T cells have demonstrated potential beneficial roles in
IPF [167]. However, greater understanding of the role of immune cells in IPF is needed to properly
direct future clinical trials. Thus, treatments remain focused on decreasing fibrosis by targeting the

epithelium, fibroblasts and myofibroblasts.

Exacerbations in IPF patients can cause abrupt, step-wise, decreases in lung health. The cause of
exacerbations in IPF remains unclear but have been compared to acute lung injury (ALIl) as they
share clinical features [168]. Increased immune cells infiltrations during exacerbations may not
drive the exacerbation but may be responding to an infection. Infections, microaspirations, drugs
intended to treat co-morbidities are known to cause ALl and thus may underly some exacerbations

in IPF [168].

Murine models of IPF: Bleomycin-induced murine models of pulmonary fibrosis are the most
commonly used model for the study IPF in vivo and typically precede human trials of new
pharmacological interventions [169-172]. Bleomycin induces fibrosis, with immune cell infiltration,
and collagen deposition. Inflammation induced by bleomycin injury occurs over 3 weeks after as
seen by an increase in total BAL leukocytes [173] and the optimal time to observe fibrosis is about
1-2 weeks post-challenge [173-175]. Young mice typically resolve bleomycin-induced fibrosis
within 3-4 weeks, but aged (1y old) mice do not [176], and aged mice have demonstrated
increased NLRP3 inflammasome activation [177]. Aged male mice also develop more fibrotic
disease than aged female mice and demonstrated increased TGF-f, IL-17A and CXCL1 in the
bronchoalveolar lavage fluid [176]. One model of bleomycin-induced fibrosis also demonstrated
increased NLRP3 inflammasome activation in old vs young C57BL6 mice, which may imply the
NLRP3 inflammasome has more of a role in fibrosis than previously thought. Other models of
fibrosis that don’t recapitulate UIP histology in the same way as bleomycin-induced models and

are thus, less used in the context of IPF studies, are asbestos, silica, and cytokine induced models
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of IPF [178]. There are limitations associated with the use of Bleo-induced murine model that must
be considered; bleomycin-induced fibrosis in young mice is resolved over time but is not resolved
in humans and does not reflect the average age of IPF diagnosis [162]. Other bleomycin models
that have used repeat bleomycin exposures in mice have reduced post-injury recovery and
persistent fibrosis and epithelial remodelling, making them more suitable for the study of IPF than
single dose exposure models [179]. A recent study highlighted several key differences between the
spatially resolved transcriptomes of mouse bleomycin-induced and human pulmonary fibrosis
[180]. These included the presence of aberrant epithelial cells that remained senescent in human
IPF but retained some function in mice, allowing them to proceed with their differentiation into
AT1 cells. This progression for mouse epithelial cells from AT2 to ADI and then AT1 cells supports
previous studies that demonstrated postinjury healing in mice models. Other differences identified
in the study included changes to immune cell populations and their interactions, as well as distinct
signalling molecules like TGF-B and apolipoprotein E [180]. Though this study highlighted several
key differences, there were still similarities identified such as the presence of pro-fibrotic

macrophages with similar gene signatures, and similar signalling pathways [180].

Furthermore, therapies administered in bleomycin-induced IPF models typically occur
prophylactically or at an early timepoint post-bleomycin challenge. These prophylactic models
have yielded positive results in the past; the only two pharmacological interventions pirfenidone
and nintedanib exhibited efficacy in preventive models prior to human trials [181, 182]. However,
neither of these interventions prevent or reverse disease, or improve patient survival. Thus, a shift
toward the use of aged, male and female, non-resolving animal IPF models, e.g. through the use of

repeated bleomycin challenge, could better reflect the clinical reality of human pulmonary fibrosis.

Assessing Lung function in murine models of respiratory disease
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Invasive plethysmography was used in my study to assess lung function in experimental mouse
models of respiratory disease. This method used a Scireq Flexivent to measure respiratory
mechanics (See figure 2.2). Spirometry assessment in humans requires patients to do breathing
exercises such as forcefully breathing into a tube that measures FEV over time. This is not possible
in mice. Instead, a tracheostomy is performed under anaesthesia and the Flexivent controls
breathing whilst performing precise perturbations. This allows for greater control of variation
between subjects as the machine breaths for the mouse at a precise rate (450bpm) and delivers
the same programmed perturbations for each mouse. This removes the confounding factors of
patient cooperation and the need for good breathing technique that are required for human
spirometry assessment. However, this does not necessarily replicate natural respiratory mechanics
that would be seen in humans and does not perfectly translate from animal model to clinical
setting. One major difference between these two methods of assessing lung function is the
opposing impact of COPD on FVC in mouse models and in humans. In mouse models, increased
emphysema and compliance can lead to higher FVC [183], however this is not true in humans

where a progressive decrease in FVC due to gas trapping is observed [184].

1.6 Skeletal muscle homeostasis, growth and depletion.

Understanding the underlying mechanisms of protein synthesis and degradation is crucial for the
development of future therapeutics that specifically address cachexia. Dysregulation of these
pathways can lead to an imbalance, resulting in muscle loss. Restoration of this balance or
preventing dysregulation should be the goal of future therapies. Interestingly, disuse atrophy and
disease mediated atrophy likely have different triggers that influence signalling for atrophy [56].
However, they ultimately utilise the same cellular machinery for protein degradation
(proteasome/autophagy) and inhibit protein synthesis signalling and thus, have some overlap in

their processes. Protein degradation can be influenced by a wide range of factors and is
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investigated through examining the expression of “atrogenes”, or atrophy associated genes [6,
185]. The Phosphoinositide 3-kinase (PI3K)/Protein Kinase B (Akt)/mTORC1 pathway is the key
signalling pathway that mediates protein synthesis, so investigating this pathway for dysregulation
at different points along the signalling pathway could give insight into the mechanisms underlying

pulmonary disease mediated cachexia (Figure 1.2).

1.6.1 PI3K/Akt/mTORC1 signalling pathway

The PI3K/Akt/mTOR signalling pathway mediates protein synthesis involved in muscle growth by
regulating translational proteins [186]. This signalling cascade can be activated by
mechanotransduction [187, 188] and endogenous growth factors like insulin, IGF-1/-2, amino acids
[189, 190], which bind and activate the receptor tyrosine kinases insulin receptor (IR) and IGF1R
respectively [191]. Activated IR phosphorylates IR substrates (IRS)-1/-2 at multiple tyrosine kinase
residues [192-194], recruiting and phosphorylating phosphoinositide 3-kinase (PI3K) which docks
at the IRS via its p85 subunit [195]. PI3K subunit p110 then catalyses the conversion of
phosphatidylinositol-4,5-bisphosphate (PIP2) to phosphatidylinositol-3,4,5-trisphosphate (PIP3).
PIP3 can then recruit 3-phosphoinositide-dependent kinase 1 (PDK1) and Akt to the plasma
membrane, where PDK1 can phosphorylate Akt at Thr308, partially activating Akt activity. PIP3
also recruits mTORC2, a protein complex consisting of key subunits mTOR and Rapamycin-
insensitive companion of mammalian target of rapamycin (RICTOR). mTORC2 can then fully

activate Akt by phosphorylating Ser473 [196, 197].

Fully activated Akt can promote several key functions like cell survival, glucose uptake and protein
synthesis. Protein synthesis is promoted by Akt through indirect activation of mTORC1. Akt inhibits
the guanosine-5'-triphosphate (GTP)ase-activating protein (GAP) Tuberous Sclerosis Complex 2
(TSC2) by phosphorylation (Figure 1.2). This prevents TSC2 mediated conversion of Ras homolog

enriched in brain (Rheb)-GTP to Rheb-GDP, which inhibits its function. Thr308 Akt phosphorylation
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alone can result in TSC2 inhibition, however inhibition of FoxO transcription factors required

Serd73 activation [198].

Rheb-GTP is then able to activate mTORC1 which can activate its downstream effectors like S6
kinase (S6K) and eukaryotic translation initiation factor-4E (elF-4E) binding protein 1 (4E-BP1)
[199]. S6K is phosphorylated by mTORC1 at Thr389, and p-S6K can go on to activate S6 ribosomal
protein (rpS6) by phosphorylating Ser235/236. rpS6 is a component of the translational part of the
ribosome, and phosphorylation of rpS6 increases ribosome capacity for translation [199]. mTORC1
phosphorylation of 4E-BP1 at Thr37/46 primes other sites for phosphorylation, which when
phosphorylated create a conformational change to 4E-BP1, reducing elF-4E affinity. elF-4E is a
subunit of the elF-4F complex, which is needed for mRNA recruitment to the ribosome, driving

mRNA translation and thus, protein synthesis [199].

Both mRNA recruitment to the ribosome and elongation are considered rate limiting for protein
synthesis. Initiation of translation is considered the main rate-limiting step of translation and is
controlled by elF-4F complex [200]. mRNA sequences can have differential effects on their
recruitment to the ribosome, with some sequences resulting in faster or slower ribosomal
recruitment, and thus protein synthesis [201]. Codon choice can also affect elongation as some
codons are decoded at a higher speed than others. The availability of a codons corresponding
tRNA dictates elongation, as mRNAs with codons requiring tRNAs of lower concentration will have
reduced rates of translation. Reduced translation speed results in decreased protein production

and destabilisation of mMRNA, further exacerbating translational issues [202].

1.6.2 Mediators of muscle atrophy and protein degradation

Activation of the PI3K/Akt/mTORC1 pathway canonically increases protein synthesis through

activation of mTORC1 and its downstream effectors. However, there are circumstances where this
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pathway results in increased expression of atrophy associated genes. Akt activation typically
results in increased protein synthesis through indirect activation mTORC1 and inhibits FoxO
mediated protein degradation by phosphorylating FoxOs, inhibiting their nuclear translocation,
and subsequent transcription of the UPS genes (Figure 1.2) [203, 204]. These UPS genes include
the E3-ubiquitin ligase proteins TRIM63 (muscle RING finger 1 (MuRF1) and FBX032 (Atrogin-1),
which are classically associated with muscle atrophy and protein degradation [205, 206]. However,
there is evidence to show that mTORC1 activation can also promote muscle atrophy and
myopathy by inhibiting autophagy in a way that is tightly regulated and tissue-dependent [207,
208]. mTORC1 has been shown to inhibit autophagy through Ulk1 phosphorylation and is also able
to control autophagy independent of FoxO3 activation status, demonstrating its key role in
regulating autophagy [207, 209]. In one study using a TSCmKO model, constitutive activation of
MTORC1 resulted in negative regulation of Akt by mTORC], resulting in Nuclear Factor Erythroid 2-
Like 1 (Nrf1) mediated proteasome biogenesis and thus protein degradation [207, 210].
Constitutive mTORC1 activation also increased 72 of the examined 154 atrophy-associated genes,

including TRIM63 and FBX032, and was normalised after 3 days of rapamycin treatment [210].

UPS genes can be considered part of a broader spectrum of genes that are differentially expressed
atrogenes. Of these genes, the E3 ubiquitin ligases TRIM63 and FBX032 are frequently
upregulated in atrophy [205, 211]. FBXO32 codes for MAFbx (Atrogin-1) protein, which can
decrease protein synthesis by tagging elF-4F, MyoD and myogenin for degradation [212-214] and
TRIM63 codes for MuRF1 protein which labels sarcomeric proteins for degradation [185, 215].
Atrogenes like TRIM63 and FBX032 can be upregulated in many catabolic conditions outside of
cachexia and are increased in many catabolic conditions including but not limited to ageing, CS-

exposure, denervation, fasting and immobilisation [185].
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Transcription of these genes can be regulated by several transcription factors like the FoxO protein
family [206], activating transcription factor 4 (ATF4) [216, 217] and NF-kB [218] (Figure 1.2). The
FoxO protein family of transcription factors have been shown to upregulate UPS proteins TRIM63
and FBX032, subunits of the 20S proteasome, and autophagy related proteins p62 and cathepsin-L
[203]. This combined increase in UPS, proteasomal and autophagy proteins and their activity
provide the catabolic environment required for protein degradation and muscle loss. FoxO
transcription factor activity can be modulated at a transcriptional level but mainly through post
translational modification of the different FoxO isoforms [219, 220] e.g. Akt phosphorylation of

FoxO inhibits its function and translocation [221].

Growth arrest and DNA damage-inducible A (GADD45A) has been shown to be one of the earliest
markers of neurogenic skeletal atrophy and remains upregulated for much longer (at least until 90
days post denervation) as opposed to other atrogenes like TRIM63 and FBX032 which return to
baseline within a week [222]. Several transcription factors can upregulate GADD45A expression
including, but not limited to, ATF4, FoxO proteins and indirectly through NF-kB induced early
growth response protein 1 (EGR1) [223], although predominantly by ATF4 in the context of
atrophy [224]. The exact role of GADD45A in atrophy is controversial, with studies showing both
protective and detrimental roles. Constitutively expressed GADD45A was found to decrease
mitochondrial content, oxidative phosphorylation (OXPHOS) capacity and was selectively atrophic
in glycolytic muscle fibres in a transgenic murine model [225]. This same study also found
increased GADD45A expression correlated with muscle weakness in humans [225]. Conversely,
GADD45A was found to be protective in another study, where loss of GADD45A expression in a
murine model of atrophy resulted in loss of fibre type identity and increased neurogenic muscle
atrophy [222] and can inhibit NF-kB [226]. Histone deacetylase 4 (HDAC4) has been shown to
increase GADD45A during muscle denervation-induced atrophy [62]. Overall, Gadd45a is broadly
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considered a mediator of atrophy through its repression of protein synthesis, metabolic pathways,

association with denervation and mitochondrial biogenesis [62, 224, 227].

1.6.3 The role of inflammation in cachexia

Pulmonary diseases like COPD and certain asthma endotypes are partially characterised by
chronic, systemic inflammation and there is evidence for inflammation in modulating muscle
atrophy. Studies have shown that circulating cytokines and increased inflammatory signalling in
the skeletal muscle can contribute to increased protein degradation, a reduction in protein

synthesis and detrimental alteration of cellular metabolism [17, 53, 228].

IL-6, TNF, IL-1B induced activation of the transcription factor NF-kB has been shown to upregulate
atrogenes including TRIM63, FBX032 and GADD45A, and block myoblast differentiation into
myotubes [55, 229, 230]. Furthermore, IL-6, type | interferon (IFNa + IFN) [231-233] and type |l
IFN (IFNy) [234] mediated activation of the janus kinase-signal transducer and activator of
transcription proteins (JAK-STAT) pathway has also been shown to increase atrogenes TRIM63,
FBX032, CASP3 (caspase-3) and MSTN (myostatin) [235-237]. Myostatin (a member of the
transforming growth factor TGF-B family) is a myokine released by myofibers, and signals in an
autocrine and paracrine fashion to inhibit muscle growth via the SMAD signalling pathway [238].
Akt is also inhibited during inflammation through myostatin activation of SMAD4 [239] but
interestingly TNF activation of Tumour Necrosis Factor Receptor Associated Factor 6 (TRAF6) has
been shown to increase Akt activation through facilitating Akt plasma membrane localisation

[240].
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Figure 1.2 Summary of cell signalling pathways of protein synthesis and degradation

Growth factors like insulin, can activate Akt which goes on to activate mTORC1 by inhibiting

TSC1/TSC2. Activated mTORC1 can then phosphorylate key proteins, like 4E-BP1 and S6K which
can activate rpS6. The result of this is increased protein synthesis. Inflammatory factors like TNF
and TGF-B can upregulate transcription factors FOXO and NF-kB, upregulating genes associated
with protein degradation. The cGAS-STING pathway can potentially mediate these transcription

factors through direct and indirect upregulation of NF-kB. Image made using BioRender.

1.7 Avenues for future therapies targeting cachexia in pulmonary disease.

1.7.1 Current pharmacological and non-pharmacological treatments for pulmonary
diseases and cachexia.

COPD has no cure and current treatments only partially alleviate symptoms. However, they do not
reverse or halt the decline in lung function. Bronchodilators are the most widely prescribed COPD
treatments and can alleviate tightness in the chest by relaxing the airways. For patients with

respiratory co-morbidities, such as allergic airway disease or type 2 high asthma, they can use
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inhaled corticosteroids to help alleviate symptoms, however COPD symptoms are commonly
corticosteroid resistant. Steroid resistance in COPD is a major roadblock to addressing symptoms as
corticosteroids are effective, widely available treatments for the alleviation of many respiratory
disease symptoms but provide limited relief to most COPD patients. Thus, they are only
recommended for patients with asthma, or as part of a triple inhaled therapy with long-acting 32
agonists (LABAs) and long-acting muscarinic antagonists (LAMAs) [74]. Despite this, COPD patients
were historically, and are still prescribed high doses of corticosteroids to address symptoms outside
of these guidelines, which can negatively impact prognosis and increase risk of pneumonia [241].
For asthma treatment, inhaled corticosteroids are often used alongside other inhaled therapies such
as short-acting B, agonists (SABA), LABA and leukotriene receptor antagonists. Like COPD patients,
asthma patients can develop resistance to corticosteroid treatment and the prescription of
increasingly higher doses of corticosteroids was historically common. For many reasons this can
negatively impact patient prognosis in the long term due to the side effects of corticosteroids.
Pirfenidone and nintedanib are the only approved drugs used to treat IPF in the US and non-
pharmacological therapies include oxygen supplementation and pulmonary rehabilitation [242,

243].

These treatments fail to prevent disease progression, provide limited relief for patients, and fail to
prevent cachexia. Moreover, it is possible that these treatments may contribute to muscle atrophy
as has been the case with glucocorticoid (GC) induced muscle atrophy. The negative impact of GC
therapy, particularly fluorinated GCs, on skeletal muscle has been well characterised in patients with
rheumatological and inflammatory diseases [244, 245], as well as in diseases where there is high
circulating GCs, such as in cachexia, sepsis, and insulinopaenia [65, 246]. This is likely due to GC
upregulation of atrogenes, via activation of the UPS, and inhibition of PI3K/Akt/mTORC1 signalling
[65, 247-249]. However, there is evidence of GC treatments being beneficial to muscle mass, as
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symptom relief provided by their use can increase patient activity and subsequent muscle health

[250].

Interestingly, the IPF treatment pirfenidone, which inhibits TGF-B production, may provide partial
protection to muscle atrophy and function through inhibiting the SMAD mediated Akt inhibition
[251], and reducing muscle skeletal muscle fibrosis [252]. Nintedanib can negatively regulate
skeletal muscle growth as it is a tyrosine kinase inhibitor and can inhibit activation of the
PI3K/Akt/mTORC1 signalling pathway [182, 253]. However, clinical studies have demonstrated both
pirfenidone and especially nintedanib, can increase weight loss in IPF patients [254, 255]. A study
which reviewed the effects of patients switching from pirfenidone to nintedanib treatment
observed that low body-mass index (BMI) in patients was a risk factor for early termination of the
nintedanib treatment and that anorexia induced by nintedanib treatment was more prevalent in
patients switched from pirfenidone [255]. Due to limitations of the study, it is unclear whether
pirfenidone was preventing IPF-induced weight loss, which was then exacerbated by the
discontinuation of pirfenidone and nintedanib treatment, or whether pirfenidone was the cause of
weight loss, although the latter seems less likely [255], since changing from pirfenidone to
nintedanib treatment did accelerate weight loss. That being said, nintedanib has also demonstrated
some ability to improve muscle heath and decrease TGFB expression and thus, may be appropriate
for addressing cachexia under certain conditions e.g. Duchenne muscular dystrophy [256]. However,
more investigation is needed to fully understand the impact of both drugs on muscle mass and

function.

There are currently no approved drugs for the treatment of cachexia. However, a recent randomised
double-blind phase 2 clinical trial looked at the impact of Ponsegromab on cachexia in 187 patients
with cancer (non-small-cell lung carcinoma (40%), pancreatic (32%) and colorectal cancer (29%)).

Ponsegromab is a humanised monoclonal antibody for growth/differentiation factor 15 (GDF-15)
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(Ponsegromab) and was found to increase weight and activity, improve symptoms of cachexia and
decrease in adverse events [257]. This promising result indicates the detrimental role of GDF-15 in
cancer-associated cachexia and warrants further investigation in pulmonary disease induced

cachexia.

1.7.2 Mitochondrial dysfunction as a therapeutic target in cachexia

Poor mitochondrial health and dysfunctional mitochondrial dynamics have been observed in the
lungs of patients with COPD [258-260], moderate and severe asthma [261-264] and IPF [260, 265].
As such, improving mitochondrial health represents an attractive therapeutic target in these
diseases. However, improving mitochondrial function in the skeletal muscle of cachectic patients

with pulmonary diseases as a way of decreasing muscle atrophy poses significant hurdles.

The restoration of mitochondrial health involves the removal of damaged mitochondria via
mitophagy and the subsequent biogenesis of new, functional mitochondria. However, mitophagy
depends on the upregulation of protein degradation pathways, including autophagy and
proteasome formation, while mitochondrial biogenesis typically requires AMPK activation and
thus mTORC1 inhibition due to their bidirectional inhibition [266, 267]. This is mechanistically
opposed to the activation of PI3K/Akt/mTORC1 signalling, which is critical for promoting protein
synthesis and inhibiting muscle atrophy. Active mTORC1 can also phosphorylate the transcription
factor EB (TFEB), inhibiting its transduction to the nucleus where it upregulates mitochondrial
biogenesis, autophagy and lysosomal gene expression [268]. This process can be indirectly
reversed by AMPK, and subsequently prevents mTORC1 mediated phosphorylation of 4E-BP1 and

S6K [269].

This raises an important question: does the induction of mitophagy inhibit mTORC1 activation to

the extent that it suppresses overall protein synthesis, exacerbating muscle atrophy? Alternatively,
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does the restoration of mitochondrial function, through reduced inflammatory signalling, oxidative
stress, and metabolic dysregulation, attenuate the downstream effects on the PI3K/Akt/mTORC1

pathway, ultimately preserving muscle protein synthesis?

These interactions require further investigation to determine the feasibility of targeting
mitochondrial dysfunction as a therapeutic strategy in pulmonary disease-induced cachexia. The
ongoing monoclonal antibody trials for GDF-15 in preventing cachexia is particularly interesting in
this case, as GDF-15 is upregulated in the serum of patients with mitochondrial diseases [59], is
used as a biomarker for mitochondrial dysfunction [270, 271], and is associated with the
senescence-associated secretory phenotype (SASP), which is also associated with mitochondrial
dysfunction [83]. This raises another question then as to whether mitochondrial dysfunction is
contributed to by GDF-15 signalling, whether it co-occurs independently of GDF-15, or whether
mitochondrial dysfunction drives GDF-15 production. Though the mechanism has not yet been
fully elucidated, studies have provided evidence of skeletal muscle mitochondrial dysfunction as
an inducer of GDF-15 production [272, 273], which highlights mitochondrial dysfunction as a novel

therapeutic target in cachexia.

1.7.3 cGAS-STING pathway inhibition as a potential mechanism for improving muscle
health in cachexia.
Recent studies have highlighted a potential role for the cyclic guanosine monophosphate (GMP)-
AMP synthase (cGAS)-stimulator of interferon genes (STING) pathway in causing myopathies [60].
The cGAS-STING pathway is involved in the detection of cytosolic double-stranded DNA (dsDNA)
[274-276] (Figure 1.2). dsDNA is detected by and causes a conformational change in the pattern
recognition receptor (PRR) cGAS which catalyses the production of cyclic GMP-AMP (2'3'-cGAMP)
[276]. This conformational change results in cGAS dimerising on the dsDNA. dsDNA can have many

sources including viruses and bacteria but can also include host dsDNA originating from cellular
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stress or damaged/dysfunctional mitochondria. 2'3’-Cyclic GMP-AMP (cGAMP) binds the STING
protein dimer at the endoplasmic reticulum (ER) resulting in oligomerisation [277, 278]. The STING
oligomer becomes de-anchored from the ER and moves through the Golgi where it then recruits
TRAF family member-associated NF-kappa-B activator (TANK) -binding kinase 1 (TBK1). TBK1
autophosphorylates and activates interferon regulatory factor 3 (IRF3) and NF-kB signalling [279].
IRF3 translocates to the nucleus where it binds interferon stimulated response elements (ISRE),
resulting in upregulated proinflammatory gene expression such as interferon-stimulated genes
(ISG), like ISG15, and type | interferons. Interestingly, STING is also known to activate non-
canonical NF-kB signalling through p52-RELB, which functions as a negative regulator of type |

interferon production [280].

Mitochondrial dsDNA leakage into the cytosol where it activates the cGAS-STING pathway,
increasing inflammation (Figure 1.2) [60, 274]. Targeting the cGAS-STING pathway offers a new
approach for limiting inflammation driven cachexia in COPD. H-151 is a small molecule inhibitor
that inhibits cGAS-STING signalling by irreversibly binding Cys91 in the transmembrane domain of
STING, preventing palmitoylation and oligomerisation of the STING dimer, which is essential for
activation of the type | interferon and ISG inflammatory response [281]. In previous in vivo studies,

H-151 reduced phosphorylation of TBK1 and circulating IFNB and IL-6 [281].

1.7.4 Urolithin A as a therapeutic for improving muscle health in cachexia.

Urolithin A (UA) is a gut metabolite produced from ellagitannins and ellagic acid by the gut
microbiota in rodents and humans [282, 283]. These precursor compounds can be found in foods
such as pomegranate, raspberries and walnuts [283, 284]. UA has generated excitement over its
observed beneficial effects in vitro and in animal and human in vivo studies, and ability to improve
mitochondrial health through mitophagy induction (Figure 1.2). Studies in rodents and

Caenorhabditis elegans have observed increased longevity and mitophagy with UA treatment
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[285]. In an Alzheimer’s disease (AD) transgenic mouse model UA was shown to increase
lysosomal function, improve learning, memory, and olfactory function, increase lifespan and
reduce levels of B-amyloid and tau [286, 287]. Clearance of these commonly misfolded proteins
that cluster in the central nervous system during AD was mediated by UA induced cathepsin
normalisation and thus, increased lysosomal function [286, 287]. In a D-Gal induced murine model
of ageing, UA was also found to improve learning and memory, decreased NLRP3 activation and
increased mitochondrial biogenesis through an increase in p53-mediated peroxisome proliferator-
activated receptor gamma (PPARy) coactivator 1-alpha (PGCla) expression [288]. Activated p53 is
also known to increase transcription factor A, mitochondrial (TFAM) mediated transcription of
mitochondrial genome, resulting in increased biogenesis [289]. Interestingly, impaired autophagy
in the skeletal muscle of elderly mice was shown to increase denervation and muscle weakness

and its rescue prevented age-related muscle loss [63].

Human trials have demonstrated beneficial effects of UA in improving skeletal muscle function,
and disease symptoms. In one human trial, adults between the ages of 65-90 given UA (1000mg/d)
in the diet showed improved muscle endurance, and reduced circulating acylcarnitine, ceramides,
and C-reactive protein [290]. Another study looking at UA in healthy, but overweight, middle-aged
patients, observed increased mitophagy, exercise capacity and muscle strength, as measured by
hamstring strength and leg flexion strength [291]. UA has been shown to decrease signalling via
the protein synthesis PI3K/Akt/mTORC1 pathway by inhibiting PI3K and Akt activation [292, 293].
In tandem to this, UA activates AMPK via activation of the Sirtuin (SIRT) pathway signalling,

resulting in increased mitophagy and decreased mTORC1 activation [294].

Though dysregulated autophagy in the lungs of COPD patients is known to contribute to
pathogenesis [295-297], the role of autophagy in muscles during COPD is somewhat controversial.

Autophagy is required for maintaining homeostasis in muscles and for allowing cells to meet their
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bioenergetic demands and preventing senescence, especially in muscle satellite cells [298] which
are required for myogenesis [299]. The controversial role of autophagy in skeletal muscle of COPD
patients stems from studies that showed both impaired [80] and upregulated [300]autophagy can
drive atrophy. Studies looking at COPD patient skeletal muscle found markers of autophagy and
increased autophagosome quantity inversely correlated with FEV1 [80] and that autophagosome
numbers were increased only in cachectic COPD patients [81]. COPD patients with increased
skeletal muscle autophagosome numbers also showed an associated increase in AMPK activity,
FoxO transcription factors and inhibition of the Akt/mTORC1 pathway [80], suggesting autophagy
coincides with an increase in protein degradation and simultaneous decrease in synthesis.
However, impaired autophagy/mitophagy in COPD has been suggested as a driving factor in
skeletal muscle dysfunction in COPD and improvements to autophagy could ameliorate muscle
weakness and cachexia [301]. For example, in the aforementioned study of an IL-137¢ murine
emphysema model, impaired autophagy in muscle satellite cells resulted in reduced myogenic and
replicative capacity and resulted in increased muscle atrophy and contractile dysfunction [122].
This suggests that increased autophagy, although correlative with cachectic COPD, may not be a

driving factor and could be important for maintaining muscle health and mass.

Despite decreasing signalling through the protein synthesis pathway, and evidence of AMPK
upregulation which is correlated with cachexia in COPD, UA has demonstrated safe
supplementation, improved muscle health, muscle function, decreased inflammation, increased
mitophagy and reduced disease burden across a range of studies, with no reports of induced
muscle atrophy. By improving mitochondrial health there should also be a decrease in cGAS-STING
mediated inflammation/cachexia. This highlights the potential therapeutic benefit of improving

mitochondrial health as a method of targeting cachexia.
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1.8 Thesis Hypothesis and Aims
Hypothesis

Skeletal muscle mitochondrial dysfunction and inflammation contribute to cachexia in pulmonary
disease. Inflammation is partially mediated by mitochondrial dysfunction and subsequent release
of mtDNA into the cytosol where it activates cGAS-STING signalling. Activation of this pathway
results in autocrine cytokine signalling which activates NF-kB mediated transcription of atrogenes
and the UPS. Furthermore, STING activation of TBK1 causes TBK1 mediated inhibition of mTORC1,
preventing protein synthesis. Thus, improving mitochondrial function through inducing mitophagy,
or inhibition of the cGAS-STING signalling pathway will attenuate cachexia in pulmonary diseases

(Figurel.3).
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Figure 1.1 Hypothesis of H-151 and Urolithin A mediated prevention of mitochondrial
dysfunction-induced protein degradation in skeletal muscle.

Mitochondrial dysfunction results in the release of mtDNA into the cytosol, where it can bind cGAS
and induce cGAS-STING mediated inflammation. This gives rise to the transcription of factors of
protein degradation like Atrogin-1 and MuRF1. Urolithin A attenuates mitochondrial dysfunction
through increased mitophagy, thus preventing mtDNA leak into the cytoplasm. H-151 is a small

molecule inhibitor of STING which prevents STING functions. Image made using BioRender
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Aims

Provided below are the primary aims of this thesis:

1.

To assess the prevalence of muscle atrophy across different experimental murine models
of IPF, asthma, and COPD, and to identify the most suitable model for therapeutic studies
targeting cachexia in a pulmonary disease.

To elucidate the effects of experimental IPF, asthma and COPD models on mediators of
protein degradation and synthesis in skeletal muscle.

To compare skeletal muscle atrophy observed in experimental COPD models with that in
human COPD and appropriately target overlapping mechanisms of disease.

To investigate the effects of STING inhibition on skeletal muscle protein degradation,
synthesis, and mitochondrial respiration in experimental COPD.

To evaluate the impact of Urolithin A treatment on inflammation, skeletal muscle protein
degradation, synthesis, and mitochondrial respiration in young and adult mice within the

context of experimental COPD.
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Chapter 2 Materials and Methods

2.1 Animals

Wild type (WT) female BALB/c and male and female C57BL/6 mice used in the mouse models of
COPD and IPF were purchased from Australian BioResources (ABR) (Moss Vale, NSW, Australia).
Aged female C57BL/6 mice (dob: 23/05/2023, purchased at ~6mo) were purchased from the
OzGene-Animal Resource Centre (ARC) (Canning Vale, WA, Australia). Mice were kept in cages of 4
mice/cage, housed with a 12-hour light/dark cycle and allowed water and standard mouse chow ad
libitum. Biological replicates ranged (n=6-8) depending on the model and number of mice available.
This was based on previously published studies using these experimental mouse models of COPD,

IPF and asthma from my lab and externally. [111, 169, 302].

2.2 Murine models of CS-induced COPD

C57BL/6 mice (n=8) were exposed to 12 cigarettes (3R4F reference cigarettes from the University
of Kentucky, Lexington, KY, USA) twice/d, 5 d/w, for 2-12 weeks using a custom-built nose-only
exposure system (CH Technologies, NJ, USA). This system was kept in a fume cupboard to avoid
second-hand CS exposure. Each cigarette was fitted to the pump, lit using a heat lamp and burned
for approximately 4-5 minutes. During this, the exposure system would pump smoke through to the
mice 12 times (12 puffs). Each smoking session lasted approximately 45m, after which the mice were
monitored for signs of stress or abnormalities for a minimum of 30m. Mice were returned to their
racks only if no abnormalities were detected during the monitoring period. This was approved by
our institutional animal ethics committee. Details for this experimental murine model of COPD have

been previously published by my lab [111, 119]

CS-induced experimental COPD time course model (2, 4, 6, 8 and 12w; Figure 2.1): This model had
5 groups of female C57BL/6 mice that were either CS or room air exposed for 2, 4, 6, 8, 10 and 12w
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(Figure 2.1; n=8 for each exposure condition). Exposures began when the mice were 8w old so mice
from different groups were not age matched at endpoint. Therefore, each time point was a snapshot
of the effects of exposure at that specific age. i.e. mice from the 2w time point were 10w old, mice

from the 4w time point were 12w old etc.

CS-induced COPD time course model (2, 4, 6, 8 and
12w) in female C57BL/6 mice (n=8)

C57BL/6
ow 2w 4w BwW 8w 10w 12w
L 1 1 1 [ 1 [
| | | | | | | | | | | | | |

Group 1: «—
2w CS-exposure
Group 2: « b
4w CS-exposure
Group 3: « >
6w CS-exposure

Group 4: + >
8w CS-exposure

Group 5: +
12w CS-exposure

Figure 2.1 Overview of CS-induced COPD murine model in female mice at 5 timepoints

Female C57BL/6 mice (n=8) began CS-exposure at 8w old, and were exposed for 2, 4, 6, 8 or 12w.
Each timepoint reflects the amount of time post the commencement of CS-exposure and the

different timepoints were not age-matched at their endpoints.

CS-induced experimental COPD time course model (3, 8 and 12w) in male and female mice (Figure
2.2): This model had 3 groups of male and female C57BL/6 mice that were either CS or room air
exposed for 3, 8, and 12w (Figure 2.2; n=8 for each condition). Mice from the 3, 8 and 12w time
points began exposures at 17, 12 and 8w old, respectively. Thus, mice were the same age at

endpoint.
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CS-induced COPD time course model (3, 8 and 12w) in
male and female C57BL/6 mice (n=8)

C57BL/6
Oow 3w 8w 12w
L L [ ]
' I 1 | 1
Group 1: + >
3w CS-exposure
Group 2: < >
8w CS-exposure
Group 3: < >

12w CS-exposure

Figure 2.2 Overview of CS-induced COPD murine model in male and female mice at 3 timepoints

C57BL/6 mice (n=8) began CS-exposure at 8w.0., and were exposed for 3w, 8w or 12w. Each
timepoint describes the amount of time post the start of either room air or CS-exposure and the

different timepoints were not age-matched at their endpoints.

2.3 Murine models of IPF

4w and 10w bleomycin-induced experimental IPF model (Figure 2.3): C57BL/6 mice (n=10) were
given a single i.n. dose of bleomycin sulphate (Bio-strategy; CAS 9041-93-4) to induce fibrosis and
control mice were given i.n. dose of phosphate buffered saline (PBS). Bleomycin was dissolved in
1X PBS and given at a dose of 0.05U/mouse. Timepoints of 4 and 10w post-bleomycin were

investigated. The model began when the mice were 8 weeks old.
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4w and 10w bleomycin-induced experimental IPF model in
age matched female C57BL/6 mice (n=10)

Group 3: Group 1:
PBS i.n. PBS i.n.
C57BL/6 l 1

Ow bw 10w

B J =T

Group 4: single dose Group 2: single dose
of Bleomycin of bleomycin
(0.05U/mouse, i.n.) (0.05U/mouse, i.n.)
4w post-PBS
Group 1: < >
4w post-bleomycin dose
Group 2: < >
10w post-PBS
Group 3: < >
10w post-bleomycin dose
Group 4: < >

Figure 2.3 Overview of a single dose i.n. bleomycin-induced 4w and 10w IPF time course murine

model

C57BL/6 mice (n=8) were given a single dose i.n. bleomycin or PBS at different time points over a
10w period, to produce two cohorts of a 4w and 10w age matched IPF model. At the start of week
0, groups 3 and 4 were given a single dose of bleomycin or PBS respectively and sacrificed at the
end of week 10. At the 6-week timepoint, groups 1 and 2 were given a single dose of bleomycin or

PBS respectively and sacrificed at the end of 10w.

Bleomycin and CS induced experimental IPF model (Figure 2.4): 8-week-old C57BL/6 mice (n=8)
were CS or room air exposed for 8 weeks. Mice were given a single i.n. dose of either bleomycin or
PBS after 4w of CS exposure. The model ended after 8w of total CS exposure (4w after single dose

of i.n. bleomycin)
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Bleomycin and CS induced experimental IPF model in
female C57BL/6 mice (n=8).

C57BL/6  Qw Aw 8w

Group 2+4: Bleomycin
(0.05U/mouse, i.n.)

4w post-PBS
Group I: No CS exposure ) A bl i -
: w post-bleomycin dose
Group 2: (Air exposed) - S
8w of CS exposure + singe dose of PBS at week 4
Group 3: >
8w CS exposure + singe dose of bleomycin at week 4
Group 4: < >

Figure 2.4 Overview of an 8w single dose i.n. bleomycin and CS-induced IPF murine model

Four groups of C57BL/6 mice (n=8) were exposed to CS or room air for 8w and administered either
a single dose of bleomycin or PBS at the 4w time point. Groups 1 and 2 were not exposed to CS
smoke but were challenged with a single dose of PBS or bleomycin respectively 4w into the model.
Groups 3 and 4 were exposed to CS for 8w and were challenged with a single dose of PBS or

bleomycin, respectively, 4w into the model.

2.4 Mouse model of moderate and severe asthma

Moderate (steroid sensitive) asthma (Figure 2.5): BALB/c mice (n=8) were ovalbumin (Albumin
from chicken egg white lyophilized powder > 98%; Sigma-Aldrich, Cat: A5503-10G) sensitised at
day 0 and re-challenged with ovalbumin day 12&13 and day 33 and 34 (Figure 2.5). Ovalbumin
sensitisation (or immunisation) of mice was done with a 200pL i.p. injection of a solution of
ovalbumin (5uL of 10mg/mL stock) and Aluminium hydroxide gel (aka Alum) (26uL of Alhydrogel”
adjuvant 2%; InVivogen, Cat: Vac-Alu-250) made up in PBS (169uL). The total dose of i.p.
administered ovalbumin was therefore 50ug. I.n. Ovalbumin challenge was carried out twice over
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two days (days 13-14 and 33-34) with a 20ug i.n. dose of ovalbumin made up in PBS. Non-
ovalbumin immunised mice were still given an i.p. injection of Alum solution (26uL of Alhydrogel®
adjuvant 2% in 174puL of PBS) and given i.n. saline on days 13-14 and 33-34. Details relating to

these experimental models of asthma have been published by my lab [128, 148, 262, 302].

Severe (steroid insensitive) asthma (Figure 2.5): BALB/c mice (n=8) underwent the same
protocols as for the moderate asthma model. However, the severe asthma, received an i.n.
chlamydia muridarum (CMU; ATCCVR-123 strain) induced respiratory infection with 100 inclusion-
forming units (IFU) was carried out at day 14 to induce severe asthma in the severe asthma model.
Sham infected mice were given i.n. sucrose phosphate glutamate (SPG). Steroid sensitivity was
determined by lung function analysis. Titration with increasing doses (0.3, 1, 1.5, 3, 5, 10mg/mL in
PBS) of methacholine (Acetyl-B-methylcholine chloride; Sigma-Aldrich) induces AHR, which is

increased in ovalbumin sensitised mice.

Dexamethasone (Dexamethasone water soluble; Sigma-Aldrich CatD2915-100MG) treatment
reduces AHR in steroid sensitive asthma but not in steroid insensitive asthma. A 2mg/kg i.n. dose
of dexamethasone was used in combination with the final ovalbumin i.n. to remove the need for

two i.n. procedures [128, 148, 262, 302].
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Ovalbumin sensitised, challenged and chlamydia frachomatis (CMU) respiratory
infection-induced moderate to severe experimental asthma model (n=8)
Day 14:
CMU/SPG Day 32-34:
BALB/ (100IFU; i.n.) Dex (2mg/kg; i.n.)
Oow 5w
L [ | 1
t 1 i
Ovalbumin i.p. Day 12+13: Day 33+34:
Ovalbumin i.n. Ovalbumin i.n.
SPG (sham infected) CMU infected
Group 1: Sal/SPG Group 4: Sal/CMU
Group 2: Ova/SPG Moderate (steroid Severe (steroid
Group 3: Ova/SPG/Dex < sensitive) asthma insensitive) asthma

Figure 2.5 Overview of a model of moderate (steroid sensitive) and severe (steroid insensitive)

asthma

Six groups of BALB/c mice (n=8) were used in an experimental model of moderate and severe
asthma. Moderate (steroid sensitive) asthma: Groups 1-3 were sham infected with sucrose
phosphate glutamate (SPG) on day 14. Group 1 was given a single i.p. of saline. Groups 2 and 3
were sensitised (Day 0) and challenged with ovalbumin (Day 12+13; Day 33+34). Severe (steroid
insensitive) asthma: Groups 4-6 were given a chlamydia muridarum (CMU) respiratory infection.
Group 4 was given a single i.p. of saline. Groups 5 and 6 were sensitised (Day 0) and challenged
with ovalbumin (Day 12+13; Day 33+34). Group 3 and 6 were treated with dexamethasone (Dex)

to assess steroid sensitivity during lung function assessment.

2.5 Lung Function Assessment by Invasive Plethysmography

Mice were weighed and given three separate doses of an anaesthetic ketamine (llium Ketamil; TROY
Laboratories Pty Ltd) and xylazine (llium Xylazil-20; TROY Laboratories Pty Ltd) via intraperitoneal
(I.P.) injection based on their weight. The first anaesthetic mix (ketamine 13mg/ml; xylazine
1.6mg/ml) was given immediately after weighing the mouse and was proportional to the weight
(e.g. a standard 20g mouse receives 200ul). Once the mouse was anesthetised, the N-A (nose-to-

anus) length was measured with a 30cm ruler, and the mouse on its back. The second anaesthetic
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mix (ketamine 40mg/ml; xylazine 2mg/ml), typically half the volume of the first, was given once the
mouse was stationary. This was to ensure the mouse was completely anaesthetized for the
procedure and unable to feel anything. Loss of feeling was confirmed by pedal reflex, whisker
movement (to touch) and palpebral reflex (to touch). Following this, a tracheostomy was performed
and a custom blunted canula was inserted into the trachea. This was tied into place to ensure a tight
seal for plethysmography assessments, and the canula was attached to the FlexiVent system
adapter module. A third anaesthetic mix (xylazine 2mg/ml) was given to prevent the use of the
ventilatory muscles of the mouse which may operate automatically while the mouse is unconscious.
in vivo measurement of respiratory mechanics was carried out using a Scireq Flexivent system
(Scireq, QC, Canada). This device contains a piston that breathes on behalf of the mouse (at a rate
of 450 breaths/minute, 8ml/kg tidal volume) and conducts several manually prompted tests that
give structural and functional data on the mouse lungs. The doses of anaesthetic are lethal within
approximately 20 minutes after the second anaesthetic mix and the degassing step of the total lung
capacity (TLC) test includes 5 minutes without oxygen, resulting in the death of the mouse at this

stage.

1 ketamine 13mg/ml; xylazine 1.6mg/ml 200uL
2 ketamine 40mg/ml; xylazine 2mg/ml 100uL
3 xylazine 2mg/ml 50uL

Table 2.1 Lung function - Anaesthetic mixes and concentrations of ketamine and xylazine (in

PBS)
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Inspiratory capacity (IC) Deep inflation-35 The amount of air inhaled

after a normal exhalation

Hysteresis PVs-P-35 (Area). Area Indicates work done to inflate
enclosed by the and deflate the lungs i.e. to
pressure-volume loop overcome surface tension

and compliance dynamics.

Forced vital capacity (FVC); forced Negative pressure The total volume of air

expiratory volumes (FEVx). forced expiration (NPFE) | forcibly exhaled over a period
of time.

Resistance of the central airways QuickPrime-3 (Rn) Bronchoconstriction

Resistance of the whole respiratory Snapshot-150 (Rrs) Whole Lung constriction

system (central & peripheral airways)

Total lung capacity (TLC) TLC Largest possible volume of air

the lungs can take in.

Elastic properties without airflow Static compliance (Cst) Distensibility of the main
elastic components of the

lungs and chest walls.

Elastic properties during airflow Dynamic compliance Distensibility of the entire
(Crs) respiratory system (lungs,

chest walls and airways)

Table 2.2: Lung function - Description of the output of lung function measurements/techniques

using a SCIREQ Flexivent.

Source: https://www.scireq.com/flexivent/techniques-measurements/
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2.6 Tissue Collection

Following lung function testing, the diaphragm and rib cage were removed. Blood was collected
from the left ventricle of the heart and centrifuged in EDTA coated tubes to isolate plasma. Prior to
BALF collection the right lung was tied off to prevent flushing of the buffer into these lobes during
BALF collection procedure, retaining the immune cell infiltrate. BALF was collected by flushing the
left lung 10 times gently with a total of ImL of Hank’s Balanced Salt Solution (HBSS; ThermoFisher).
The superior, middle, inferior and post-caval lobe of the right lung were removed individually and
snap frozen in liquid nitrogen (LN). The left lung was then perfused by flushing 0.9% saline solution
through the left heart ventricle using a 19G needle attached to a 5ml syringe. The perfused lung was
then inflated with 0.4ml of neutral buffered formalin (12.5%) and collected in a 5ml tube filled with
formalin. The quadriceps, gastrocnemius, soleus, and extensor digitorum longus (EDL) were
collected from the hind legs and weighed separately, approximately 10-20m post-mortem. Muscles
were gathered from both legs; half were snap frozen in LN and the other prepared for histology.
Muscles collected for embedding in O.C.T. for this model were pinned to a piece of cork and slow
frozen in isopentane that was precipitating in LN, then transferred into LN. Other muscles were fixed

in neutral buffered formalin (12.5%). The tibia and femur length were also measured.

2.7 Histology

Muscle tissues fixed in formalin were transferred to 30% sucrose solution after at least 2 days and
stored at 4°C. After the muscles had sunk in solution they were embedded in Tissue-Tek® Optimal
Cutting Temperature (O.C.T.) compound. Muscles were individually embedded in a Tissue-Tek®
Cryomold using Tissue-Tek® O.C.T. compound on dry ice. Muscles that were not cryo-sectioned

were not transferred into 30% sucrose solution but into 70% ethanol and later embedded in
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paraffin. Muscles were orientated upright to get trans-sections for muscle fibre area (MFA) analysis.
Cryo-sectioning was done using a Leica CM1950 at -20°C. Hematoxylin and Eosin (H&E) staining of
muscle tissue was carried out using a Leica ST5010 Autostainer XL. A Zeiss Axio Imager.M2
microscope was used to image muscle slices at 20X magnification. Using (Fiji Is Just) Image) 1.54f,

>100 fibres/sample were outlined with the drawing tool, with the scale at 4.3478pixels/um.

2.8 RNA extraction from muscle tissue

Large muscle tissues (gastrocnemius, quadriceps) were crushed into a fine powder using a
Cellcrusher or a Cellcrusher-mini for smaller muscle tissues (soleus, EDL) over dry ice. An aliquot of
fine powdered muscle was transferred to a Safe-Lock Eppendorf tube containing a 5mm stainless
steel bead (Qiagen). 1ml of TRIzol (Invitrogen) was added to the tube and the tube was placed in a
Tissuelyser LT (Qiagen) at 50Hz for 3 minutes. A standard phase separation protocol was then
followed, and RNA was precipitated. RNA was resuspended in 60uL of water and concentration was
calculated using a NanoDrop One Microvolume UV-Vis Spectrophotometer (ThermoFisher). RNA
concentrations were normalized to the lowest RNA concentration of the samples and stored at -

80°C.

2.9 Reverse transcription (RT) and real time-qPCR

RNA samples were prepared for reverse transcription using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems™). Samples were added to a T100 Thermal Cycler (Bio-Rad)
which followed the program in Table 1. After the RT program ends, the cDNA was removed from
the thermal cycler and 80uL of dH20 was added to each sample. A master mix was made containing

nuclease-free dH20, the forward and reverse primer for the gene of interest, and KAPA SYBR® FAST
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(Table 2). This was added to the wells of a hard shell 384-well PCR plate along with cDNA. The plate
was then sealed using a Microseal® ‘B’ seal (Bio-Rad), centrifuged using a PlateFuge (Benchmark
Scientific) and placed in a CFX384™ Real-time system. The program for RT-gPCR is shown in Table
3. The target genes investigated by RT-gPCR and their respective forward and reverse primer

sequences are listed in Table 4

Temperature 25°C 37°C 85°C 4°C

Time 10 minutes 2 hours 5 minutes oo

Table 2.3 T100 Thermal cycler program for reverse transcription.

Kapa SYBR 6.25
Forward Primer (5uM) 0.5
Reverse Primer (5uM) 0.5
Nuclease-free dH20 3.25
cDNA 2
Total Volume per well 12.5

Table 2.4 384-well plate volumes of reagents used per well for RT-qPCR.

Temperature (°C) 50 95 95 60 95 60 92 60

Time (seconds) 2 2 3 30 15 60-95 | 15 15

Table 2.5 CFX384TM Real-time system program for RT-qPCR.
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(MAFbx/Atrogin-1)

HPRT AGGCCAGACTTTGTTGGATTTGAA CAACTTGCGCTCATCTTAGGCTTT
ACTB GGAGAAAATCTGGCACCACA AGAGGCGTACAGGGATAGCA

IL6 AGAAAACAATCTGAAACTTCCAGAGAT | GAAGACCAGAGGAAATTTTCAATAGG
IFNG TCTTGAAAGACAATCAGGCCATCA GAATCAGCAGCGACTCCTTTTCC

IL1B TGGGATCCTCTCCAGCCAAGC AGCCCTTCATCTTTTGGGGTCCG

KC GCTGGGATTCACCTCAAGAA CTTGGGGACACCTTTTAGCA

TNF TCTGTCTACTGAACTTCGGGGTGA TTGTCTTTGAGATCCATGCCGTT
FBXO32 CTTTCAACAGACTGGACTTCTCGA CAGCTCCAACAGCCTTACTACGT

TRIM63 (MuRF1) GCTGGTGGAAAACATCATTGACAT CATCGGGTGGCTGCCTTT
HDAC4 GTCTTGGGAATGTACGACGC GTTGCCAGAGCTGCTATTTG
GADDA45 AGTCAGCGCACCATTACG TGAGGGTGAAATGGATCTGC
CHRNA1 CCAACCTCATCTCCCTGAATG CAAGTTGATCTCACTGGTGCTG

Table 2.6 List of RT-qPCR primers with their forward and reverse sequences.

2.10 Immunoblotting (Western Blotting)

2.10.1 Tissue preparation

Quadriceps were powdered using a Cellcrusher over dry ice, and ~20mg was aliquoted into

Axygen® 2.0mL Conical Screw Cap microcentrifuge tubes complete DAP lysis buffer (cOmplete™

protease inhibitor cocktail (PIC) + cOmplete™ protease inhibitor tablet). Tissue was homogenised

using a Precellys® Evolution Touch tissue homogenizer (Speed: 7600RPM; Cycle 2x30s; Pause 15s).

Tissue homogenate was then centrifuged at 14,800RPM for 20m at 4°C and the supernatant

49




aliquoted into fresh tubes. Protein quantification was carried out using a BIO-RAD DC™ protein
assay kit, using a BSA standard curve (2mg/ml; 1:2 serial diluted). and absorbance values (750nm)
were read using a BMG FLUOstar Omega microplate reader. Samples were then normalised in DAP
lysis buffer and 4X Laemlli buffer (BIO-RAD) supplemented with dimethyl sulphoxide (DMSO).

Samples were stored at -80°C.

2.10.2 Protein separation by electrophoresis and membrane transfer.

For protein separation by gel electrophoresis, a 15 lane, BIO-RAD mini-PROTEAN TGX Stain Free-
Precast gel was inserted into a BIO-RAD Mini-PROTEAN Tetra Vertical Electrophoresis Cell, and the
cell was filled with 1X Running Buffer. 12.5 ug of protein in loading buffer was loaded/well, with a
BIO-RAD Precision Plus Protein Dual Colour Standard and A549 cell line derived loading control in

separate wells. The gel was run at a constant 110V for ~1h using a PowerPac™ High-Current Power

Supply.

A transfer sandwich was prepared during the electrophoresis step, with filter paper and

nitrocellulose membrane soaking in 1X transfer buffer (4°C). Once the sandwich was prepared and
the run finished, the gel was placed on filter paper in the sandwich and the membrane laid over it
with filter paper on top. Bubbles were removed using a small roller. The sandwich was closed tight
and placed in a BIO-RAD Criterion™ Blotter, being careful to line up the blot with the cathode and

the gel on the anode side. The transfer was then run at 100V for 1h10m (wet transfer).

2.10.3 Ponceau imaging and antibody incubation.

After transferring, the blot is removed and kept in MilliQ water until ready. Ponceau S stain was
added to the blot and imaged using a BIO-RAD ChemiDoc MP Imaging System (white
light/colourimetric image. Ponceau S stain images were later used for densitometry protein

normalisation. Membranes were then cut at specific bands if needed, and the membrane was
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washed 3X with Tris-buffered saline-Tween20 (TBS-T). Blocking with 3% BSA (for phosphorylated
protein blots) or 3% milk made up in TBS-T 1h was then carried out for 1h at room temperature.
Blots were then washed 3X with TBS-T and incubated with primary antibody in TBS-T overnight at
4°C. The next day, the primary antibody was removed (and stored at -20°C) and the membrane
was washed 3X with TBS-T. The membrane was incubated with HRP-conjugated (primary specific)

secondary antibody for 1h at room temperature, after which it was washed 3X with TBS-T.

2.10.4 Imaging and densitometry

Chemiluminescent Substrate was added to the membrane and immediately placed in the BIO-RAD
ChemiDoc MP Imaging System for imaging. A colourimetric image was taken and then band
intensity was captured using rapid-acquisition mode. Custom acquisition settings were used based
on the rapid-acquisition result. Images were downloaded as Image Lab Image Document files and
band intensity relative to total protein was calculated in BIO-RAD Image Lab software (V6.1) and

Microsoft Excel.
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2.10.5 Immunoblot Buffers

10X (Tris- Tris Base (0.2M) 24g
buffered
saline) TBS NaCl (1.5M) 88g
pH7.6
1X TBS-T Tween-20 (0.05%) 100mL TBS + 0.5mL Tween-20
<
Q
Tris Base (0.25 Molar; 121.14 )
30.29g S
: mw) S
10X Running S
c
Buffer Glycine (1.92M; 75.07mw) 144g g
g
5
1% SDS (20% SDS stock) 50mL E
5
s
Tris Base (0.25 Molar; 121.14 Q
D
10X Transfer 30.29¢ -
mw)
Buffer
Glycine (1.92M; 75.07mw) 144g
1X Transfer
Methanol 100mL TBS + 200m| methanol
Buffer

Table 2.7 Buffers used in western blotting (immunoblotting)
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2.10.6 Primary Antibodies

Core protein 2 (ab14745), CIV subunit
| (ab14705) and CV alpha subunit
(ab14748)). + Positive control

mTOR Antibody #2972 1000 289 Rabbit Cell Signalling | 2972
Akt Antibody #9272 1000 60 Rabbit Cell Signalling | 9272
Phospho-Akt (Ser473) . . .
Antibody #9271 1000 60 Rabbit Cell Signalling | 9271
Phospho-Akt (Thr308) . . .
. Antibody #9275 1000 60 Rabbit Cell Signalling | 9275
% 4E-BP1 (53H11) Rabbit mAb #9644 1000 15-20 | Rabbit Cell Signalling | 9644
c
20 Phospho-4E-BP1 (Thr37/46) (236B4) . . .
% Rabbit mAb #2855 1000 15-20 Rabbit Cell Signalling | 2855
E p70 S6 Kinase Antibody #9202 1000 70,85 | Rabbit Cell Signalling | 9202
Phospho-p70 S6 Kinase (Thr389) . . .
Antibody #9205 1000 70,85 | Rabbit Cell Signalling | 9205
S6 Ribosomal Protein (5G10) Rabbit . . .
mAb #2217 1000 32 Rabbit Cell Signalling | 2217
Phospho-S6 Ribosomal Protein . . .
(Ser240/244) Antibody #2215 1000 32 Rabbit Cell Signalling | 2215
9 o0 CGAS (D3080) Rabbit mAb #31659 1000 62 Rabbit Cell Signalling | 31659
53
2 5
9 » STING (D1V5L) Rabbit mAb #50494 1000 33,35 Rabbit Cell Signalling | 50494
MuRF1 Polyclonal Antibody (TRIM63) | 1000 40 Rabbit Thermo Fisher | PA5-76695
>
< MAFbx Polyclonal Antibody . .
Q- -
g (FBXO32)/Atrogin-1 1000 42 Rabbit Thermo Fisher | PA5-91959
< ;
GADD45 alpha (D17E8) Rabbit mAb |, 22 Rabbit | Cell Signalling | 4632
#4632
Total OXPHOS Rodent WB Antibody
Cocktail (Cl subunit NDUFB8
E (ab110242), CII-30kDa (ab14714), Clll- | 1555 | Mouse | Abcamn Ab110413

Table 2.8 Primary antibodies used in western blotting with dilution factor (DIF), species origin,

company name and category number.

Expected molecular weight (Mw; kDa) on blotting membrane as outlined by the manufacturer

website with link to the manufacturer website.
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Goat anti-rabbit #ab205718

2.10.7 Secondary antibodies

gG HRP 10000 |Abcam ab205719

Goat anti-rabbit #ab205719 |IgG HRP 10000 [Abcam ab205718

Table 2.9 Secondary antibodies used in western blotting with dilution factor (DIF), isotype and

conjugate, company name and category number.

2.11 Skeletal muscle mitochondrial respiration — Oroboros Oxygraph-2k

A fresh segment of gastrocnemius tissue (~20mg) was prepped and stored in BIOPS buffer (5.77
mM Na2ATP, 2.77 mM CakK2EGTA, 7.23 mM K2EGTA, 15 mM Na2Phosphocreatine, 6.56 mM
MgCl2-6H20, 20 mM taurine, 20 mM imidazole, 0.5 mM dithiothreitol, 50 mM MES hydrate, pH=
7.1) at 4°C (on ice). This sample was broken up using a tweezers and approximately 5mg of tissue
was added to 2 mL of BIOPS buffer with 50 pg/uL of saponin. Saponin permeabilises the
sarcolemma (myofiber cell membrane) and allows mitochondrial to access substrates. an
Oroborus Oxygraph-2k chamber. After equilibrating by rocking gently for 15 minutes at 4°C, fibres
were then placed in 2 mL of MiRO5 buffer (0.5 mM EGTA, 3 mM MgCI2-6H20, 60 mM lactobionic
acid, 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES, 110 mM D-sucrose, 1 g/l BSA, pH=7.1) and
rocked for a further 15 minutes at 4°C. Afterwards, tissues were placed in 1mL of MiRO5 to
prevent further saponin activity. Muscle fibres were placed on filter paper to remove excess liquid,
weighed (~2.5mg-5mg is needed for skeletal muscle) and then put back in MiRO5 buffer before

respirometry.

2mL of MiRO5 buffer (25uM Blebistatin) was aliquoted into each chamber in an Oroboros

oxygraph-2k high resolution respirometer (Oroboros instruments, Austria). Blebistatin prevents
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muscle contraction during ADP titration The chambers were heated up to 37°C and oxygen
concentration was kept between 150-220 uM throughout the tests. Muscle fibres were then

added, and the system was allowed to stabilise before any addition of substrates.

Pyruvate (10mM) and malate (2mM) was added in the absence of adenosine diphosphate (ADP) to
induce complex | mediated proton leak (Cl-Leak) and was measured through baseline oxygen
consumption rate (pmol.sec’’.mg?) at 37°C. ADP (2.5mM) was then added to couple Complex |
respiration to ATP production (CI-P). The oxygen flux was allowed to stabilise before beginning the
ADP titration which measures ADP sensitivity. 0.1M, 0.175M, 0.5M and 6M, followed by the
addition of 10 mM glutamate. Succinate (10mM) was then added to assess the combined complex
I&I1 driven ADP phosphorylation (ATP production; CI&Il). As a way of restoring/measuring outer
mitochondrial membrane (OMM) integrity 10 uM of cytochrome C was added and respiration
measured. Respiration levels within 10% of those seen after the addition of succinate was seen as
acceptable for further analysis, as an intact OMM is required for accurate measurement of the
maximally uncoupled oxygen consumption rate. Carbonyl cyanide m-chlorophenyl hydrazone
(CCCP; 0.5uM) titration up to 0.5uM was used to induce maximally uncoupled respiration, and

antimycin A (2.5uM) was added to stop respiration and measure base respiration.

2.12 Pathway enrichment analysis of a publicly available microarray data.

Pathway enrichment analysis was performed using the clusterProfiler package (V4.10.0) in R
studio (V 2023.12.1 Build 402) on microarray data deposited in the NCBI GEO repository with
Accession Number GSE100281 [303]. Differentially expressed genes were grouped into pathways

based on the Reactome GMT dataset and visualised using the ggplot2 (V3.4.4) package.
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Chapter 3 Investigating the prevalence and mechanisms of muscle
atrophy in murine models of pulmonary disease

3.1 Introduction

Patients with IPF, asthma or COPD frequently develop cachexia which is often associated with a
worse prognosis than non-cachectic patients [20, 304]. The aims of this chapter were to elucidate
the impact of experimental murine models of IPF, asthma and COPD on skeletal muscle, establish
parallels between the murine disease model and human pathology, and identify the most suitable
model for future therapeutic studies targeting cachexia. The experimental pulmonary disease
model was required to exhibit relevant lung function alterations, skeletal muscle atrophy, and

comparable effects on skeletal muscle between the model and human patients.

This chapter examines 5 models of pulmonary diseases with different experimental conditions:
Two single dose i.n. bleomycin-induced IPF models (with and without CS-exposure), a model of
moderate (steroid sensitive) to severe (steroid resistant) asthma, and two models of CS-induced
COPD. One COPD model was carried out in female mice of different ages at 5 time points and the
other in both male and female mice of the same age at 3 time points. C57BL/6 mice were used in

the COPD and IPF models, and BALB/c mice were used in the moderate to severe asthma model.

Lung function and total BALF leukocytes were used to validate lung function changes and lung
inflammation associated with the pulmonary disease the model is aiming to emulate. Significant
weight changes due to disease compared to control conditions over time were used to validate
pathology-induced disruption to skeletal muscle heath and atrophy. Muscles from the hind legs
(gastrocnemius, quadriceps, soleus and EDL) were weighed to investigate the impact of pulmonary

disease on skeletal muscle mass.

57



A comprehensive muscle focused analysis of these models was used to elucidate the prevalence of
cachexia in murine models of pulmonary disease and potential mechanisms of how muscle
atrophy may occur. Risk factors associated with cachexia, including skeletal muscle inflammatory
gene and atrogene expression were measured. Proteins associated with protein synthesis,
degradation, and their phosphorylation states were quantified. The abundance of mitochondrial
electron transport chain (ETC) complex proteins was also measured to gain an understanding of
changes to mitochondrial health and function. Lastly, a pathway enrichment analysis was
performed on publicly available microarray data, which used biopsies from the quadriceps of

COPD and healthy patients.

These data were used to select an appropriate model of pulmonary disease-induced cachexia and

to inform the therapeutic targets of follow up studies.
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3.2 Lung function analysis of IPF, asthma and COPD mouse models of respiratory
disease

3.2.1 Mice from a single dose bleomycin-induced experimental IPF model exhibited lung

function decline after 4w but not 10w.
A single dose of i.n. bleomycin or PBS was given to C57BL/6 mice, which were then assessed for
lung function changes and BALF total leukocyte induction after 4 and 10w. The mice from both

time points were the same age at endpoint i.e. age matched.

There was a clear increase in total leukocytes in the BALF of mice challenged with bleomycin vs
PBS after 4w but not at 10w (Figure 3.1: A). No lung function measurements were significantly
augmented 10w post bleomycin challenge (Figure 3.1: B-G). IC, Crs, Cst and FVC lung function
measurements were significantly decreased 4w post bleomycin exposure (Figure 3.1: B-E), but no
change was observed for FEV0.05 or FEVO0.1 (Figure 3.1 F+G). These data validate that our Bleo-
induced pulmonary fibrosis model did induce the intended lung function changes, and the
characteristic immune cell induction associated with this murine model. The 10w model showed
reduced changes compared to the 4w model which may indicate that recovery occurs between 4w

and 10w.
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Figure 3.1 Mice from a single dose bleomycin-induced experimental IPF model exhibited lung

function decline and lung inflammation after 4w but not 10w.

Lung function of C57BL/6 mice (n=8) was assessed under anaesthetic at endpoint using a SCIREQ
Flexivent. Bronchoalveolar lavage fluid (BALF) was collected directly after lung function
assessment A BALF total leukocytes/ml was calculated using a haemocytometer on day of
endpoint. B Inspiratory capacity (IC) is a measure of the amount of air that can be inhaled after
normal exhalation. C Crs (dynamic compliance) describes the elasticity of the entire respiratory
system. D Cst (quasi-static compliance) describes the elasticity of the main elastic components of
the lungs. E Forced vital capacity (FVC) is the total volume of air exhaled during a forced
expiration, whereas F FEV0.05 and G FEV0.1 are a measure of the forced exhaled volume (FEV) in
0.05 or 0.1 seconds respectively. BALF and Lung function data provided by model lead A’qgilah
Banu Clarke. Ordinary one-way ANOVA with Tukey’s multiple comparisons test was performed on
each data set. Individual values were graphed with mean + SD displayed. Results with a P-

value<0.05 were considered significant.
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3.2.2 Mice from a single dose bleomycin and CS-induced experimental IPF model
exhibited lung inflammation and lung function changes.

C57BL/6 mice were exposed to CS or room air for 8w. After 4 weeks, mice were challenged with a

single i.n. dose of bleomycin or PBS. Mice were sacrificed after 8w total CS exposure i.e. 4w post-

bleomycin challenge.

There was a significant increase in total leukocyte count in the BALF of air mice challenged with

bleomycin compared to the PBS control (Figure 3.2: A) which reflected what was observed in the
previous experimental IPF model at 4 weeks (Figure 3.1: A). Mice exposed to CS had significantly
higher BALF total leukocytes compared to air exposed mice, which was not significantly changed

by bleomycin challenge (Figure 3.2: A).

There was a significant decrease in IC (Figure 3.2: B) and Cst (Figure 3.2: D), but not for Crs (Figure
3.2: C) in Air + bleomycin challenged mice compared to Air + PBS mice. Crs was significantly
decreased by bleomycin challenge in CS exposed mice (Figure 3.2: C), however, there was no
significant overall effect of CS exposure on IC, Crs or Cst compared to air exposed mice (Figure 3.2:
B-D). FVC, FEV.05 and FEV.1 were not significantly affected by either bleomycin challenge alone or

CS exposure (Figure 3.2: E-G).
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Figure 3.2 Mice from a single dose bleomycin and CS-induced experimental IPF model exhibited

lung inflammation and lung function changes

Lung function of C57BL/6 mice (n=8) was assessed under anaesthetic at endpoint using a SCIREQ
Flexivent. Bronchoalveolar lavage fluid (BALF) was collected directly after lung function
assessment A Bronchoalveolar lavage fluid (BALF) was collected, and leukocytes/ml were
calculated using a haemocytometer. B Inspiratory capacity (IC) is a measure of the amount of air
that can be inhaled after normal exhalation. C Crs (dynamic compliance) describes the elasticity of
the entire respiratory system. D Cst (static compliance) describes the elasticity of the main elastic
components of the lungs. E Forced vital capacity (FVC) is the total volume of air exhaled during a
forced expiration, whereas F FEV0.05 and G FEVO0.1 are a measure of the forced exhaled volume
(FEV) in 0.05 or 0.1 seconds respectively. BALF and lung function data provided by model lead
A’qgilah Banu Clarke. Two-way ANOVA with Sidak's multiple comparisons test was performed and
mean + SD displayed. Individual values were graphed with mean * SD displayed. Results with a P-

value<0.05 were considered significant.
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3.2.3 Mice from an experimental moderate and severe asthma model experienced
increased lung inflammation methacholine-induced AHR.
This study used female BALB/c mice for an experimental model of moderate (steroid sensitive)
and severe (steroid insensitive) asthma. Moderate asthma was induced through ovalbumin
sensitisation (i.p.) and challenge (i.n.). Severe asthma was induced through a combination of
ovalbumin sensitisation and challenge and CMU respiratory infection. To assess steroid resistance,
two groups (Ova/SPG/Dex and Ova/CMU/Dex) were given daily i.n. dexamethasone treatment for
the final 3 days of the model. Lung function assessment was conducted and AHR was measured
after increasing doses of methacholine exposure via a nebuliser and BALF was attained

immediately post lung function.

Mice with moderate asthma (Ova/SPG) had a significant increase in total leukocytes in the BALF
compared to Sal/SPG treated mice, which was not significantly decreased in the dexamethasone
treated moderate asthma mice (Ova/SPG/Dex). However, total leukocytes were not significantly
higher compared to saline treated mice, which suggests some inhibition of immune cell induction

with dexamethasone treatment in moderate asthma (Figure 3.3: A).

Mice with severe asthma (Ova/CMU) exhibited a significant increase in total leukocytes compared
to mice infected with CMU only. Dexamethasone treatment did not decrease total leukocytes in
severe asthma mice (Ova/CMU/Dex) and was still significantly higher than Sal/CMU mice.
Methacholine induced significantly higher AHR in moderate asthma and severe asthma compared
to controls (Figure 3.3: C). AHR was decreased by dexamethasone treatment in moderate asthma

(Ova/SPG/Dex) but not severe asthma (Ova/CMU/Dex) (Figure 3.3: B+C).

These results reflect the steroid sensitivity, and insensitivity typically observed in human cases of

moderate and severe asthma respectively.
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Figure 3.3 Mice from an experimental moderate and severe asthma model experienced

increased methacholine-induced AHR and lung inflammation

Bronchoalveolar lavage fluid (BALF) was collected from BALB/c mice (n=8) after lung function
analysis, and leukocytes/ml were calculated using a haemocytometer. AHR was measured with
increasing doses of methacholine (0, 0.1, 0.3, 1.0, 3.0, 10mg/ml) A+B Ordinary one-way ANOVA
with Tukey’s multiple comparisons test was performed on each data set. Individual values were
graphed with mean £ SD displayed. C Rn (central airway resistance) with increasing doses of
methacholine as a percentage change from a saline baseline control. All lung function parameters
were measured under anaesthetic on day of endpoint. BALF and Lung function data was provided
by model leads Dr. Ridhima Radhwa and Dr. Gesa Albers. Two-way ANOVA with Siddk's multiple
comparisons test was performed and mean £ SD displayed. Results with a P-value<0.05 were

considered significant (*P<0.05; **P<0.01; ***P<0.001).
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3.2.4 Increased BALF total leukocytes at 8 and 12w, and lung function decline was
observed in mice from a CS-induced experimental COPD model time course model.
Female C57BL/6 mice were exposed to smoke from 12 cigarettes twice daily, 5d/week for time
points of 2, 4, 6, 8 and 12w. Lung function from the mice of the 12w timepoint was assessed, but
not from any other timepoint as that was not feasible. BALF total leukocytes were increased at all

time points however these data are not shown in this report.

BALF total leukocytes were increased at 8w and 12w in CS exposed mice compared to air exposed
mice (Figure 3.4: A+B), demonstrating CS induced immune cell induction to the lung. There was a
significant increase in IC, FVC, TLC and hysteresis in the CS exposed mice when compared to the air
control (Figure 3.4: C-F). There was no significant change to measures of either Crs or Cst (Figure

3.4: G+H).
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Figure 3.4 Increased BALF total leukocytes at 8 and 12w, and lung function decline was observed

in mice from a CS-induced experimental COPD model time course model.

Lung function of C57BL/6 mice (n=8) was assessed under anaesthetic at endpoint using a SCIREQ
Flexivent, after 12w of cigarette smoke and room air exposure. Bronchoalveolar lavage fluid (BALF)
was collected directly after lung function assessment for the 8 and 12w timepoint models. A+B
BALF total leukocyte count at 8 and 12w respectively C Inspiratory capacity (IC) is a measure of the
amount of air that can be inhaled after normal exhalation. D Forced vital capacity (FVC) is the total
volume of air exhaled during a forced expiration. E Total lung capacity (TLC) is the maximum
possible lung volume. F Hysteresis is a measure of recoil and surface tension of the lungs. G Crs
(dynamic compliance) describes the elasticity of the entire respiratory system. H Cst (quasi-static
compliance) describes the elasticity of the main elastic components of the lungs. Lung function
data was provided by model leads Dr. Elinor Hortle and Dr. Matt Johansen. An unpaired t test
statistical analysis was performed on each data set. Individual values were graphed with mean +

SD displayed. Results with a P-value<0.05 were considered significant.

70



3.2.5 Male and female mice from a CS-induced experimental COPD model showed similar
proportions of lung function decline at an 8w time point.

Lung function of male and female C57BL/6 mice was assessed under anaesthetic at endpoint after

3, 8 and 12 weeks of cigarette smoke or room air exposure (controls). Unfortunately, only lung

function data from the 8-week timepoint was available for analysis, and BALF data was unavailable

from the model.

Lung volume parameters including IC, FVC, TLC were significantly increased by CS exposure in both
male and female mice compared to room air controls (Figure 3.5: A-C). Hysteresis and Cst (Figure
3.5: D+F), but not Crs (Figure 3.5: E), were also significantly increased in male and female mice
with CS exposure versus air exposed mice. This demonstrated similarities in the direction and

proportion of lung function changes due to CS exposure in both male and female mice.

IC and Crs were significantly lower in female mice compared to male mice, regardless of CS or air
exposure (Figure 3.5: A+ E), and FVC was significantly lower in female mice but only with CS
exposure (Figure 3.5: B). Hysteresis was significantly lower in female air control mice compared to

male air control mice (Figure 3.5: D).

These results demonstrated that the 8-week CS exposure timepoint in male and female mice
sufficiently altered lung function changes to emulate what is observed in COPD patients. Although
there were some lung function differences between male and female mice, these seem likely to be
due to size differences between male and female mice. Male mice have larger lungs and therefore

higher lung volume parameters.
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Figure 3.5 Male and female mice from a CS-induced experimental COPD model showed similar

proportions of lung function decline at an 8w time point.

Lung function of C57BL/6 mice (n=8) was assessed under anaesthetic at endpoint using a SCIREQ
Flexivent, after 8 weeks of cigarette smoke or room air exposure. A Inspiratory capacity (IC) is a
measure of the amount of air that can be inhaled after normal exhalation. B Forced vital capacity
(FVC) is the total volume of air exhaled during a forced expiration. C Total lung capacity (TLC) is the
maximum possible lung volume. D Hysteresis is a measure of recoil and surface tension of the
lungs. E Crs (dynamic compliance) describes the elasticity of the entire respiratory system. F Cst
(quasi-static compliance) describes the elasticity of the main elastic components of the lungs. Lung
function data provided by model lead Mounika Guntipally. Two-way ANOVA with Sidak's multiple
comparisons test was performed and mean * SD displayed. Results with a P-value<0.05 were
considered significant (*P<0.05; **P<0.01; ***P<0.001, ****=P<0.0001).
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3.3 Mouse models of IPF, asthma and COPD: impact on whole body and skeletal
muscle weight changes.

3.3.1 Mice from a single dose bleomycin-induced IPF model exhibited no change in total
body weight or skeletal muscle mass after 4 or 10w.

A single dose of i.n. bleomycin or PBS was given to C57BL/6 mice. The 4 and 10w bleomycin

challenge mice were age matched and sacrificed on the day of endpoint. Mice were weighed 3

times/week from the date of the bleomycin challenge. Individual skeletal muscles were collected

and weighed on the day of endpoint.

There was no significant change in body weight in mice 4 or 10w after a single dose bleomycin
challenge compared to control groups. (Figure 3.6: A+B). The gastrocnemius, quadriceps, soleus,
and EDL weights were not altered 4 or 10w after single i.n. dose bleomycin or PBS challenge
(Figure 3.6: C-F). There was also no significant difference in N-A length 4 or 10w post bleomycin

challenge (Figure 3.6: G).

These results indicated that the bleomycin-induced model of pulmonary fibrosis did not cause

changes to total body or skeletal muscle weight, or mouse length after 4 or 10w.
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Figure 3.6 Mice from a single dose bleomycin-induced IPF model exhibited no change in total

body weight or skeletal muscle mass after 4 or 10w.

C57BL/6 mice (n=10) were weighed 5 times per week from day 0 up until the endpoint. Body
length was measured while the mouse was under anaesthetic and skeletal muscles were collected
and immediately weighed after lung function assessment A 10-week bleomycin challenge model
body weight (g) over days 0-82 (bleomycin i.n. day 15). B 4-week bleomycin challenge model body
weight (g) over days 50-82 (bleomycin i.n. day 57). C-F Gastrocnemius, Quadricep muscles, soleus
and extensor digitorum longus (EDL) weight (mg) respectively at endpoint. G Nose-anus (N-A)
length (cm) at endpoint. A mixed-effect analysis (REML) statistical analysis was performed for
analysis of mouse body weight over time. Ordinary one-way Anova with Tukey’s multiple
comparison statistical analysis was performed on each data set. Individual values were graphed
with mean % SD displayed. Results with a P-value<0.05 were considered significant. Bleo =

Bleomycin.
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3.3.2 Mice from a single dose bleomycin and CS-induced experimental IPF model
exhibited changes to body weight and skeletal muscle mass

C57BL/6 mice were exposed to CS or room air for 8w. After 4 weeks, mice were challenged with a

single i.n. dose of bleomycin or PBS. Mice were sacrificed after 8w total CS exposure i.e. 4w post-

bleomycin challenge. CS exposed mice (SMK 8w groups) were weighed daily (Monday-Friday), and

room air exposed mice (Air groups) were weighed 3 times per week. (Monday, Wednesday,

Friday). Individual skeletal muscle weights were measured on the day of endpoint.

There was no significant change to body weight over time because of bleomycin or PBS challenge
alone. However, CS exposed mice gained significantly less weight over time compared to room air

exposed mice, regardless of bleomycin or PBS challenge (Figure 3.7: A).

There was no significant change in skeletal muscle mass of the gastrocnemius, quadriceps, soleus
or EDL muscles between groups challenged with bleomycin compared to PBS groups, regardless of
CS exposure when they were weighed at endpoint. CS exposed mice had significantly lighter
gastrocnemius, quadriceps and soleus muscles compared to and air control groups, regardless of
bleomycin or PBS challenge. (Figure 3.7: B-D). CS exposed mice also had significantly shorter N-A
lengths than the air control group, which was unaffected by bleomycin challenge (Figure 3.7: F).
These results demonstrated an effect of CS exposure, but not bleomycin challenge, on mouse
development. CS exposure reduced weight gain, skeletal muscle mass, and N-A length in young

female C57BL/6 mice over time.
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Figure 3.7 Mice from a single dose bleomycin and CS-induced experimental IPF model exhibited

changes to body weight and skeletal muscle mass.

C57BL/6 mice (n=8) were weighed 5 times per week from day 0 up until the endpoint. Body length
was measured while the mouse was under anaesthetic and skeletal muscles were collected and
immediately weighed after lung function assessment. A Body weight (g) over time (day 0-51). SMK
8w mice were weighed daily, air exposed mice were weighed 3 times/week (n=12). B-E
Gastrocnemius, Quadriceps, soleus and extensor digitorum longus (EDL) weight (mg) respectively
(n=8). F Nose-anus (N-A) length (cm; n=8). A Mixed-effect analysis (REML) statistical analysis was
performed for analysis of mouse body weight over time. Two-way Anova with Sidak's multiple
comparisons test statistical analysis was performed on each muscle weight data set. Individual
values were graphed with mean * SD displayed. Results with a P-value<0.05 were considered

significant (*** P<0.001).
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3.3.3 Mice from an experimental moderate and severe asthma model did no exhibit
whole body weight or length changes, or changes to skeletal muscle mass
This study used female BALB/c mice for an experimental model of moderate (steroid sensitive)
and severe (steroid insensitive) asthma. Moderate asthma was induced through ovalbumin
sensitisation (i.p.) and challenge (i.n.). Severe asthma was induced through a combination of
ovalbumin sensitisation and challenge and CMU respiratory infection. To assess steroid resistance,
two groups (Ova/SPG/Dex and Ova/CMU/Dex) were given daily i.n. dexamethasone treatment for
the final 3 days of the model. Mice were weighed 3 days per week over the course of the model
(5w). Gastrocnemius, quadriceps, soleus and EDL muscles were weighed on the day of endpoint.

The N-A length was also measured along with the tibia and femur length from the hind legs.

There was no significant change in weight over time for any group (Figure 3.8: A) and no significant
weight differences were observed for gastrocnemius, quadriceps, soleus or extensor digitorum
longus (EDL) muscles as a result of any challenge or treatment (Figure 3.8: B-E). Severe asthma
mice that were treated with dexamethasone (Ova/CMU/Dex) had a significantly shorter nose-anus
length compared to saline group (Figure 3.8: F). There was no significant difference in tibia or

femur length between any of the groups (Figure 3.8: G+H).
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Figure 3.8 Mice from an experimental moderate and severe asthma model did no exhibit whole

body weight or length changes, or changes to skeletal muscle mass.

BALB/c mice (n=8) were weighed 3 times per week until the endpoint. Body length was measured
while the mouse was under anaesthetic and skeletal muscles were collected and immediately
weighed after lung function assessment. A Average mouse weight (g) over time for each group. B-
E Gastrocnemius, Quadricep muscles, soleus and EDL weight (mg) measured at endpoint. F-H
nose-anus (N-A) length (cm), tibia and femur length (cm) measured at endpoint respectively.
Groups represent non-disease control (Sal), moderate asthma (Sal/Ova), control to demonstrate
steroid responsiveness of moderate asthma (Ova/Dex), non-asthma infection control (Sal/CMU),
severe asthma (Ova/CMU), and control to demonstrate steroid resistance of severe asthma
(Ova/CMU/Dex). A mixed-effect analysis (REML) statistical analysis was performed for analysis of
mouse body weight over time. Ordinary one-way Anova with Tukey’s multiple comparison
statistical analysis was performed on each data set. Individual values were graphed with mean *
SD displayed. Results with a P-value<0.05 were considered significant. Ova = Ovalbumin, Dex =

Dexamethasone
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3.3.4 Female C57BL/6 mice from a CS-induced experimental COPD model time course
model exhibited impaired development after 4, 6, 8 and 12 weeks of CS exposure.
For a cigarette smoke (CS)-induced mouse model of COPD, C57BL/6 female mice were exposed to
smoke from 12 cigarettes, twice daily, 5days/week (w) for time points of 2, 4, 6, 8 and 12w. CS
exposed mice were weighed daily (Monday -Friday) and room air exposed mice were weighed 3

times per week (Monday, Wednesday, Friday) until the endpoint.

Mice exposed to CS for 4, 6 and 12w had significantly lower body weight than their respective
room air exposed controls (Figure 3.9: B, C+E). No significant difference was observed in body
weight over time for mice exposed to CS for 2 or 8w vs air controls (Figure 3.9: A+D). Body weight
over time was also displayed as a percentage change from starting weight to account for groups
with higher average starting weights. This is especially evident in the 8w group where the CS
exposed mice had a higher average starting weight than the air controls. Mice exposed to CS for 4,
6, 8w, and 12w had significantly lower body weight over time compared to their respective air
controls (Figure 3.9: G-J), but not at 2w (Figure 3.9: F). These results demonstrate that young mice

exposed to CS do not gain total body weight over time, indicating impaired development.
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Figure 3.9 Female C57BL/6 mice from a CS-induced experimental COPD model time course

model exhibited impaired development after 4, 6, 8 and 12 weeks of CS exposure.

C57BL/6 mice (n=8) were weighed 5 times per week until the endpoint. CS-exposure for all groups
began at age 8w; therefore, at endpoint mice were age-matched to their own air controls, but
mice with longer smoke exposure were older than mice with shorter smoke exposure i.e. mice
from the 2w time point were 10w old and mice from the 12w time point were 20w old. A-E Mouse
total body weight (g) over time (12w group n =16; 2, 4, 6, and 8w groups n=8). F-J Mouse total
body weight change % change over time (12w group n =16; 2, 4, 6 and 8w groups n=8). A mixed-
effect analysis (REML) statistical analysis was performed on data sets. Individual values, i.e.
individual mouse body weight (g) for each time point (Day) are displayed as mean + SD. Results

with a P-value<0.05 were considered significant.
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3.3.5 Female C57BL/6 mice from a CS-induced experimental COPD model time course
model had decreased muscle weights due to CS exposure

C57BL/6 female mice were exposed to the smoke of 12 cigarettes twice daily, 5d/week for time

points of 2, 4, 6, 8 and 12w. Skeletal muscle was collected and weighed on the day of endpoint.

A decrease in gastrocnemius weight was observed for mice exposed to CS for 6w and 12w vs room
air exposed mice, but no significant decrease was observed for 2, 4 or 8w exposures (Figure 3.10:
A). Comparing the overall grouped effect (the combined effect across all five time points) of CS
exposure vs air control there was an overall decrease in gastrocnemius weight for CS exposed

mice. (P<0.0001; Figure 3.10: A).

A decrease in quadriceps weight was observed in CS exposed mice at 2 and 6w compared to the
room air exposed mice, but no significant decrease was observed at 4, 8 or 12w exposures (Figure
3.10: B). Comparing the grouped effect of CS exposure vs air exposure there was an overall

decrease in quadricep weight for CS exposed mice. (P<0.0001; Figure 3.10: B).

No statistically significant change was observed between CS and room air exposed mice in soleus
weight at individual time points. However, the effect CS exposure vs air control was an overall

decrease in soleus weight for mice exposed to CS (P=0.0398; Figure 3.10: C).

No significant weight differences were observed for the EDL at any time point and there was no

grouped effect of CS on EDL weight compared to room air exposure (P<0.2241; Figure 3.10: D).

These results indicate that CS exposure does decrease skeletal muscle weight for the
gastrocnemius, quadricep and soleus, and demonstrates the ability for CS to decrease the weights

of gastrocnemius and quadriceps muscles as early as 6w after the commencement of CS exposure.
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Figure 3.10 Female C57BL/6 mice from a CS-induced experimental COPD model time course

model had decreased muscle weights due to CS exposure.

Skeletal muscles from female C57BL/6 mice (n=8) were collected on the day of endpoint and
immediately weighed. A-D Gastrocnemius, Quadricep, Soleus and EDL weights (mg). Grouped
effect analysis was done using an ordinary two-way Anova with a Sidak's multiple comparisons
test used to compare CS vs air exposed mice at each time point. Individual values were graphed

with mean * SD displayed. Results with a P-value<0.05 were considered significant.
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3.3.6 Male and female mice from a CS-induced experimental COPD model showed similar

proportions of impaired development due to CS exposure after 3, 8 and 12 weeks.
Male and female C57BL/6 mice were exposed to smoke from 12 cigarettes twice daily, 5d/week
for time points of 3, 8 and 12w. CS exposed mice were weighed daily (Monday -Friday) and room
air exposed mice were weighed 3 times per week (Monday, Wednesday, Friday) until the

endpoint. N-A, femur and tibia length were measured on the day of endpoint.

Male mice started the models heavier than female mice and this difference was maintained
throughout the time course. CS exposed female and male mice exhibited significantly impaired

weight gain compared to air control mice across all time points (Figure 3.11: A-C).

Male mice had longer N-A (Figure 3.11: C+D), tibia (Figure 3.11: E) and femur (Figure 3.11: F)
lengths than female mice. There was a decrease in N-A length for male mice exposed to CS vs the
air control at 12w, but not at the 3 or 8w time points. (Figure 3.11: C), and female CS exposed mice
had reduced N-A length compared to room air exposed mice at 8 and 12w, but not at 3w (Figure
3.11: D). No significant difference was observed in tibia (Figure 3.11: E) or femur (Figure 3.11: F)
length in mice under any condition at 12w. Femur and tibia length were not measured at the 3 or

8w time point.

This demonstrated that CS exposure impaired development to similar extents in young male and

female mice by decreasing N-A length and total body weight.

87



. . D Male: N-A length
3w weight over time
11.0+
0.9402 0.9213 0.0366
37 —— Male Air e M
—_— * —_ L4
o ]* £ 10.0
= 304 - MalesmMk 4% | £ .] :
o [ ]
2 95 —— Female Air ]* & 907 00 o
- * T
=) ~~ Female SMK J4* | 2 851@|°
e 8.0
2 2°‘¢m
R - 0
—_ o ® v
© -
E 15 - Time (weeks)
0 T E Female: N-A length
| T T T |
0 5 10 15 20 11.0+
Days 10.5-
—_ 0.0590 0.0208 <0.0001
£ 10.0-
5 1 — I
g 9.5 . 3.
g 90 ° o
8w weight over time I 55 % % ﬁ
8.0 °
—_ Male Air ]* 0
m *
~ o L) % s
- Male SMK
= Time (weeks)
-% Female Air ]*
i Female SMK ! F Tibia length at 12w endpoint
°
_8 257 gse10 0.4508
© 2.0 o .
5 G 1
[ £ 1.5
g
s 1.0
2
=
Days 0.5+
0.0- T T
& Qe@'y
12w weight over time
G Femur length at 12w endpoint
35 )
o) —*— Male Air ]; 2,04 0.7272 0.1789
::1: 30 —-— Male SMK * Py 3%‘ %
—_ 00O
2 - - Female Air ]* §157 K
£
i -+ Female SMK %’10_
S 20 2
o & 0.5
g 15—
l_ 0.0_ \; \;
0 I A &
100
Davs e AIR
v o SMOKE

88



Figure 3.11 Male and female mice from a CS-induced experimental COPD model showed similar

levels of impaired development due to CS exposure after 3, 8 and 12 weeks.

CS exposed male and female C57BL/6 mice (n=8) were weighed 5 times per week until the
endpoint. N-A was measured on the day of endpoint while the mouse was under anaesthetic. The
femur and tibia length were measured on the day of endpoint after lung function. A-C Male and
female body weight (g) over 3, 8 and 12 weeks (n=8). CS exposed and air control mice were
weighed 5 and times per week respectively. D+E Male and female N-A length (cm) at endpoint
respectively (n=8). F Male and female tibia length (cm) at endpoint respectively (n=8). G Male and
female femur length (cm) at endpoint respectively (n=8). For weight change measurements over
time (A-C), A mixed-effect analysis (REML) statistical analysis was performed on data sets. Raw
data for the weights over time was provided by the model lead Mounika Guntipally. For length
measurements (D-G), ordinary two-way Anova with Sidak's multiple comparisons test statistical
analysis was performed on each data set. Individual values were graphed with mean = SD
displayed. Results with a P-value<0.05 were considered significant (**P<0.01; ***P<0.001,

*x%x=p<0.0001).
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3.3.7 Male and female mice from a CS-induced experimental COPD model showed similar
decreases in skeletal muscle mass due to CS exposure after 3, 8 and 12 weeks.

Male and female C57BL/6 female mice were exposed to smoke from 12 cigarettes twice daily,

5d/week for time points of 3, 8 and 12w. Skeletal muscle from male and female mice was

collected and weighed on the day of endpoint.

There was a decrease in gastrocnemius weight across all time points for male and female mice
exposed to CS vs air control groups (Figure 3.12: A+B). The grouped effect (combined effect across
all time points) of CS vs air exposure was an overall CS exposure-induced decrease in female and

male gastrocnemius weight (P<0.0001 and P<0.0001 respectively; Figure 3.12: A+B)

CS exposure did significantly decrease quadriceps weight for male mice at every time point
compared to air control groups (Figure 3.12: C). Conversely, there was no significant decrease in
guadriceps weight in female mice at any individual time point (Figure 3.12: D), however the
grouped effect (combined effect across all time points) of CS vs air exposure was an overall CS
exposure-induced decrease in male and female quadricep weight (P<0.0001 and P=0.0024

respectively; Figure 3.12:C+D).

There was a significant decrease in male and female soleus weight after 8w CS-exposure vs air
control, but not at 3 or 12w (Figure 3.12: E+F). The grouped effect of CS exposure for male and
female mice across all time points was a significant decrease in soleus weight compared to air

exposed mice (P=0.0026. and P=0.0043 respectively; Figure 3.12: E+F).

There was a significant difference in male EDL weight after 8w CS exposure compared to air
exposure, but not at 3 or 12w (Figure 3.12: G). There was no significant difference in female EDL

weight at any time point (Figure 3.12: H). However, the grouped effect of CS exposure for male
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mice, but not female mice, across all time points was a significant decrease in EDL weight

compared to air exposed mice (P=0.0026 and P=0.4873 respectively; Figure 3.12: G+H).

Male mice had higher average gastrocnemius, quadricep, soleus and EDL muscle weights (Figure
3.12: A, C, E + G) at all time points regardless of exposure vs females (Figure 3.12: B, D, F + H).
Thus, CS-exposure across all timepoints can negatively impact skeletal muscle growth in both male

and female mice.
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Figure 3.12 Male and female mice from a CS-induced experimental COPD model showed similar

decreases in skeletal muscle mass due to CS exposure after 3, 8 and 12 weeks.

Skeletal muscles from male and female C57BL/6 mice (n=8) were collected on the day of endpoint
and immediately weighed A+B Male and female gastrocnemius weight (mg) at endpoint
respectively C+D Male and female quadricep weight (mg) at endpoint respectively E+F Male and
female soleus weight (mg) at endpoint respectively. G+H Male and female extensor digitorum
longus (EDL) weight (mg) at endpoint respectively. Ordinary two-way Anova was performed to get
the grouped effect of CS vs air exposure and Sidak's multiple comparisons test statistical analysis
was performed on each time point. Individual values were graphed with mean % SD displayed.

Results with a P-value<0.05 were considered significant.
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3.4 Mouse models of IPF, asthma and COPD: Protein analysis of the quadriceps.

Quadriceps were picked for protein analysis as they are commonly chosen as sites for biopsies
from patients with sarcopenia and cachexia and provide the most tissue so follow up experiments

could be conducted.

3.4.1 There were no changes to protein degradation-associated protein levels in
guadriceps of mice from a single dose bleomycin experimental IPF model after 4w
C57BL/6 mice were challenged with a single i.n. dose of bleomycin or. PBS and the quadriceps
were collected 4w later. Quadriceps from the 4w, rather than the 10w, model were chosen for
protein analysis as there was no significant skeletal muscle weight difference between the 4 and
10w models. Furthermore, short time points (2-4w) for murine models of IPF are more commonly

used, as there is less resolution of fibrosis [170].

There were no observed changes to MuRF1 (Figure 3.13: A), Atrogin-1 (Figure 3.13: B), or
GADD45a (Figure 3.13: C) protein expression with any condition. All densitometric data were

based on the membrane images shown (Figure 3.13: D).
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Figure 3.13 There were no changes to protein degradation-associated protein levels in

quadriceps of mice from a single dose bleomycin experimental IPF model after 4w.

Immunoblot analysis was used to assess the abundance of protein degradation associated proteins
in the quadriceps from female C57BL/6 mice (n=6). Densitometric analysis was performed on
membranes for A MuRF1. B Atrogin-1 and C GADD45a relative to total protein. D Membrane
images of MuRF1 (40kDa), Atrogin-1 (42kDa) and GADD45a (22kDa) with their respective total
protein stain (Ponceau) used to normalise band intensity for densitometric analysis. An unpaired t
test statistical analysis was performed on each data set. Individual values were graphed with mean

1 SD displayed. Results with a P-value<0.05 were considered significant.
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3.4.2 STING protein abundance was reduced in the quadriceps of mice from a single dose
bleomycin experimental IPF model after 4w compared.

C57BL/6 mice were challenged with a single i.n. dose of bleomycin or. PBS and the quadriceps

were collected 4w later. There was no significant change in cGAS protein expression between the

bleomycin and PBS (control) groups (Figure 3.14: A), however, there was a significant decrease in

STING protein levels in the quadriceps of bleomycin challenged mice compared to the PBS control

(Figure 3.14: B). All densitometric data were based on the membrane images shown (Figure 3.14:

C).
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Figure 3.14 STING protein abundance was reduced in the quadriceps of mice from a single dose

bleomycin experimental IPF model after 4w compared.

Immunoblot analysis was used to assess the abundance of cGAS and STING proteins in the
quadriceps from female C57BL/6 mice (n=6). Densitometric analysis was performed on

membranes for A cGAS and B STING relative to total protein. C Membrane images of cGAS (60kDa)
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and STING (42kDa) with their respective total protein stain (Ponceau) used to normalise band
intensity for densitometric analysis. An unpaired t test statistical analysis was performed on each
data set. Individual values were graphed with mean £ SD displayed. Results with a P-value<0.05

were considered significant.

97



3.4.3 mTOR, Akt and phosphorylated p-Akt protein levels were unchanged in quadriceps
of mice from a single dose bleomycin experimental IPF model after 4w.
C57BL/6 mice were challenged with a single i.n. dose of bleomycin or. PBS and the quadriceps
were collected 4w later. There was no significant change in total Akt protein, or Akt activation, as
measured by Thr308Akt and Ser473Akt abundance (Figure 3.15: B+E) and their relative expression
to total Akt protein (Figure 3.15: C+F). There was also no change in mTOR protein expression
(Figure 3.15: D). All densitometric data were based on the membrane images shown (Figure 3.15:
G). These results suggest no change in upstream activation of Akt or modulation of total mTOR

protein 4w post-bleomycin challenge.
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Figure 3.15 mTOR, Akt and phosphorylated p-Akt protein levels were unchanged in quadriceps

of mice from a single dose bleomycin experimental IPF model after 4w.

Immunoblot analysis was used to assess the abundance of mTOR and Akt and p-Akt protein
abundance in the quadriceps from female C57BL/6 mice (n=6). Densitometric analysis was
performed on membranes for A Akt, B p-Akt™308 C p-Akt™3%8/Akt D p-AKT®e#73 E p-Akt®er473/Akt
and F mTOR relative to total protein. G Western blot membrane images with their respective total
protein stain (ponceau) used to normalise band intensity for densitometric analysis. An unpaired t
test statistical analysis was performed on each data set. Individual values were graphed with mean

1 SD displayed. Results with a P-value<0.05 were considered significant.
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3.4.4 Abundance and activation of downstream effector proteins of mTORC1 were
unchanged in quadriceps of mice from a single dose bleomycin experimental IPF
model after 4w.

C57BL/6 mice were challenged with a single i.n. dose of bleomycin or. PBS and the quadriceps

were collected 4w later. mTORC1 activates S6K by phosphorylation of Thr389, however there were

no significant changes to total S6K protein or its activation (Figure 3.16: A-C). Activated S6K can
phosphorylate rpS6 at Ser235/236, resulting in increased protein synthesis. As there was no
change to S6K activation it would not be expected for rpS6 to be activated either, and indeed

there was no significant change in rpS6 total protein abundance or it’s activation (Figure 3.16: D-

F). 4E-BP1, which binds and negatively regulates elF-4E, can be phosphorylated at Thr37/46 by

mMTORCL. This results in 4E-BP1 decoupling from elF-4E, allowing elF-4E to participate in protein

translation. However, there was no observed change in 4E-BP1 total protein abundance or its
activation (Figure 3.16: G-l). Together these results indicate that 4w post bleomycin challenge
there is no change to mTORC1 activity, and that downstream protein synthesis is not modulated in

the quadriceps of these mice.
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Figure 3.16 Abundance and phosphorylation of downstream effector proteins of mTORC1 were

unchanged in quadriceps of mice from a single dose bleomycin experimental IPF model after 4w.

Immunoblot analysis was used to assess the abundance and activation of downstream effectors of
mTORCL1 in the quadriceps from female C57BL/6 mice (n=6). Densitometric analysis was
performed on membranes for A S6K B p-S6K™"389C p-S6K™389/ S6K D rpS6 E p-rpS6°e23%/236 F p-
rpS6°¢r235/236/rpnSE G 4E-BP1 H p-4E-BP1™"37/46 and | p-4E-BP1™37/46/4E-BP1 abundance relative to
total protein J. Western blot membrane images with their respective total protein stain (ponceau)
used to normalise band intensity for densitometry. An unpaired t test statistical analysis was
performed on each data set. Individual values were graphed with mean * SD displayed. Results

with a P-value<0.05 were considered significant.
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3.4.5 There were no changes to protein degradation-associated protein levels in
quadriceps of mice from an experimental moderate and severe asthma model

Moderate (steroid sensitive) and severe (steroid insensitive) asthma was induced in BALB/c mice
and quadriceps were collected for the protein analysis. by western blot analysis. There were no

observed changes to MuRF1, Atrogin-1, or GADD45a protein expression (Figure 3.17: A-C).
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Figure 3.17 There were no changes to protein degradation-associated protein levels in

quadriceps of mice from an experimental moderate and severe asthma model.

Immunoblot analysis was used to assess the abundance of protein degradation associated proteins
in the quadriceps of female BALB/c mice (n=6) with moderate and severe asthma. Densitometric
analysis was performed on membranes for A MuRF1 B Atrogin-1 and C GADD45a relative to total
protein. D Membrane images of MuRF1 (40kDa), Atrogin-1 (42kDa) and GADD45a (22kDa) with
their respective total protein stain (ponceau) used to normalise band intensity for densitometric
analysis. An unpaired t test statistical analysis was performed on each data set. Individual values

were graphed with mean £ SD displayed. Results with a P-value<0.05 were considered significant.
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3.4.6 There were no changes to cGAS or STING protein levels in quadriceps of mice from
an experimental moderate and severe asthma model.

Quadriceps were assessed for the abundance of cGAS and STING protein by western blot analysis.

There was no change in protein abundance of cGAS or STING with the induction of moderate or

severe asthma compared to their respective controls (Figure 3.18: A-C)).
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Figure 3.18 There were no changes to cGAS or STING protein levels in quadriceps of mice from

an experimental moderate and severe asthma model

Immunoblot analysis was used to assess the abundance of cGAS and STING proteins in the
quadriceps of female BALB/c mice (n=6) with moderate and severe asthma. Densitometric analysis
was performed on membranes for A cGAS and B STING relative to total protein. C Membrane
images of cGAS (60kDa) and STING (42kDa) with their respective total protein stain (ponceau) used
to normalise band intensity for densitometric analysis. An unpaired t test statistical analysis was
performed on each data set. Individual values were graphed with mean * SD displayed. Results

with a P-value<0.05 were considered significant.
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3.4.7 mTOR, Akt and phosphorylated p-Akt protein levels were unchanged in quadriceps
of mice from an experimental moderate and severe asthma model.
Both a moderate and severe asthma model were conducted using BALB/c mice. Moderate asthma
was induced through ovalbumin sensitisation (i.p.) and challenge (i.n.). Severe asthma was
induced through a combination of ovalbumin sensitisation and challenge and CMU respiratory
infection. There was no significant change in total Akt protein (Figure 3.19: A) or it’s activation
through phosphorylation of Thr308 (Figure 3.19: B) or Ser473 (Figure 3.19: D) amino acid sites, or
the ratio of phosphorylated Akt to Akt (Figure 3.19: C+E). Increased phosphorylation of sites
results in increased Akt activity and subsequent activation of mTOR, especially mTORC1. No
change in total mTOR protein was observed, and so further downstream effector molecules of the

Akt-mTOR pathway were investigated (Figure 3.19).
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Figure 3.19 mTOR, Akt and phosphorylated p-Akt protein levels were unchanged in quadriceps

of mice from an experimental moderate and severe asthma model.

Immunoblot analysis was used to assess mTOR and Akt and p-Akt protein abundance in the
quadriceps of female BALB/c mice (n=6) with moderate and severe asthma. Densitometric analysis
was performed on membranes for A Akt, B p-Akt™3% C p-Akt™308/Akt D p-AKT*¢™73 E p-
Akt>¢#73/Akt and F mTOR relative to total protein. G Western blot membrane images with their
respective total protein stain (ponceau) used to normalise band intensity for densitometric
analysis. An unpaired t test statistical analysis was performed on each data set. Individual values

were graphed with mean £ SD displayed. Results with a P-value<0.05 were considered significant.
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3.4.8 Abundance and activation of downstream effector proteins of mTORC1 were
unchanged in quadriceps of mice from an experimental moderate and severe

asthma model
Both a moderate and severe asthma model were conducted using BALB/c mice. Moderate asthma
was induced through ovalbumin sensitisation (i.p.) and challenge (i.n.). Severe asthma was
induced by ovalbumin sensitisation, challenge and CMU respiratory infection. mTORC1 activates
S6K by phosphorylation of Thr389, however there were no significant changes to total S6K protein
or its activation in moderate or severe asthma (Figure 3.20: A-C). Activated S6K can phosphorylate
rpS6 at Ser235/236, resulting in increased protein synthesis. As there was no change to S6K
activation it would not be expected for rpS6 to be activated either, and indeed there was no
significant change in rpS6 total protein abundance or it’s activation in moderate or severe asthma
(Figure 3.20: D-F). 4E-BP1, which binds and negatively regulates elF-4E, can be phosphorylated at
Thr37/46 by mTORCL1. This results in 4E-BP1 decoupling from elF-4E, allowing elF-4E to participate
in protein translation. However, there was no observed change in 4E-BP1 total protein abundance
or its activation in moderate or severe asthma (Figure 3.20: G-l). Altogether, these results indicate
that these murine models of asthma do not change mTORC1 activity in the quadriceps, and that

there was no observed modulation of protein synthesis.
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Figure 3.20 Abundance and activation of downstream effector proteins of mTORC1 were

unchanged in quadriceps of mice from an experimental moderate and severe asthma model.

Immunoblot analysis was used to assess the the abundance and activation of downstream
effectors of mMTORCL1 in the quadriceps of female BALB/c mice (n=6) with moderate and severe
asthma. Densitometric analysis was performed on membranes for A S6K B p-S6K™38C p-S6K™ 389/
S6K D rpS6 E p-rpS6°¢235/236 F p_rpSE%er235/236 /rnS6 G 4E-BP1 H p-4E-BP1™"37/%6 and | p-4E-
BP1Thr37/46/4E-BP1 abundance relative to total protein J. Western blot membrane images with their
respective total protein stain (ponceau) used to normalise band intensity for densitometric
analysis. An unpaired t test statistical analysis was performed on each data set. Individual values

were graphed with mean + SD displayed. Results with a P-value<0.05 were considered significant.
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3.4.9 There were no changes to protein degradation-associated protein levels in
quadriceps of female C57BL/6 mice from the 8w time point of the CS-induced
experimental COPD time course (3, 8 and 12w) model.

8-weeks of CS exposure in male and female mice resulted in COPD-associated changes in lung

function, and impaired whole body and skeletal muscle growth. The male, female experimental

CS-induced COPD time course demonstrated similar physiological changes in both sexes and

female mice were selected for subsequent experiments. This decision aligned with previous and

planned studies in the lab, which primarily used female C57BL/6 mice in COPD models. Utilizing
female mice ensured sample availability, minimized the need for redundant experimental repeats,

and reduced unnecessary use of animals.

Quadriceps from female C57BL/6 mice exposed to smoke from 12 cigarettes, twice daily for 8
weeks were collected on the day of the endpoint and prepared for western blot analysis. No
significant change to MuRF1, Atrogin-1 and GADD45a protein expression was observed (Figure

3.21: A-C).
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Figure 3.21 There were no changes to protein degradation-associated protein levels in
quadriceps of female C57BL/6 mice from the 8w time point of the CS-induced experimental

COPD time course (3, 8 and 12w) model.

Immunoblot analysis was used to assess the abundance of protein degradation-associated
proteins in the quadriceps from female C57BL/6 mice (n=8) after 8w CS or room air exposure.
Densitometric analysis was performed on membranes for A MuRF1 B Atrogin-1 and C GADD45a
relative to total protein. D Membrane images of Atrogin-1 (42kDa), MuRF1 (40kDa) and GADD45a
(22kDa) with their respective total protein stain (ponceau) used to normalise band intensity for
densitometric analysis. An unpaired t test statistical analysis was performed on each data set.
Individual values were graphed with mean + SD displayed. Results with a P-value<0.05 were
considered significant.
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3.4.10 There were no changes to cGAS or STING protein levels in quadriceps of female
C57BL/6 mice from the 8w time point of the CS-induced experimental COPD time

course (3, 8 and 12w) model
Quadriceps from female C57BL/6 mice exposed to smoke from 12 cigarettes, twice daily for 8
weeks were collected on the day of the endpoint and prepared for western blot analysis. There
were no significant changes in cGAS or STING protein expression (Figure 3.22: A+B), however, two
of the CS exposed mice had a significant increase in cGAS and STING protein expression, compared

to other mice (Figure3-22: C).
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Figure 3.22 There were no changes to cGAS or STING protein levels in quadriceps of female
C57BL/6 mice from the 8w time point of the CS-induced experimental COPD time course (3, 8

and 12w) model.

Immunoblot analysis was used to assess the abundance of cGAS and STING proteins in the
quadriceps from female C57BL/6 mice (n=8) after 8w CS or room air exposure. Densitometric
analysis was performed on membranes for A cGAS and B STING relative to total protein. C
Membrane images of cGAS (60kDa) and STING (42kDa) with their respective total protein stain
(ponceau) used to normalise band intensity for densitometric analysis. An unpaired t test
statistical analysis was performed on each data set. Individual values were graphed with mean *

SD displayed. Results with a P-value<0.05 were considered significant.
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3.4.11 mTOR, Akt and phosphorylated p-Akt protein levels were unchanged in the
quadriceps of female C57BL/6 mice from the 8w time point of the CS-induced
experimental COPD time course (3, 8 and 12w) model

Quadriceps from female C57BL/6 mice exposed to smoke from 12 cigarettes, twice daily for 8

weeks were collected on the day of the endpoint and prepared for western blot analysis. There

was no significant change in total Akt protein (Figure 3.23: A) or it’s activation as measured by
phosphorylation of Thr308 (Figure 3.23: B) or Ser473 (Figure 3.23: E), or their ratio to total Akt
protein (Figure 3.23: C+F). No significant change in total mTOR protein was observed, and so

further downstream effector molecules of the Akt-mTOR pathway were investigated (Figure 3.23).

These results indicate no changes to the activation of Akt or a modulation of mTOR protein,

suggesting no impact of CS exposure on protein synthesis.
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Figure 3.23 mTOR, Akt and phosphorylated p-Akt protein levels were unchanged in the
quadriceps of female C57BL/6 mice from the 8w time point of the CS-induced experimental

COPD time course (3, 8 and 12w) model.

Immunoblot analysis was used to assess mTOR and Akt and p-Akt protein abundance in the
quadriceps from female C57BL/6 mice (n=8) after 8w CS or room air exposure. Densitometric
analysis was performed on membranes for A Akt, B p-Akt™308 C p-Akt™308/Akt D p-AKT>¢™73 E p-
Aktse473/Akt and F mTOR relative to total protein. G Western blot membrane images and
representative total protein stain (ponceau) used to normalise band intensity for densitometric
analysis. An unpaired t test statistical analysis was performed on each data set. Individual values

were graphed with mean + SD displayed. Results with a P-value<0.05 were considered significant.
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3.4.12 Abundance and activation of downstream effector proteins of mMTORC1 were not
significantly altered in the quadriceps of female C57BL/6 mice from the 8w time
point of the CS-induced experimental COPD time course (3, 8 and 12w) model

Quadriceps from female C57BL/6 mice exposed to smoke from 12 cigarettes, twice daily for 8

weeks were collected on the day of the endpoint and prepared for western blot analysis. There

was no significant change in total s6 kinase protein (Figure 3.24: A) or its activation (Figure 3.24:

B+C). S6 kinase mediates the phosphorylation of rps6 at Ser235/236 but no change in total rps6

(Figure 3.24: D) or its activation (Figure 3.24: E+F) was observed. 4E-BP1 is phosphorylated by

activated mTORC1 at Thr37/46 which causes its 4E-BP1 to decouple from elF4E, allowing for the

transcription of more proteins (protein synthesis). No significant change was observed in total 4E-

BP1 protein (Figure 3.24: G), p-4E-BP1 (Figure 3.24: H), or the ratio of p-4E-BP1/4E-BP1 (Figure

3.24: 1). This would indicate that there was no effect of CS-exposure after 8w on mTORC1

mediated protein synthesis.
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Figure 3.24 Abundance and activation of downstream effector proteins of mTORC1 were not
significantly altered in the quadriceps of female C57BL/6 mice from the 8w time point of the CS-

induced experimental COPD time course (3, 8 and 12w) model.

Immunoblot analysis was used to assess the abundance and activation of downstream effectors of
MTORC1 quadriceps from female C57BL/6 mice (n=8) after 8w CS or room air exposure.
Densitometric analysis was performed on membranes for A S6K B p-S6K™38C p-S6K™38%/ S6K D
rpS6 E p-rpS6°e235/236 F p_rpSE%er235/236/rpnSE G 4E-BP1 H p-4E-BP1™"37/46 and | p-4E-BP1TM"37/46/4E-
BP1 abundance relative to total protein. Western blot membrane images with a representative
total protein stain (ponceau) used to normalise band intensity for densitometric analysis. An
unpaired t test statistical analysis was performed on each data set. Individual values were graphed

with mean + SD displayed. Results with a P-value<0.05 were considered significant.
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3.4.13 Electron transport chain complex V (ATP5A) levels were increased in the quadriceps
of female C57BL/6 mice from the 8w time point of the CS-induced experimental
COPD time course (3, 8 and 12w) model

Quadriceps from female C57BL/6 mice exposed to smoke from 12 cigarettes, twice daily for 8

weeks were collected on the day of the endpoint and prepared for western blot analysis. There

was no significant change in complex | (NDUFBS8), complex Il (SDHB), complex Il (UQRC2), complex

IV (MTCO1,; Figure 3.25 A-D). However, there was a significant increase in complex V (ATP5A)

protein (Figure 3.25: E).
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Figure 3.25 Electron transport chain complex V (ATP5A) levels were increased in the quadriceps
of female C57BL/6 mice from the 8w time point of the CS-induced experimental COPD time

course (3, 8 and 12w) model.

Immunoblot analysis was used to assess the abundance electron transport chain (ETC) complex
proteins from female C57BL/6 mice (n=8) after 8w CS or room air exposure. Densitometric analysis
was performed on membranes for A Complex | (NDUFB8) B Complex Il (SDHB) C Complex llI
(UQRC2) D Complex IV (MTCO1) E Complex V (ATP5A). J Western blot membrane images with
their respective total protein stain (ponceau) used to normalise band intensity for densitometric
analysis. An unpaired t test statistical analysis was performed on each data set. Individual values

were graphed with mean + SD displayed. Results with a P-value<0.05 were considered significant.
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3.5 CS-induced experimental COPD time course (3, 8 and 12w) model in male and
female mice — RT-qPCR analysis of inflammation and proteolysis related genes

in the gastrocnemius and quadriceps

The gastrocnemius and quadriceps were chosen for RT-gPCR analysis because they were
consistently lost muscle mass at most time points in both CS-induced experimental COPD time
course models. It was decided to also compare female and male mice gene expression to

investigate any potential sex differences in the response to CS exposure.

3.5.1 There were no major changes local expression of inflammatory genes in the
gastrocnemius and quadriceps of male and female mice of a CS-induced
experimental COPD time course model

Male and female C57BL/6 mice were exposed to CS or air (control) for 3w, 8w or 12w. RNA was

isolated from gastrocnemius and quadriceps samples from male and female mice exposed to CS vs

air control for 3w, 8w and 12w, and reverse transcribed for analysis by gPCR. When comparing the
effect of CS exposure vs air exposure in male and female mice quadriceps, the RT-qPCR data
revealed few significant changes at 3w, 8w or 12w (Figure 3.26). However, at 12w time point there
was significantly higher IL-1B expression in the gastrocnemius of male mice vs female mice
exposed to CS (Figure 3.26: C). There was a decrease IL-10 expression in male mice in CS exposed
mice vs air control at 3w (Figure 3.26: J). Furthermore, a significant difference in IL-10 expression

was also observed between male and female air control mice (Figure 3.26: J).
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Figure 3.26 There were no major changes local expression of inflammatory genes in the
gastrocnemius and quadriceps of male and female mice of a CS-induced experimental COPD

time course model.

Male and female mice gastrocnemius and quadriceps gene expression fold change of A+D IL-6 B+E
TNF C+F IL-1B G+l IFNB H+J IL-10 relative to HPRT at 3, 8 and 12w time points, respectively.
Ordinary two-way Anova with Sidak's multiple comparisons test statistical analysis was performed
on each data set. Individual values were graphed with mean + SD displayed. Results with a P-

value<0.05 were considered significant.
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3.5.2 Atrogene expression was modulated in the gastrocnemius and quadriceps of male
and female mice of a CS-induced experimental COPD time course model
Male and female C57BL/6 mice were exposed to CS or air (control) for 3w, 8w or 12w. RNA was
isolated from Gastrocnemius and Quadriceps samples from male and female mice exposed to CS
vs air control for 3w, 8w and 12w, and reverse transcribed for analysis by gPCR. MuRF1 expression
in the gastrocnemius of male and female mice exposed CS was significantly lower than the air
control, however, no significant changes were observed at 3w or 12w (Figure 3.27: A). In the
guadriceps of male mice exposed to CS there was also a significant decrease in MAFbx expression
vs air control at 8w and 12w (Figure 3.27: B). GADD45 expression was also significantly lower at 8w
between male and female CS exposed groups (Figure.3-27: E). The quadriceps from the 3w and 8w
time point showed a significant decrease in MuRF1 expression at 3w and 8w in male mice exposed
to CS vs air control, as well as a significantly higher baseline expression in air control male mice vs
female mice (Figure 3.27: C). Only male mice exposed to CS for 8w showed a significant decrease
in MAFbx expression in the quadriceps (Figure 3.27: D) and only female mice exposed to CS for 12
showed a significant decrease in GADD45 expression. No other significant changes in MAFbx or
GADDA45 expression were observed. Lastly, there were no significant changes to HDAC4 expression

observed for either the gastrocnemius or quadricep at 3w, 8w or 12w (Figure 3.27: F).
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Figure 3.27 Atrogene expression was modulated in the gastrocnemius and quadriceps of male

and female mice of a CS-induced experimental COPD time course model.

Male and female mice gastrocnemius and quadriceps gene expression fold change of A+C MuRF1
B+D MAFbx E+G GADDA45 F+H HDAC4 relative to HPRT at 3, 8 and 12w time points. Ordinary two-
way Anova with Sidak's multiple comparisons test statistical analysis was performed on each data
set. Individual values were graphed with mean * SD displayed. Results with a P-value<0.05 were

considered significant.
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3.6 Pathway Enrichment analysis of human COPD vs healthy donor quadriceps

transcriptome.

3.6.1 Pathway enrichment analysis of human COPD vs healthy patient quadriceps
revealed upregulated pathways associated with inflammation and atrophy.
A study by Willis-Owens et al. highlighted specific transcripts with a greater than 2-fold change in
COPD vs healthy human quadriceps samples, and they highlighted some genes relating to the
mitochondrial antioxidant pathway and ECM features. | wanted to identify more pathways that
were changed and using their publicly available dataset [303] | enriched for biological pathways
that were upregulated in the quadricep muscles of COPD patients and compared to healthy
controls. This identified unique pathways that were not identified in the original paper. There
were 74 significantly upregulated genes associated with post-translational protein modification
pathways in the COPD patient quadriceps. The post translational protein modification pathways
also had the highest gene ratio in COPD quadriceps of any pathway investigated (0.16; Figure
3.28). Of these genes, some were associated with higher proteasome function and protein
degradation, like the E3 ubiquitin-protein ligase mouse double minute 2 homolog (MDM_2),
ubiquitin-conjugating enzyme E2 Q2 (UBE2Q2), cullin 1 (CUL1), Proteasome subunit alpha type-2
(PSMA2) and 26S proteasome non-ATPase regulatory subunit 1 and 8 (PSMD-1/-8), which
indicated cellular stress. RICTOR, a component of the mTORC2 complex was also upregulated.
MTORC2 activation of Akt via Ser473 phosphorylation increases cell survival responses and could

be involved in managing cellular stress.

Innate and adaptive immune genes, neutrophil degranulation and genes associated with cellular
responses to infectious diseases and viral infections were all also upregulated, indicating a

comprehensive increased local immune response that is possibly driven by tissue damage, as
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indicated by the cellular stress) (Figure 3.28). Increased gene expression of NFKB2, a subunit of the
NF-kB complex, could indicate increased priming for signalling via NF-kB, which can increase pro-

inflammatory signalling and transcription of atrogenes.

These data demonstrate increased cellular stress, which may be causing increased local
inflammation in the quadriceps of COPD patients with increased protein degradation and

proteasome function (Figure 3.28).
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Figure 3.28 Pathway enrichment analysis of human COPD vs healthy patient quadriceps revealed

upregulated pathways associated with inflammation and atrophy.

Pathway enrichment analysis was performed on microarray data deposited in the NCBI GEO
repository with Accession Number GSE100281 with R studio using the Reactome GMT. This
identified enriched biological pathways associated with significantly differentially expressed genes
between COPD and healthy control samples. Only pathways with more than 6 significantly
increased genes were included. There were 16 healthy age and sex matched controls compared to
79 COPD patients (GOLD grading: 4 GOLD I; 24 GOLD II; 32 GOLD lIl; 19 GOLD 1V). These data were
analysed for differential gene expression as previously described [94]. The gene ratio describes the
proportion of genes associated with a particular pathway that were significantly upregulated in
COPD samples, and the count describes the number of individual genes significantly changed

within that pathway.
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3.6.2 Pathway enrichment analysis of human COPD vs healthy patient quadriceps
revealed pathways relating to mitochondrial function were suppressed.
A publicly available dataset [303] was enriched for biological pathways that were suppressed in
the quadricep muscles of COPD patients and compared to healthy controls. Pathways with
suppressed genes included the TCA cycle, respiration, fatty acid and amino acid metabolism,
indicating impaired mitochondrial function. (Figure 3.29) and a shift away from oxidative
phosphorylation. Genes encoding subunits of the ETC were significantly downregulated,
compromising metabolic flexibility within the cells and limiting the ability of the cells to use

alternative fuel sources like fatty acids and amino acids for energy production.

These data indicate a mitochondrial dysfunction and a complete metabolic shift in the quadriceps
of COPD patients from oxidative phosphorylation towards glycolysis, potentially increasing

oxidative stress and lactic acid build-up.
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Figure 3.29 Pathway enrichment analysis of human COPD vs healthy patient quadriceps revealed

pathways relating to mitochondrial function were suppressed.

Pathway enrichment analysis was performed on microarray data deposited in the NCBI GEO
repository with Accession Number GSE100281 with R studio using the Reactome GMT. This
identified enriched biological pathways associated with significantly differentially expressed genes
between COPD and healthy control samples. Only pathways with more than 6 significantly
increased genes were included. There were 16 healthy age and sex matched controls compared to
79 COPD patients (GOLD grading: 4 GOLD I; 24 GOLD II; 32 GOLD III; 19 GOLD 1V). These data were
analysed for differential gene expression as previously described [94]. The gene ratio describes the
proportion of genes associated with a particular pathway that were significantly upregulated in
COPD samples and the count describes the number of individual genes significantly changed

within that pathway.
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Chapter 3 - Discussion

The aim of this first study was to assess the prevalence of muscle atrophy across different
experimental murine models of IPF, asthma, and COPD, and to identify the most suitable model
for therapeutic studies targeting cachexia in a pulmonary disease, as well as to observe the effect
of these models on mediators of protein degradation and synthesis that are associated with

cachexia were also measured.

The standard 4-week bleomycin-induced model of experimental pulmonary fibrosis in C57BI/6
mice demonstrated the expected changes to lung function whilst the 10-week model and the CS +
bleomycin models did not. When considering why the 10-week model did not have the intended
decrease in FVC, it is worth noting that most studies report bleomycin-induced lung fibrosis in
mice eventually resolves, and that lung function parameters also return to baseline over time.
Bleomycin models of pulmonary fibrosis also typically have decreased lung volume parameters,
whereas CS-induced lung changes typically increase them. This is because fibrosis increases
scarring in the lung [305], creating a stiffer less elastic environment, decreasing lung volume [306].
In contrast, CS induces emphysema and the breakdown of the alveolar space creating more
volume. Due to these contrasting phenomena, it is likely that lung health was still compromised in
this model as the negative impacts of both models may have cancelled out each other’s effects on
lung function. Also, there was still significant leukocyte induction in the BALF with both bleomycin
and CS-challenge, compared to the PBS + Air control, suggesting an inflammatory response to lung

damage.

Histological analysis of the combined bleomycin + CS-exposure model lungs would improve the
analysis of the impact on lung architecture and validate the development of pulmonary fibrosis, or

other changes. Moreover, despite limited changes to lung function in the bleomycin + CS induced
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IPF model, it was the only model of IPF that had any significant total body weight, or skeletal
muscle weight loss, though CS-exposure was required for this effect. Therefore, with confirmation
of the development of pulmonary fibrosis via histological analysis, like a Sirius Red stain for
collagen deposition, this model may be more reflective of IPF in humans with cachexia co-
morbidity than the current standard 4w Bleo-induced IPF model. However, this histological

analysis is currently beyond the scope of my study.

Quadriceps were selected from the 4w model for immunoblot analysis for three reasons. 1. Short
term bleomycin-induced murine IPF models (2-4w) are currently considered the gold standard
model for emulating IPF [173] and for trialling preventative and therapeutic interventions in mice
[307]. This is because fibrosis can resolve over time, but also too early a time point will still be
during the inflammatory phase of the model, during which there is an induction of neutrophils and
inflammatory cytokine production which is not associated with human IPF [307] and may
confound results. Thus, it was clear that the 4w time point would be more appropriate than the
10-week time point, as it is just after the inflammatory phase of bleomycin induced IPF and before
the resolution of fibrosis. 2. The lung function changes in the 4-week bleomycin model, particularly
in relation to IC, FVC and compliance, reflected the changes seen in humans with IPF, whereas the
10-week timepoint did not. 3. Despite not demonstrating a significant change in total body or
skeletal muscle weight, it was still possible that skeletal muscle dysfunction was occurring at 4w.
This is because, unless caused by acute exacerbation of symptoms, cachexia occurs over years in
IPF, and a 4w model may be too early to see significant weight changes. Therefore, there may be

changes to protein synthesis and degradation pathways which can impact skeletal muscle health.

There was no observed changes to proteins associated with protein degradation (Atrogin-1,
MuRF1 or GADD45a) or the protein synthesis pathway (Akt, mTOR, 4E-BP1, S6K or rpS6), or their

activation via phosphorylation (p-Akt™38, p-Akt5e™73, p-AE-BP1Th37/47 n-SEKTh™389 p-rpSEser235/236)
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in the quadriceps of mice in the 4w model of Bleo-induced IPF. This suggested that this model of

IPF did not alter protein synthesis or degradation in any of the ways measured.

However, there was a decrease in total STING, but not cGAS protein levels. This may limit
signalling via TBK1 and decrease inflammation in the muscles, limiting inflammation dependent
protein degradation. Unlike COPD or asthma, IPF is not characterised by chronic inflammation or a
particular inflammatory phenotype, so this observed decrease in STING expression in the skeletal
muscle may indicate an immunosuppressive aspect of IPF that has not been described previously.
Interestingly, cGAS-STING inhibition has been suggested as a potential therapeutic avenue in
pulmonary fibrosis [308], particularly in silica induced fibrosis, where STING signalling is important
for alveolar macrophage and fibroblast fibrotic effects [309]. However, whilst targeting the cGAS-
STING pathway may be a promising route of treatment for pulmonary fibrosis, it is important to
consider the role that cGAS-STING pathway has in cancer detection. Decreased cGAS-STING
protein/signalling has been linked to increased prevalence of gastric cancer [310], non-small cell
lung carcinoma [311] and high cGAS and STING gene expression is linked to improved outcome in
lung adenocarcinoma [312]. The importance of cGAS-STING in lung cancers should therefore

provide reason for cautious inhibition of this pathway.

BALB/c are the preferred choice for murine experimental asthma models, as they have a
proportionally larger Type-2 immune response compared to C57BL/6 mice [313]. There is also
evidence to suggest that BALB/c mice can have a higher airway neutrophilic response to allergen
(cockroach) than C57BL/6 mice [314], making them an ideal candidate strain for studying
moderate and severe asthma, which are eosinophilic and neutrophilic respectively [128]. The mice
with moderate and severe experimental asthma demonstrated a dose-dependent increase in
central airway resistance (Rn) in response to escalating doses of methacholine. This increase in Rn

was inhibited by dexamethasone treatment in moderate but not severe asthma. These lung
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function findings mirror the bronchoconstriction observed in asthma patients. The differential
response to dexamethasone, with inhibition in moderate but not severe asthma, reflects the
steroid-resistant phenotype characteristic of severe asthma. Similarly, BALF total leukocytes were
elevated in both experimental models of moderate and severe asthma. While dexamethasone
attenuated this leukocyte induction in moderate asthma, it failed to do so in severe asthma,

further illustrating the steroid resistance associated with the severe asthma phenotype.

There were no changes to total body or skeletal muscle weights in either moderate or severe
asthma. However, whether the skeletal muscles exhibited any changes to protein synthesis or
degradation pathways was still assessed. This is because exacerbations likely contribute to muscle
weakness and atrophy [27, 106, 315], and thus exacerbations, through methacholine induced AHR,
could induce acute changes to these pathways in the skeletal muscle. Nevertheless, immunoblot
analysis of the quadriceps showed no changes to the expression of proteins associated with

protein degradation, protein synthesis or the cGAS-STING pathway.

The experimental COPD time point models showed significant changes to total body weight and
skeletal muscle mass, even at early timepoints. Lung function measurements at 8 and 12w
demonstrated increases in lung volume parameters IC, FVC, TLC and hysteresis, but no changes in
compliance. As previously mentioned, increased lung volume parameters in experimental COPD
models are consistent with the development of emphysema. Therefore, from these initial findings
we can conclude that our experimental models emulated human COPD lung function changes, and
that CS-induced COPD negatively impacted skeletal muscle mass. These effects were consistent

across male and female C57BL/6 mice.

Gene expression analysis of gastrocnemius and quadriceps muscles showed no significant changes

to local expression of inflammatory markers at 3, 8 or 12w of CS-exposure in males or females.
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However, there were notable changes in atrogene expression, particularly in male mice at 8w,
though female mice had similar trends. These inflammatory gene observations do not necessarily
mean that there is no role for inflammation in mediating atrophy. It is possible that inflammation
contributes to muscle atrophy in a non-IL-6, TNF, IL-1B3, IFNB or IL-10 mediated mechanism as
there are many inflammatory factors implicated in muscle atrophy [53, 316], and inflammatory
changes may occur earlier than the time points examined. Moreover, factors of inflammation may
not be expressed locally in the muscle but instead at other sites, like the lung, which would
contribute to systemic inflammation mediated atrophy [317-319]. There is therefore a need for
future experiments need to investigate key inflammatory factors in the muscle and blood on the

protein level.

Interestingly, results showing downregulated TRIM63 and FBX032, and upregulation of GADD45a
gene expression at 8w may infer time-dependent induction of the UPS. Indeed, this has been
demonstrated in previous studies [205, 320, 321]. TRIM63 and FBX032 gene expression was
shown to peak after 3d in multiple models of muscle atrophy, including immobilisation, hind-limb
suspension, IL-1-mediated cachexia, denervation and glucocorticoid-induced atrophy, and is
downregulated afterwards [205, 320, 321]. Despite downregulation of these genes after 3d,
muscle mass still decreases over time, highlighting the role of these atrogenes as both markers
and triggers of atrophy. GADD45A was also upregulated early in skeletal muscle after denervation
but had sustained expression up to 90d, in contrast to other UPS proteins [222]. Since the data |
have gathered reflect previous studies that examined atrogene expression at different timepoints,
it is possible that the key signalling that induces the UPS and autophagy pathways that regulate
cachexia in COPD occurs earlier than the timepoints | have investigated. This may also explain the
lack of local inflammatory signalling in the gastrocnemius and quadriceps as inflammation is a

likely trigger for muscle atrophy and may only be the initial signal, but local inflammatory gene
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expression is suppressed over time (e.g. TRIM63 and FBX032). Despite these changes in mRNA
expression, no change in protein levels for atrophy markers was observed, which may indicate that
MRNA does not reflect protein levels. However, the antibody quality for both MuRF1 and Atrogin-

1 were both poor and showed non-specific binding across the membrane.

There were no significant changes in signalling for protein synthesis. However, there was a trend
in changes for the ratio of p-rpS6 and total 4E-BP1 (P=0.0564 & P=0.0638 respectively) protein
levels, which would indicate decreased mTORC1/S6K signalling, and increased atrogene
expression, as 4E-BP1 is also considered an atrophy associated protein. Increased 4E-BP1 reduces
protein synthesis through inhibition of elF-4E, that is needed for mRNA translation and reduced

phosphorylation of rpS6 also decreases protein synthesis [322-324].

Overall, these data from the experimental COPD studies demonstrated that our model accurately
reflects lung function and skeletal muscle weight changes associated with COPD-induced cachexia.
Changes were also observed to protein synthesis and degradation pathways that reflect previous
findings with other models of atrophy. An increase in ATP5A protein in the quadriceps also
demonstrated a potential accumulation of mitochondria in the skeletal muscle and thus,

metabolic dysregulation.

The final aim of this chapter was to compare skeletal muscle atrophy observed in experimental
COPD models with that in human COPD and appropriately target overlapping mechanisms of
disease. The pathway enrichment analysis of microarray data from human COPD quadriceps
samples demonstrated increased inflammatory signalling and decreased expression of
mitochondrial-related metabolic pathways and mitochondria specific genes. These data indicate

inflammation in the skeletal muscle and a potential increase in glycolysis dependent energy
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production, as well as a potential decrease in mitochondrial biogenesis and mitochondrial

dysfunction.

Thus, it was hypothesised that mitochondrial dysfunction, and subsequent mtDNA into the
cytosol, activates cGAS-STING signalling in the skeletal muscle of both experimental and human
COPD, and this was targeted therapeutically in chapter 4 with the small molecule STING inhibitor

H-151.
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Chapter 4 Targeting cGAS-STING mediated inflammation using H-151
single molecule inhibitor as a novel treatment against COPD-induced
cachexia.

4.1 Introduction

As a result of the data from my first chapter, | decided to continue investigating cachexia in the
context of the experimental COPD model, and to use therapeutics aimed at improving
mitochondrial health and reducing inflammation.C57BL/6 mice from the CS-induced COPD model
had exhibited lung function changes analogous to those observed in COPD patients, alongside
inhibited muscle growth in young mice compared to air-exposed controls. Furthermore, lung
function changes and muscle mass loss were consistent across both sexes. These findings,
combined with alterations in gene and protein expression in pathways regulating protein synthesis
and degradation, informed the decision to adopt a female 8-week experimental COPD murine

model to investigate cachexia/muscle atrophy-targeted therapies.

Preliminary findings from these COPD-induced cachexia models, along with quadriceps muscle
data from COPD patients, suggest compromised mitochondrial function and health in skeletal
muscle. Indeed, mitochondrial dysfunction is increasingly recognized as a driver of cachexia. As a

result, it was decided to measure mitochondrial function in the muscles of this model.

One of the main functions of the mitochondrion is to produce energy (or ATP) for the cell through
a process called oxidative phosphorylation (OXPHQOS) [325]. This involves the transport of
electrons through the electron transport chain (ETC), which is made up of complex |, complex I,
complex lll and complex IV [326]. This creates a H* gradient across the inner mitochondrial
membrane which is then coupled to ATP and H,0 production by complex V [326]. The oxygen

consumed during this process can be measured to provide insight into real-time OXPHOS capacity,
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ADP sensitivity and proton leakage [327]. These were measured using the Oroboros Oxygraph-2k
for high-resolution respirometry to further investigate mitochondrial dysfunction in the skeletal
muscle of this model. This method was favoured over another form of high-resolution
respirometry, Agilent’s Seahorse XF analysis, as the Oroboros allowed measurements of

mitochondrial function in permeabilised skeletal muscle tissue [328].

Complex | and Il proton leakage are measures of proton leak back across the inner membrane of
the mitochondria and uncoupling of proton flux from ATP production [327]. Proton leak occurs in
healthy mitochondria; however, excessive proton leak can indicate reduced membrane integrity,
ROS production and energy inefficiency [329, 330]. High ADP sensitivity is typically considered an
indication of healthy mitochondria as it can infer close coupling to respiration [331] however,
exercise studies have also shown chronic training can lower ADP sensitivity [332]. Low ADP
sensitivity in skeletal muscle has been linked to increased ROS production in experimental mouse
models of ageing and oxidative stress [333] as well as in humans [331]. High ADP sensitivity could
also demonstrate cell stress, as the cell quickly converts ADP to ATP to cope with higher energy
demands, though this requires further investigation. High ADP sensitivity/low ADP availability
could also indicate hyperpolarisation of the inner membrane, which can lead to increased ROS

production and inflammation driven by reverse electron transport at complex | [334-336].

Dysfunctional mitochondria can lead to diverse pathological effects, including the production of
mitochondrial reactive oxygen species (mtROS), which activate the atrogene regulator nuclear
factor erythroid 2-related factor 2 (NRF2) [337]. Additionally, mitochondrial dysfunction can drive
inflammation through NLRP3 inflammasome activation, mediated by cardiolipin externalization,
mtROS production, or leakage of oxidized mitochondrial DNA (mtDNA) into the cytosol [338]. In
contrast, non-oxidized mtDNA preferentially activates the absent in melanoma 2 (AIM2)

inflammasome [339]. Activation of either inflammasome pathway results in IL-13 secretion into
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the circulatory system [340] and IL-1B induction is implicated, particularly for cancer-associated
cachexia, in atrophy [341-343]. Thus, targeting mitochondrial health or downstream pathways
activated by mitochondrial dysfunction, such as innate immune sensing of mtDNA, represents a

promising therapeutic strategy for preventing cachexia.

The cGAS-STING pathway has recently emerged as a potential mediator of muscle atrophy [60,
344]. Mitochondrial dysfunction results in mtDNA leak into the cytosol, triggering activation of the
cGAS-STING pathway [345] promoting inflammation-driven protein degradation through JAK-STAT

and NF-kB signalling pathways.

H-151, a small-molecule STING inhibitor, prevents palmitoylations and STING clustering, which is
essential for TBK1 activation [346]. Activated TBK1 drives IRF3 and NF-kB translocation to the
nucleus [279], where they upregulate ISGs, atrogenes, and inflammatory gene expression. The aim
of this study was to evaluate H-151 as a therapeutic intervention to block STING signalling and

thus mitigate inflammation and mitochondrial dysfunction-mediated muscle atrophy.

4.2 Methodology and Experimental design

4.2.1 Overview of an H-151 intervention in experimental COPD.

C57BL/6 female mice (8w.0.) were subjected to an experimental COPD model where mice were
exposed to CS from 12 cigarettes, twice/d, 5d/w for 8w. Mice were treated with H-151, a small
molecule inhibitor of STING protein function. H-151 was prepared in 4%DMS0/96%PBS solution
(vehicle) to a concentration of 10mg/kg. Under isoflurane anaesthetic, mice were given daily i.n.

administration of H-151 or vehicle and weighed daily (Monday-Friday).
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Figure 4.1 H-151 intervention in experimental COPD.

C57BL/6 mice (n=8) were exposed CS or air for 8w. 30uL of i.n. H-151 (10mg/kg) was administered
5d/w (Monday-Friday) for 2w prior to the beginning of CS exposure until the endpoint. Mice were

8w.0. at the commencement of H-151 treatment.
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4.3 Whole body phenotype from experimental COPD with H-151 intervention

model

4.3.1 Lung function decline in an experimental COPD model was not recovered with H-
151 treatment
C57BL/6 mice underwent an experimental CS-induced COPD model for 8w. Treated and untreated

mice were given H-151 or vehicle, respectively, 5d/w for 10w. Lung function was measured under

anaesthetic on the day of endpoint and BALF was collected immediately after.

Lung function measurements related to lung volume including IC, FVC, and TLC were increased
with CS-exposure, but were not decreased with H-151 treatment (Figure 4.2: B-D). Hysteresis was
also increased with CS exposure but were also unchanged with H-151 treatment (Figure 4.2: E). Rrs
was unchanged with CS-exposure and H-151 (Figure 4.2: F). However, Rn (Central airway

resistance) was decreased with CS-exposure regardless of treatment (Figure 4.2: G).
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Figure 4.2 Lung function decline in an experimental COPD model was not recovered with H-151

treatment.

The lung function of H-151 treated C57BL/6 mice (n=8) was assessed under anaesthetic at
endpoint using a SCIREQ Flexivent, after 8w of cigarette smoke (CS) or air exposure.
Bronchoalveolar lavage fluid (BALF) was collected directly after lung function assessment. A Total
leukocytes concentration/ml of BALF collected on day of endpoint B Inspiratory capacity (IC) is a
measure of the amount of air that can be inhaled after normal exhalation. C Forced vital capacity
(FVC) is the total volume of air exhaled during a forced expiration. D Total lung capacity (TLC) is the
maximum possible lung volume. E Hysteresis. F Resistance (Rrs) is a dynamic measure of lung
constriction. G Central airway resistance (Rn). All lung function parameters were measured under
anaesthetic on day of endpoint. Ordinary one-way Anova with Tukey’s multiple comparison
statistical analysis was performed on each data set. Individual values were graphed with mean *

SD displayed. Results with a P-value<0.05 were considered significant.
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4.3.2 Impaired development in an experimental COPD model was not recovered with H-
151 treatment

Body weight of CS and air exposed was measured 5 and 3 times/w, respectively, for 10w. Hind leg

muscles from mice were collected and weighed on the day of endpoint within 20m of death.

Room air exposed (control) mice continued to gain weight over time, however CS exposed mice
remained approximately the same weight over the 10w, which was unaffected by H-151

treatment (Figure 4.3: A).

CS-exposure over 8w resulted in lighter gastrocnemius (Figure 4.3: B), quadriceps (Figure 4.3: C)
and EDL (Figure 4.3: E). H-151 treatment did not affect quadriceps weight compared to Veh or CS
exposed only groups (Figure 4.3: C), and decreased soleus weight compared to the vehicle only

group but not the Veh + CS group (Figure 4.3: D).

N-A length was decreased in CS exposed mice regardless of treatment (Figure 4.3: F). These data
indicate H-151 treatment did not prevent CS-induced weight changes in young female mice.
Although, there were differential effects in the soleus and quadriceps that may indicate a role in

skeletal muscle of different muscle fibre types and bioenergetic demands.
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Figure 4.3 Impaired development in an experimental COPD model was not recovered with H-151

treatment.

H-151i.n. treated C57BL/6 mice (n=8) were exposed to cigarette smoke (CS) or air for 8w and
weighed 5d/w (Monday-Friday). N-A length was measured while the mice were under anaesthetic
and muscles were collected and weighed after lung function assessment. A Mouse weight (g) over
time. B-E Gastrocnemius, quadriceps, soleus and EDL weight (mg) respectively. F N-A length (cm).
A mixed-effect analysis (REML) statistical analysis was performed for analysis of mouse body
weight over time. Ordinary one-way Anova with Tukey’s multiple comparison statistical analysis
was performed on each data set. Individual values were graphed with mean £ SD displayed.
Results with a P-value<0.05 were considered significant (*P<0.05; **P<0.01; ***P<0.001,

*x%%p<0 0001).
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4.4 Protein analysis of the quadriceps from experimental COPD with H-151
intervention.

4.4.1 Protein degradation-associated protein abundance was unaffected by H-151
treatment or CS in an experimental COPD model

C57BL/6 mice underwent an experimental CS-induced COPD model for 8w. Treated and untreated

mice were given H-151 or vehicle, respectively, 5d/w for 10w. Quadriceps were collected on the

day of endpoint along with other skeletal tissues from the hind legs. There were no observed

changes to GADD45q, atrogin-1 or MuRF1 protein levels regardless of CS-exposure or treatment

status (Figure 4.4: A-C).

157



A GADDA45a B Atrogin-1 C MuRF1
0.9838

0.7368
\ —— ”s 0.9667 0.9944 0.9597
. .51 159 11
0.2542 0.6566 0.9263 0.8100 '
2.0 A 8 A
° o ®e
2 o A 1.04 e Veh
0|9 o SMK

A SMK + H-151

GADD45a relative to total protein
(Fold change)
n

Atrogin-1 relative to total protein
(Fold change)

MuRF1 relative to total protein

(Fold change)
I
(3.}
1

0- 0.0- T
& &
{.X
N
D SMK SMK SMK SMK
b 0 b b
< £ - < < - K= £ - < g -
S S =z S S T S S =z S S =
42kDa " - . . Atrogin-1
22kDa | W -—- S s S S BB GADDA45a
100kDa-
Total protein
(Ponceau)
30kDa-

Figure 4.4 Protein degradation-associated protein abundance was unaffected by H-151

treatment or CS in an experimental COPD model.

Immunoblot analysis was used to assess the abundance of protein degradation-associated
proteins in the quadriceps from H-151 treated female C57BL/6 mice (n=8) after 8w CS or room air
exposure. Densitometric analysis was performed on membranes for A MuRF1 B Atrogin-1 and C
GADD45a relative to total protein. D Membrane images of MuRF1 (40kDa), Atrogin-1 (42kDa),
GADD45a (22kDa) and representative total protein stain (ponceau) used to normalise band
intensity for densitometric analysis. Ordinary one-way Anova with Tukey’s multiple comparison
statistical analysis was performed on each data set. Individual values were graphed with mean £

SD displayed. Results with a P-value<0.05 were considered significant.
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4.4.2 cGAS and STING protein abundance in the quadriceps from mice in an experimental
COPD model were unmodulated by CS exposure or H-151 treatment

C57BL/6 mice underwent an experimental CS-induced COPD model for 8w. Treated and untreated

mice were given H-151 or vehicle, respectively, 5d/w for 10w. Quadriceps were collected on the

day of endpoint along with other skeletal tissues. No change to cGAS or STING protein levels were

observed, regardless of CS exposure or treatment status (Figure 4.5: A+B).
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Figure 4.5 cGAS and STING protein abundance in the quadriceps from mice in an experimental

COPD model were unmodulated by CS exposure or H-151 treatment.

Immunoblot analysis was used to assess the abundance of cGAS and STING proteins in the

quadriceps from H-151 treated female C57BL/6 mice (n=8) after 8w CS or room air exposure.

159



Densitometric analysis was performed on membranes for A cGAS and B STING relative to total
protein C Membrane images of cGAS (60kDa) and STING (42kDa) and representative total protein
stain (ponceau) used to normalise band intensity for densitometric analysis. Ordinary one-way
Anova with Tukey’s multiple comparison statistical analysis was performed on each data set.
Individual values were graphed with mean + SD displayed. Results with a P-value<0.05 were

considered significant.
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4.4.3 H-151 treatment had no effect on mTOR, Akt and p-Akt protein levels in the

quadriceps of mice from an experimental COPD model.
C57BL/6 mice underwent an experimental CS-induced COPD model for 8w. Treated and untreated
mice were given H-151 or vehicle, respectively, 5d/w for 10w. Quadriceps were collected on the
day of endpoint along with other skeletal tissues. Regardless of CS exposure or treatment there
were no changes to total mTOR or Akt protein expression (Figure 4.6: A+D). There were also no
changes to Akt activation as indicated by phosphorylation at Thr308 Akt (Figure 4.6: B+C) and

Ser473 Akt (Figure 4.6: E+F).
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Figure 4.6 H-151 treatment had no effect on mTOR, Akt and p-Akt protein levels in the

quadriceps of mice from an experimental COPD model.

Immunoblot analysis was used to assess mTOR and Akt and p-Akt protein abundance in the
quadriceps from H-151 treated female C57BL/6 mice (n=8) after 8w CS or room air exposure.
Densitometric analysis was performed on membranes for A Akt, B p-Akt™3% C p-Akt™3%8/Akt D p-
Aktser473 E p-Akt>e473/Akt and F mTOR relative to total protein in the quadriceps of female C57BL/6
mice exposed to CS for 8w and treated daily with H-151 (i.n.). G Western blot membrane images
and representative total protein stain (ponceau) used to normalise band intensity for
densitometric analysis. Ordinary one-way Anova with Tukey’s multiple comparison statistical
analysis was performed on each data set. Individual values were graphed with mean + SD

displayed. Results with a P-value<0.05 were considered significant.
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4.4.4 AE-BP1 protein levels were increased in the quadriceps of mice from an
experimental COPD model and was not reduced by H-151 treatment.

C57BL/6 mice underwent an experimental CS-induced COPD model for 8w. Treated and untreated

mice were given H-151 or vehicle, respectively, 5d/w for 10w. Quadriceps were collected on the

day of endpoint along with other skeletal tissues. There were no changes to total S6K, or its

activation via Thr389 phosphorylation (Figure: 4.7: A-C). There was also no observed change to

total rpS6 or it’s activation at via S6K phosphorylation of Ser235/236 (Figure 4.7: D-F).

However, there was a significant increase in 4E-BP1 protein in CS exposed mice with and without
treatment (Figure 4.7: G), but no change to its phosphorylation state (Figure 4.7: H+l) which is
controlled by mTORCL1. This would suggest 4E-BP1 protein expression is upregulated by CS
exposure and since it’s ratio of p-4E-BP1/4E-BP1 does not change (Figure 4.7: 1) it is likely free to

bind el-F4E, preventing protein synthesis.
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Figure 4.7 4E-BP1 protein levels were increased in the quadriceps of mice from an experimental

COPD model and was not reduced by H-151 treatment.

Immunoblot analysis was used to assess the abundance of downstream effectors of mTORC1 in
the quadriceps from H-151 treated female C57BL/6 mice (n=8) after 8w CS or room air exposure.
Densitometric analysis was performed on membranes for A S6K B p-S6K™389C p-S6K™38%/ S6K D
rpS6 E p-rpS6°¢235/236 F p_rpS65e235/236 /rpnS6 G 4E-BP1 H p-4E-BP1™"37/46 gnd | p-4E-BP1Th™37/46 /4 -
BP1 abundance relative to total protein J Western blot membrane images with a representative
total protein stain (ponceau) used to normalise band intensity for densitometric analysis. Ordinary
one-way Anova with Tukey’s multiple comparison statistical analysis was performed on each data
set. Individual values were graphed with mean * SD displayed. Results with a P-value<0.05 were

considered significant.
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4.4.5 The abundance of ETC complex proteins was unaltered in the quadriceps of mice
from an experimental COPD model and was not affected by H-151 treatment.
C57BL/6 mice underwent an experimental CS-induced COPD model for 8w. Treated and untreated
mice were given H-151 or vehicle, respectively, 5d/w for 10w. Quadriceps were collected on the
day of endpoint along with other skeletal tissues. In contrast to the first 8w COPD model (Figure
3.28: E), there were no observed changes in complex V subunit protein expression in this model,
regardless of CS exposure or treatment status (Figure 4.8: E). There was also no observed change

to other complex subunit proteins (Figure 4.8: A-D).
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Figure 4.8 The abundance of ETC complex proteins was unaltered in the quadriceps of mice from

an experimental COPD model and was not affected by H-151 treatment.

Immunoblot analysis was used to assess the abundance electron transport chain (ETC) complex
proteins in the quadriceps from H-151 treated female C57BL/6 mice (n=8) after 8w CS or room air
exposure. Densitometric analysis was performed on membranes for A Complex | (NDUFB8) B
Complex Il (SDHB) C Complex Il (UQRC2) D Complex IV (MTCO1) E Complex V (ATP5A). J. Western
blot membrane images and total protein stain (ponceau) used to normalise band intensity for
densitometric analysis. Ordinary one-way Anova with Tukey’s multiple comparison statistical
analysis was performed on each data set. Individual values were graphed with mean £+ SD

displayed. Results with a P-value<0.05 were considered significant.
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4.5 Complex | respiration and ADP sensitivity were altered in the gastrocnemius of
mice from an experimental COPD model and returned to baseline with H-151

treatment

The gastrocnemius muscle was collected at the endpoint and 15-25mg of fresh tissue was excised
from the hip-end of the muscle and placed in BIOPS buffer at 4°C for later use in Oroborus

measurements of mitochondrial respiration.

There was a significant increase in complex | proton leakage due to CS-exposure compared to the
vehicle control (Figure 4.9: A). However, this significant increase in complex | leak was not
observed in H-151 treated mice (Figure 4.9: A) which suggests H-151 prevents CS-induced complex
| leak. There was no observed change to complex | only linked OXPHOS capacity (Figure 4.9: B),
complex | & Il linked OXPHOS capacity (Figure 4.9: C), or maximally uncoupled OXPHOS capacity
(Figure 4.9: D). A significant increase in ADP sensitivity was observed in CS exposed mice, which

was significantly decreased with H-151 treatment (Figure 4.9: E).

These data suggest CS exposure induces changes to mitochondrial respiration and that H-151 can

inhibit some of these changes.
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Figure 4.9 Complex | dynamics and ADP sensitivity were altered in the gastrocnemius of mice

from an experimental COPD model and returned to near baseline with H-151 treatment

Oroboros Oxygraph-2k analysis of gastrocnemius’ mitochondrial respiration from a H-151
treatment model of COPD. A Oxygen consumption rate attributed to complex | linked proton flux
across the inner mitochondrial membrane that bypasses ATP synthase (pmol.sec’’.mg?). B Oxygen
consumption rate attributed to Complex I linked OXPHOS capacity (pmol.secl.mg?). C Oxygen
consumption rate attributed to OXPHOS capacity of complex | and Il (pmol.sect.mg?). D Maximal
oxygen consumption rate with oligomycin induced decoupling of proton flux across the inner
mitochondrial membrane. E+F Oxygen consumption rate with increasing doses of ADP (pmol.sec’
1. mg?). Ordinary one-way Anova with Tukey’s multiple comparison statistical analysis was
performed on each data set (A-D) and individual values were graphed with mean + SD displayed.
Two-way Anova Tukey’s multiple comparison statistical analysis was performed on the ADP
sensitivity data (E) and replicate values were graphed as mean + SD. Results with a P-value<0.05

were considered significant.
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4.6 MFA was unchanged with CS exposure or H-151 treatment in the quadriceps of

mice from an experimental COPD model.

Quadriceps were collected at endpoint and stored in formalin for histological processing. There
was a significant decrease in quadriceps weight with CS exposure, and no significant change with
CS exposure + H-151 treatment (Figure 4.3: C). However, there was no significant change to MFA

of the quadriceps under any condition (Figure 4.10).
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Figure 4.10 MFA was unchanged with CS exposure or H-151 treatment in the quadriceps of mice

from an experimental COPD model.

Cross sectional areas (CSA) were taken of the quadriceps mid-belly from an 8w H-151 intervention
murine model of CS-induced COPD. CSAs then haematoxylin and eosin stained. Sections of
guadriceps were imaged at 20X magnification with brightfield microscopy. Images were imported
into Imagel and muscle fibre areas were measured manually by drawing around each fibre for at
least 100 technical replicates per biological sample. Ordinary one-way Anova with Tukey’s multiple
comparison statistical analysis was performed on each data set and individual values were
graphed with mean % SD displayed. Results with a P-value<0.05 were considered significant.
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Discussion - Chapter 4

The aim of this study was to prevent mitochondrial dysfunction-mediated muscle atrophy in an
experimental model of COPD. H-151, which was used to prevent mtDNA induced inflammation
through inhibition of STING signalling, did not prevent COPD induced skeletal muscle atrophy in
young female mice. As anticipated, lung volumes increased in the CS exposed murine model.
However, this effect was not reversed by H-151 treatment. Body weight plateaued over time and
N-A length was decreased in CS exposed mice, with no improvement observed following H-151
treatment, indicating that H-151 did not provide a beneficial effect in restoring normal lung
function or development in young mice. Loss in Skeletal muscle mass was also observed in the
gastrocnemius, quadriceps, EDL and soleus muscles with CS exposure, and this was not

significantly improved with H-151 treatment.

Despite significant decreases in muscle mass, there was no change in muscle fibre area with CS
exposure with H-151 treatment. Hyperplasia, the increase in the number of myofibers, may be
negatively impacted by CS exposure during mouse development and could explain the decrease in
muscle mass without a loss of MFA. However, studies that have investigated postnatal muscle
fibre growth in murine EDL muscle showed that there is no increase in total myofibers between
the ages of 1-8 weeks, and rather an increase in myofiber size (hypertrophy) is responsible for a
gain in skeletal muscle mass [347]. Therefore, fluid loss and subsequent dehydration, or a
decrease in glycogen, may be responsible for the observed decrease in skeletal muscle weight

without a loss of myofiber area due to CS exposure.

An increase in total 4E-BP1 protein was observed in CS exposed mice, however, this was not

changed with H-151 treatment. This highlights 4E-BP1, an mRNA translation inhibitor, as a
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potential mediator of COPD associated muscle atrophy, since this was the second model where

this effect was observed.

Complex | linked proton leak was also observed in the gastrocnemius of CS exposed, but not H-151
treated mice. This indicates that mitochondrial dysfunction occurs in the gastrocnemius in
experimental COPD. It is possible that the increased proton leak is a protective mechanism
employed by the mitochondria to reduce mtROS production [329], however, this decouples the
proton gradient from ATP production, resulting in inefficient ATP production [330]. Increased
proton leak can also indicate disruption to inner mitochondrial membrane integrity due to
cellular/mitochondrial stress [330]. ADP sensitivity was also increased in CS exposed, but not in H-
151 treated mice, suggesting that mitochondria respond to cellular stress to try to meet energy

demands.

H-151 prevented increases in proton leak and ADP sensitivity, suggesting a potential role for STING
in regulating bioenergetics in skeletal muscle. For instance, a shift towards aerobic glycolysis may
be accounted for by the observed increase in ADP sensitivity, as ADP is required for glycolysis and
is rate limiting [348]. This metabolic shift is characterized by rapid ATP production, which is
essential for supporting inflammatory responses but comes at the cost of reduced energy
efficiency and mitochondrial dysfunction [349]. As a result, there was increased cellular sensitivity

to ADP concentration.

STING activation can promote a glycolytic switch through TBK1 activation [350] and the
subsequent induction of inflammatory cytokines such as IL-6 [351]. However, activation of the
cGAS-STING pathway also results in type | IFN production, which negatively regulates glycolysis
[352]. The role of cGAS-STING in regulating autophagy and mitophagy are more elucidated. STING

activation is known to induce autophagy and mitophagy through TBK1 mediated inhibition of
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mMTORC1 [353] However, these mechanisms require further investigation in the context of skeletal

muscle.

In conclusion, H-151 may confer protective effects on mitochondrial health in skeletal muscle by
preventing proton leak and ADP sensitivity in the skeletal muscle of an experimental COPD model.
Mechanistically, this may be achieved through inhibiting a STING-dependent metabolic switch,
that is possibly mediated by TBK1 activation by STING. Targeting this switch may result in
improved skeletal muscle health and mitochondrial function, without a change to overall skeletal
muscle mass. Although no improvement in skeletal muscle mass was observed in this COPD
model, inhibition of STING mediated TBK1 activity may also promote protein synthesis by
inhibiting TBK1 mediated inhibition of mMTORC1. However, the metabolic pathways induced by
STING activation, and the effect of STING inhibition on those pathways require further

investigation.

The mitochondrial respiratory changes observed with CS exposure in this model indicated
disruption to mitochondrial functions. This provided the basis for a follow up study aimed at

improving mitochondrial function by inducing mitophagy with a dietary UA intervention.
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Chapter 5 Urolithin A (UA) as a novel treatment against COPD induced

cachexia.

5.1 Introduction

The results described in my previous chapters on muscle atrophy in various murine models of
pulmonary disease revealed that experimental COPD exhibited a significant reduction in both total
body weight and skeletal muscle mass, particularly in the gastrocnemius and quadriceps muscles.
This reduction was consistent across both male and female C57BL/6 mice. Additionally, CS
exposure in this model led to a marked decrease in N-A length, indicating impaired overall

development in these mice.

The previously examined murine models of experimental COPD were initiated in 8w old mice, an
age at which mice are considered sexually mature, but still juvenile. In these mice, COPD is
established by 16w old; however, this does not accurately reflect the typical age at which humans
are diagnosed with COPD, which usually occurs from approximately 45 years old, the equivalent of
about 1y old mice. Furthermore, young mice (8w old) are still in a developmental stage, continuing
to gain weight until around 24 weeks of age at which point weight plateaus [354]. This poses a
challenge for researching cachexia, which is characterized by strength and muscle loss over time.
In young mice CS prevented weight gain compared to control mice. This plateau made it difficult
to observe progressive muscle loss. In this chapter, | sought to further address my first thesis aim
of identifying an appropriate model of pulmonary disease-induced COPD by including a cohort of
1y old mice to better mimic the disease's progression in humans and the typical age of COPD

diagnosis (~45y old).
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In this chapter, | sought to evaluate the impact of Urolithin A treatment on inflammation, skeletal
muscle protein degradation, synthesis, and mitochondrial respiration in young and adult mice
within the context of experimental COPD. Pathway enrichment analysis of human biopsy data
from COPD patients indicated reduced mitochondrial biogenesis, evidenced by reduced expression
of genes associated with mitochondrial function in the quadriceps (Figure 3.29). Both systemic
inflammation and impaired mitochondrial function are known contributors to cachexia. The
therapeutic intervention used here was Urolithin A (UA). Studies on UA have demonstrated
significant benefits in skeletal muscle health in numerous in vivo models across various species, as
well as in human clinical trials. UA improves skeletal muscle function by enhancing mitophagy and
overall mitochondrial health, leading to increased muscle endurance, and reduced inflammation
and muscle atrophy. Moreover, these beneficial outcomes have been demonstrated in aged

mouse and human studies, so the treatment should remain relevant in 1y old mice.

Therefore, a UA intervention in the experimental COPD model was utilised to attempt to enhance
mitophagy and reduce the systemic inflammation associated with COPD in both young and old
mice. It was hypothesised that UA -induced mitophagy would improve skeletal muscle health and

mitigate muscle loss in experimental COPD.

5.2 Methodology and Experimental design

5.2.1 Overview of a Urolithin A dietary intervention, COPD model in young and adult

C57BL/6 mice.
8w old (Young) and 1y old (Adult) C57BL/6 female mice were subjected to an 8w experimental
COPD model where mice were exposed to CS from 12 cigarettes, twice/d, 5d/w. From 2w prior to

the start of the COPD model mice began treatment with UA (25mg/kg), which was given ad libitum
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in DietGel® Boost. An average daily serving of ~4.7g of boost gel was provided per cage of 4 mice,
into which UA was mixed. The mix was almost always completely eaten by early afternoon. Mice

were weighed daily (Monday-Friday).

8w CS-induced COPD C57BL/6 mice (n=8)

Ow 2w 8w 10w
L L 1 1
I 1 1 1
Group 1: < _ >
Boost gel (Vehicle control)
Group 2: > >
8w CS-exposure + CS exposure + boost gel
Group 3: < >

10w of daily Urolithin A treatment in boost gel(25mg/kg)

Young mice 1y.0. mice

»

C57BL/6

Figure 5.1 Overview of a UA dietary intervention in experimental COPD in young and adult

C57BL/6 mice.

C57BL/6 mice (n=8) were exposed CS or air for 8w. UA (25mg/kg) was given ad libitum in the diet
5d/w (Monday-Friday) for 2w prior to the beginning of CS exposure until the endpoint (10w). UA
was mixed into a calorie boost gel (Vehicle) that was also given to each group. Young and adult

mice were 8w and 1y old, respectively, at the commencement of H-151 treatment.

As a standard part of the labs smoke exposure safety operating procedure (SOP), CS exposure is
stopped if mouse weight loss exceeds 15% of the starting weight of that mouse. This did occur for

some of the mice in the adult mice CS and CS + UA treated groups.

An amendment to the project’s animal ethics allowed certain mice that were still deemed healthy
but had exceeded 15% weight loss to continue CS exposure. This was done because adult mice had

much higher starting weights (25.77g-33.88g) than the young mice cohort (17.9g-19.79g). As a
180



result, some adult mice did not receive CS exposure for one week of the model despite being
considerably heavier than other mice that were still receiving CS exposure. One mouse that
temporarily halted CS-exposure was 28.2g (we routinely smoke young mice that weigh as little as
16g). This amendment changed the criteria for the cessation of smoking by adding the need for a
second condition besides an arbitrary weight loss figure. This condition was based on category 2
conditions for monitoring infected animals. These conditions are, signs of being ungroomed,
reddening and swelling at an injection site (in the context of this COPD model this was the area
exposed to CS), coughing and sneezing, aggression, abdominal swelling, hunched posture,
awkward gait, lack of defecation when handling and loose stool. These criteria were introduced to
maximise the accuracy of our model, without unnecessarily compromising the wellbeing of any
mice. CS was well tolerated by all adult mice that had >15% weight loss, and no adverse events

were reported during the duration of the model.
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5.3 Flow cytometry — Urolithin A intervention in an experimental model of COPD in

young and adult mice

5.3.1 Flow Cytometry — Fluorescent antibodies, Live/dead (L/D) stain and compensation

beads

CD45 BV 786 400 Violet | 30-F11 BD Horizon 564225 3152770
BD
CD4 PerCP 200 Blue RM4-5 553052 9052677
Pharmingen
CD8a BUV 805 200 uv 53-6.7 BD Horizon 612898 3109401
CD19 APC-Fire 750 200 Red 6D5 BioLegend 115558 B379744
TCR beta BV 510 200 Violet | H57-597 BioLegend 109233 B397405
CD11b BUV 395 400 uv M1/70 BD Horizon 563553 3109427
F4/80 BUV 737 100 uv T45-2342 BD OptiBuild | 749283 4036011
Ly-6G BV 711 200 Violet | 1A8 BD Horizon 563979 1225765
BD
Ly-6C PE-Cy7 200 Yellow | AL-21 560593 1040494
Pharmingen
CD11c FITC 200 Blue N418 BioLegend 117306 B370929
CD170
AF 647 200 Red S17007L BioLegend 155520 B38699
(Siglec-F)
CD115 (CSF-
PE-Dazzle 594 | 200 Yellow | AFS98 BiolLegend 135528 B374475
1R)
MHCII (I-A/1- 56-5321-
AF 700 400 Red M5/114.15.2 | Invitrogen 2608864
E) 82
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Live &Dead

BUV450 800 uv - ThermoFisher | L23105 267402
(L/D)
UltraComp™ Mouse, Rat, 01-2222-

- - - Invitrogen -
eBeads Hamster 42
BD™ Rat, BD

- - - 552845 -
CompBeads Hamster Ig,k | Biosciences

Table 5.1 Flow Cytometry — Fluorescent antibodies.

Bronchoalveolar lavage fluid (BALF) and blood leukocytes were isolated and incubated with
primary antibodies. Antibody concentration, fluorophore, dilution factor (DIF), laser type needed
for fluorophore activation, clone, company from which the antibody was bought, category number

(#) and lot # are provided.

5.3.2 Flow Cytometry — Sample preparation and fluorescent antibody incubation

Blood was collected by cardiac puncture, injected into a MiniCollect Tube 1ml K3EDTA (InterPath
Services) and placed on ice to prevent coagulation. BALF was collected in 1.5mL microcentrifuge
tubes, put on ice, and the volume of BALF recovered, out of 1mL, was recorded so that total

leukocyte concentration could be calculated. Buffers were prepared as described in Table 5.2.

Blood sample preparation: 300ulL of blood was added to a screw cap, 50mL conical centrifuge
tube (FALCON). 10mL of (red blood cell) RBC lysis buffer was added to the tube and kept on ice for
7 minutes. 20mL of FACS buffer was added and sample was centrifuged at 350g for 5 minutes.
Supernatant was discarded, and the cell pellet resuspended in 420uL of fluorescence-activated cell
sorting (FACS) buffer on ice. 200uL of sample was added to the respective V-bottom well based on

the plate map (Table 2.10). 200uL of each remaining sample was pooled and the pooled sample
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was added to the pooled sample wells (Table 2.10). Pooled blood sample was used instead of BALF

as total cells recovered are usually much lower.

BALF sample preparation: BALF samples were centrifuged at 300g for 5m at 4°C and supernatant
transferred into fresh 1.5mL microcentrifuge tubes (stored at -80°C). 250uL of RBC lysis buffer was
added to the cell pellet for 5m on ice before being neutralised with 1mL HANKS buffer. Cells were
centrifuged again at 300g for 5m at 4°C, the supernatant was discarded, and cell pellet
resuspended in HANKS buffer. 200uL of sample was added to the respective V-bottom well based
on the plate map and 20uL was kept for calculating total leukocytes in each BALF sample. This was
done using a 2:1 dilution in trypan blue and counting cells using a light microscope and

haemocytometer.

L/D staining: Once all samples, including pooled and unstained samples, were plated the plate was
centrifuged at 300g for 5m (SS beads plated before cells). Cells were re-suspended in 50ul of Live
dead (L/D) stain (L23105 Thermo Fisher). L/D was made up fresh on the day (made up in PBS not
FACS otherwise the serum will inhibit it). L/D stain was not added to the SS or unstained wells.
50uL of FACS buffer was instead added to the unstained and Fc block was added to the single
stain. Cells were then incubated for 20m in the dark at 4°C. 150uL of PBS was added and samples

were centrifuged at 300g for 5m. Supernatant was discarded.

Incubation with antibodies: Cells were resuspended in 50uL of antibody cocktail and incubated
for 30m in the dark at 4°C. 50uL of CytoPERM (fix buffer) was added and the cells were incubated
for 20m in the dark at 4°C. 150uL of FACS buffer was then added, and samples were centrifuged at
300g for 5m, and supernatant was discarded. 100uL of FACS buffer was then added to each well.

100uL more FACS buffer was added just before flow cytometric analysis.
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5.3.3 Flow Cytometry Buffers

FACS buffer 1X sterile PBS 1L (filter sterilise working stock)
1% BSA (minimal to decrease 10g
interference)
EDTA (2mM) 4mL of 0.5M EDTA stock
10X HEPES HEPES (0.1M; pH7.4) 23.83g
(4-(2- NaCl (150mM) 87.66g
Hydroxyethyl)piperazine-
y vethyllpip KCl (50mM) 3.72g
1-ethane-sulfonic acid)
MgCl; (10mM) 2.033g
CaClyeH,0 (18mM) 2.6g
MilliQ Make up to 1L; pH7.4; filter
sterilise

Table 5.2 Flow Cytometry — Buffers with stock concentrations of each reagent and working stock

concentration.

185



5.3.4 Flow Cytometry - Gating strategy for a Urolithin A intervention in young and adult

mice in an experimental COPD model: FlowJo™ (v10.10) software.
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Table 5.3 Flow Cytometry - Gating strategy for a Urolithin A intervention in young and adult

mice in an experimental COPD model.

Gating strategy and flow cytometry analysis done using FlowJo™ (v10.10) software.
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5.4 Lung function, whole body and skeletal muscle weights of young and old mice
with experimental COPD treated with UA intervention

5.4.1 Lung function decline was observed in young and old mice in an experimental COPD
model and lung volumes were increased with UA treated CS exposed adult mice.

Young (8w old) and adult (1y old) C57BL/6 female mice were exposed to the smoke of 12

cigarettes twice daily, 5d/w for 8w. Some mice were treated with UA (25mg/kg) in the diet ad

libitum beginning 2w prior to the start of CS-exposure.

Young mice air, CS and CS+UA group comparison: CS exposed young mice had significantly higher
TLC and hysteresis (Figure 5.2: C+D) in comparison to room air exposed mice, but not in
comparison to the CS only mice (Figure 5.2: A). CS+UA treatment also increased IC compared to

room air exposed mice, but not when compared to CS exposure alone.

Adult mice air, CS and CS+UA comparisons: CS+UA treated adult mice had increased IC, FVC, TLC
and hysteresis compared to room air exposed adult mice (Figure 5.2: A-D). However, CS alone only

had higher IC and TLC, compared to the room air exposed group (Figure 5.2: A+C).

Young vs adult comparison: In adult CS exposed mice, IC, FVC and TLC (Figure 5.2: A-C) were
significantly increased, and Rrs and Rn were decreased (Figure 5.2: E+F) compared to young mice
across all groups. Hysteresis was also significantly higher in CS+UA treated adult mice compared to

CS+UA treated young mice (Figure 5.2: D).

These data showed significant differences in lung function outcomes between young and adult
mice. It also demonstrated the negative impact of smoking on lung function, verifying that our

model of COPD worked in this instance. Surprisingly, UA treatment appeared to increase some
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lung volume parameters in CS exposed mice, particularly in adult mice.
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Figure 5.2 Lung function decline was observed in young and adult mice in an experimental COPD

model and lung volumes were increased with UA treated CS exposed old mice.

The lung function of UA treated young (8w old), and adult (1y old) C57BL/6 mice (n=8) was
assessed under anaesthetic at endpoint using a SCIREQ Flexivent, after 8w of cigarette smoke (CS)
or air exposure. A Inspiratory capacity (IC) is a measure of the amount of air that can be inhaled
after normal exhalation. B Forced vital capacity (FVC) is the total volume of air exhaled during a
forced expiration. C Total lung capacity (TLC) is the maximum possible lung volume. D Hysteresis is
a measure of recoil and surface tension of the lungs. E Resistance (Rrs) is a dynamic measure of
lung constriction. F Central airway resistance (Rn). Two-way Anova with Dunnett’s multiple
comparisons test statistical analysis was performed and statistically significant comparisons are
shown. Individual values were graphed with mean + SD displayed. Results with a P-value<0.05

were considered significant (*P<0.05; **P<0.01; ***P<0.001, ****P<0.0001).
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5.4.2 CS-impaired development in young mice and caused rapid weight loss in adult mice
in an experimental model of COPD which was not attenuated by UA treatment.

Young (8w old) and adult (1y old) C57BL/6 female mice were exposed to the smoke of 12

cigarettes twice daily, 5d/w for 8w. Some mice were treated with UA (25mg/kg) in the diet ad

libitum beginning 2w prior to the start of CS-exposure.

There was no effect of UA treatment on body weight over time in either young or adult mice
exposed to CS (Figure 5.3: A-E) and CS-exposure had a negative impact on weight in both ages

compared to room air exposed mice (Figure 5.3: A+B).

In young mice, CS-exposure impaired weight gain and caused weight to plateau from day 18 when
CS exposure began. In contrast, young room air exposed mice continued to gain weight over time

(Figure 5.3: C+D).

In adult mice, CS-exposure caused rapid weight loss of >15% compared to starting weight (Figure
5.3: E+F), however room air exposed adult mice continued to maintain a steady weight throughout

the time-course.

These data demonstrated the negative effect of CS exposure on the weight of young and adult
mice. UA treatment did not recover mouse weight in young mice or prevent a decline in weight in

adult mice that were CS exposed.
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Figure 5.3 CS-impaired development in young mice and caused rapid weight loss in adult mice in

an experimental model of COPD which was not attenuated by UA treatment.

UA treated young (8w old), and adult (1y old) C57BL/6 mice (n=8) were exposed to cigarette
smoke (CS) or air for 8w and weighed 5d/w (Monday-Friday) up until the endpoint (10w). A+B
Total body weight over time and percentage change over time for all groups. C+D Total body
weight over time and percentage change over time for young mice. E+F Total body weight over
time and percentage change over time for old mice. A mixed-effect analysis (REML) statistical
analysis was performed for analysis of mouse body weight over time. Individual values were
graphed with mean displayed. Results with a P-value<0.05 were considered significant

(****P<0.0001).
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5.4.3 Skeletal muscle mass was decreased in an experimental model of COPD in young
and adult mice treated with UA

Young (8w old) and adult (1y old) C57BL/6 female mice were exposed to the smoke of 12

cigarettes twice daily, 5d/w for 8w. Some mice were treated with UA (25mg/kg) in the diet ad

libitum beginning 2w prior to the start of CS-exposure.

Young mice air, CS and CS+UA group comparison: Young, CS exposed mice had lighter
gastrocnemius and quadriceps muscles compared to young air controls regardless of treatment
(Figure 5.4: A+B), but there was no change to soleus, EDL or N-A length with CS-exposure (Figure

5.4: C-E).

Adult mice air, CS and CS+UA comparisons: CS exposed adult mice had lighter gastrocnemius
muscles compared to air exposed adult mice (Figure 5.4: B). UA treatment prevented a significant
reduction in gastrocnemius muscles in adult mice, but it was not significantly higher in weight
compared to CS exposed mice, suggesting a moderately protective effect of UA treatment against
CS-induced cachexia in adult mice (Figure 5.4: B). There were no significant changes to quadriceps,

soleus or EDL weights in adult mice, regardless of CS or UA treatment status.

Young vs adult comparison: Adult mice had heavier gastrocnemius muscles compared to young
mice across all treatment groups (Figure 5.4: A) and UA treated adult mice also had heavier
guadriceps than their young UA treated counterparts (Figure 5.4: B). There were no significant
differences in soleus or EDL weights between young or adult mice, regardless of treatment status
(Figure 5.4: C+D). Adult mice had higher N-A length compared to young mice, which was not

changed with CS-exposure or UA treatment (Figure 5.4: E).

In summary, it was expected that adult mice would have higher skeletal muscle mass than young

mice and indeed the gastrocnemius muscles were larger in adult mice than young mice and N-A
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length was also higher in adult mice compared to young mice. Surprisingly, the quadriceps of
young and adult mice were very similar weights, and there were no significant differences in
soleus or EDL weights. UA treatment did prevent a significant decrease in gastrocnemius weight,

suggesting a mild protective effect against Cs induced muscle loss in young mice.
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Figure 5.4 Skeletal muscle mass was decreased in an experimental model of COPD in young and

adult mice treated with UA.

UA treated young (8w old), and adult (1y old) C57BL/6 mice (n=8) were exposed to cigarette
smoke (CS) or air for 8w. Skeletal muscles were gathered on day of endpoint and weighed
immediately following BALF and blood collection. A-D Gastrocnemius, quadricep, soleus and EDL
weight (mg) respectively. E N-A length (cm). Two-way Anova with Sidak's multiple comparisons
test statistical analysis was performed and individual values were graphed with mean + SD
displayed. All comparisons are shown. Results with a P-value<0.05 were considered significant

(*P<0.05; **P<0.01; ***P<0.001, ****P<0.0001).
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5.5 Flow Cytometric analysis of the Blood and BALF

5.5.1 BALF total leukocytes were increased in an experimental model of COPD in young
and adult mice treated with UA

Young (8w old) and adult (1y old) C57BL/6 female mice were exposed to the smoke of 12

cigarettes twice daily, 5d/w for 8w. Some mice were treated with UA (25mg/kg) in the diet ad

libitum beginning 2w prior to the start of CS-exposure. BALF was collected immediately after lung

function analysis and stored on ice before antibody incubation for flow cytometry preparation.

There was a significant increase in BALF leukocyte induction in young and adult mice which was

not changed by UA treatment (Figure 5.5: A).

Young mice air, CS and CS+UA group comparison: CS-exposure in young mice resulted in a
significant increase in T helper cells, dendritic cells, monocytes and neutrophils than in room air

exposed mice (Figure 5.5: B, E, F, H).

Adult mice air, CS and CS+UA comparisons: UA treatment significantly increased T helper cells
and B cells compared to the air control in adult mice, but CS-exposure alone did not produce the
same effect (Figure 5.5: B+D). However, CS-exposure increased cytotoxic T cells, dendritic cells,
monocytes and neutrophils (Figure 5.5: C, E, F H), but decreased macrophages in the BALF (Figure

5.5: G).

Young vs adult comparison: CS-exposure in adult mice resulted in a higher cytotoxic T cells in the
BALF compared to young mice (Figure 5.5: C) and more macrophages in room air exposed adult
mice compared to young mice (Figure 5.5: G). Adult mice treated with UA also had significantly
higher cytotoxic T cells, B cells and monocytes compared to UA treated young mice (Figure 5.5: C,
D, F). UA treatment did not significantly alter induction of immune cells into the BALF compared to

CS-exposure only groups (Figure A-1). However, UA treatment did prevent a significant increase in

197



dendritic cell induction compared to the air control in both young and adult mice (Figure 5.5: E),
suggesting a potentially dendritic cell specific role for UA in immune cell induction. An increase in
dendritic cell numbers is consistent with several studies that have demonstrated an increase in
dendritic cell populations in the lungs of COPD patients, and due to CS exposure [355]. As
reviewed by Tsoumakidou et al., dendritic cell subsets have many known roles in COPD which can
differ based on smoking status. Dendritic cells are professional antigen presenting cells that can
migrate to the lymphoid follicles in the lung and activate naive T cells, causing clonal expansion
and Th1/17 and CD8+ T cell mediated inflammation [356]. This was reflected in my results by the

increase in both CD4+ and CD+ T cells (Figure 5.5 B+C).

These data demonstrated again the differences between young and adult mice responses to CS-
induced COPD, and the differential effects of UA treatment on the induction of dendritic cells into

the lung lumen.
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Figure 5.5 BALF total leukocytes were increased in an experimental model of COPD in young and

adult mice treated with UA.

BALF was collected from the left lung only and cells analysed by flow cytometry for different
immune cell populations. AT helper cells (CD3+TCRb+CD4+). B Cytotoxic T cells (CD3+TCRb+CD8+).
C B cells (CD19+). D Dendritic cells (CD11c+). E Monocytes (CD11b+F4/80-). F Macrophages
(F4/80+ CD115+CD11c-). G Neutrophils (Ly6G+). H Eosinophils (SiglecF+). Two-way Anova with
Dunnett’s multiple comparisons test statistical analysis was performed and statistically significant
comparisons are shown. Individual values were graphed with mean * SD displayed. Results with a

P-value<0.05 were considered significant (*P<0.05; **P<0.01; ****P<0.0001).
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5.5.2 Immune cell ratios in the blood were different between young and adult mice in an
experimental model of COPD with UA treatment

Young (8w old) and adult (1y old) C57BL/6 female mice were exposed to the smoke of 12

cigarettes twice daily, 5d/w for 8w. Some mice were treated with UA (25mg/kg) in the diet ad

libitum beginning 2w prior to the start of CS-exposure. Flow cytometric analysis of the blood

yielded ratios of individual immune cell types to total circulating leukocytes as defined by the

CD45+ cell leukocyte marker.

Young mice air, CS and CS+UA group comparison: Young CS exposed mice had a decreased ratio
of circulating T helper cells compared to the room air young mice (Figure 5.6: A) but a higher ratio
of dendritic cells with CS-exposure, that was not observed in UA treated young mice (Figure 5.6:

D).

Adult mice air, CS and CS+UA comparisons: UA treated adult mice had a decreased proportion of
circulating monocytes and macrophages compared to the room air adult mice, but not compared
to the CS exposed mice (Figure 5.6: E+F). No other significant changes to the ratio of circulating

immune cells was observed in adult mice.

Young vs adult comparison: Adult mice had lower circulating cytotoxic and helper T cells in the
blood compared to young mice, regardless of CS-exposure or UA treatment (Figure 5.6: A+B), and
adult air control mice also had a higher proportion of circulating monocytes (Figure 5.6: E).
Furthermore, UA treatment resulted in a decreased proportion of B cells (Figure 5.6: C), but more

neutrophils and eosinophils (Figure 5.6: G+H).

These data demonstrate the differences in the ratios of circulating leukocytes between young and
adult mice, as well as the impact of CS-exposure and UA treatment. UA again showed an ability to

decrease dendritic cell induction which may warrant further investigation in future models.
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Figure 5.6 Immune cell ratios in the blood were different between young and adult mice in an

experimental model of COPD with UA treatment.

Blood was collected by cardiac puncture and plasma isolated was analysed by flow cytometry for
different immune cell populations. Each cell type is displayed as a ratio to total leukocytes
(CD45+). AT helper cells (CD3+TCRb+CD4+). B Cytotoxic T cells (CD3+TCRb+CD8+). C B cells
(CD19+). D Dendritic cells (CD11c+). E Monocytes (CD11b+F4/80-). F Macrophages (F4/80+
CD115+CD11c-). G Neutrophils (Ly6G+). H Eosinophils (SiglecF Two-way Anova with Dunnett’s
multiple comparisons test statistical analysis was performed and statistically significant
comparisons are shown. Individual values were graphed with mean £ SD displayed. Results with a

P-value<0.05 were considered significant (*P<0.05; **P<0.01; ***P<0.001, ****P<0.0001).
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5.6 Immunoblot analysis of the quadriceps from young (8w old) mice in an
experimental COPD model with Urolithin A treatment

5.6.1 Protein degradation-associated protein abundance was unaffected by UA treatment
or CSin an experimental COPD model

Young (8w old) and adult (1y old) C57BL/6 female mice were exposed to the smoke of 12

cigarettes twice daily, 5d/w for 8w. Some mice were treated with UA (25mg/kg) in the diet ad

libitum beginning 2w prior to the start of CS-exposure. There was no significant change to MuRF1,

atrogin-1 or GADD45a expression in the quadriceps of young mice after CS-exposure or UA

treatment (Figure 5.7: A-C).
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Figure 5.7 Protein degradation-associated protein abundance was unaffected by UA treatment

or CS in an experimental COPD model.

Immunoblot analysis was used to assess the abundance of protein degradation-associated
proteins in the quadriceps from UA treated young (8w old) C57BL/6 mice (n=8) after 8w CS or
room air exposure. Densitometric analysis was performed on membranes for A MuRF1 B Atrogin-1
and C GADD45a relative to total protein. D Membrane images of MuRF1 (40kDa), Atrogin-1
(42kDa), GADD45a (22kDa) and representative total protein stain (ponceau) used to normalise

band intensity for densitometric analysis. Ordinary one-way Anova with Tukey’s multiple
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comparison statistical analysis was performed on each data set. Individual values were graphed

with mean + SD displayed. Results with a P-value<0.05 were considered significant.
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5.6.2 cGAS and STING protein abundance in the quadriceps from mice in an experimental
COPD model were unmodulated by CS exposure or UA treatment

Young (8w old) and adult (1y old) C57BL/6 female mice were exposed to the smoke of 12

cigarettes twice daily, 5d/w for 8w. Some mice were treated with UA (25mg/kg) in the diet ad

libitum beginning 2w prior to the start of CS-exposure. There was no significant change to cGAS or

STING expression in the quadriceps of young mice after CS-exposure or UA treatment (Figure 5.8:

A-B).
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Figure 5.8 cGAS and STING protein abundance in the quadriceps from mice in an experimental

COPD model were unmodulated by CS exposure or UA treatment.
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Immunoblot analysis was used to assess the abundance of cGAS and STING proteins in the
quadriceps from UA treated young (8w old) C57BL/6 mice (n=8) after 8w CS or room air exposure.
Densitometric analysis was performed on membranes for A cGAS and B STING relative to total
protein. C Membrane images of cGAS (60kDa) and STING (42kDa) and representative total protein
stain (ponceau) used to normalise band intensity for densitometric analysis. Ordinary one-way
Anova with Tukey’s multiple comparison statistical analysis was performed on each data set.
Individual values were graphed with mean + SD displayed. Results with a P-value<0.05 were

considered significant.
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5.6.3 Akt activity was decreased by CS exposure +UA treatment in the quadriceps of
young mice from an experimental COPD model.
Young (8w old) and adult (1y old) C57BL/6 female mice were exposed to the smoke of 12
cigarettes twice daily, 5d/w for 8w. Some mice were treated with UA (25mg/kg) in the diet ad
libitum beginning 2w prior to the start of CS-exposure. There were no changes to CS total mTOR or
Akt protein expression (Figure 5.9: A+D), or activation of Akt by Thr308 phosphorylation (Figure
5.9: B-C) in the quadriceps of young mice after CS-exposure or UA treatment. However, there was
a significant decrease in the activation of Akt with UA treatment in CS exposed young mice, as
measured by Ser473 phosphorylation on Akt (Figure: 5-9: E). As a result, this may infer a role for
CS-exposure and UA in decreasing Akt activation, thus limiting mTORC1 mediated protein

synthesis.

209



Akt relative to total protein
(Fold change)

mTOR relative to total protein
(Fold change)

Akt Thr308 p-Akt Thr308 p-Akt/Akt

A 0.6579 0.9754 £ B 0.8586 C 0.5222
o 0.9633 0.6810
1.5+ 0.5283 g 20— 0977006307 254 i
' ' s i
hd S X __ 2.0 o
o P <o
s <5154
°>’ © L w1
2 < T A
‘ES' o Qo
o 23 X T 1.0
0.54 g LE ‘3 uc:
- £ = 0.5
o
0.0- | 3 0.0-
. ] .
Ll Ny £ L Ny
\y C + o A
o &
Ser473 p-Akt © SMK
er. p-
D 0,%19_553 c 0.1305 0.8115 F Serd73 p-Akt/Akt 2 SMK + UA
I o 0.0386 0.0872
0.9801 5 : :
157 A 2 209 4 39 0.2191 0.8646
T 1
o0 S -
A helir ) =3 ]
1.0 29 S 5,
[ X C
2 < <It g
o ®° oG
23 )
0.5- =0 $ 0 1-
L 5L
g n
Y
0.0- T R 0-
: <
Sl N 5 & &
& » &
N P
G SMK SMK SMK SMK
L L E= < < L < L
g ¢ 5 2 &8 5 ¢ ¢ 5 ¢ ¢ S
289kDa----- -------mTOR
60kDa gy S SR S e e e S e p-AktSer4T3
60kDa . p-AkgThr308
60kDa ------------ Akt
100kDa -
Total protein
(Ponceau)
30kDa -

210



Figure 5.9 Akt activity was decreased by CS exposure +UA treatment in the quadriceps of young

mice from an experimental COPD model.

Immunoblot analysis was used to assess mTOR and Akt and p-Akt protein abundance in the
quadriceps from UA treated young (8w old) C57BL/6 mice (n=8) after 8w CS or room air exposure.
Densitometric analysis was performed on membranes for A Akt, B p-Akt™3% C p-Akt™3%8/Akt D p-
Aktser473 E p-Akt>e473/Akt and F mTOR relative to total protein in the quadriceps of female C57BL/6
mice exposed to CS for 8w and treated daily with H-151 (i.n.). G Western blot membrane images
and representative total protein stain (ponceau) used to normalise band intensity for
densitometric analysis. Ordinary one-way Anova with Tukey’s multiple comparison statistical
analysis was performed on each data set. Individual values were graphed with mean + SD

displayed. Results with a P-value<0.05 were considered significant.
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5.6.4 The abundance of p-rpS6 was decreased in the quadriceps of young mice from an
experimental COPD model and was not prevented with UA treatment.

Young (8w old) and adult (1y old) C57BL/6 female mice were exposed to the smoke of 12

cigarettes twice daily, 5d/w for 8w. Some mice were treated with UA (25mg/kg) in the diet ad

libitum beginning 2w prior to the start of CS-exposure.

There were no changes in total or Thr37/46 phosphorylated 4E-BP1 (Figure 5.10: G-1). However,
there was a significant overall decrease in phosphorylated S6K, (Figure: 5-10: A-C) and Ser235/236
p-rpS6 in CS exposed mice with and without treatment (Figure 5.10: E+F), but no significant effect
on total protein (Figure 5.10: A+D). Together, these results may indicate reduced mTORC1 activity
and reduced protein synthesis, as S6K and 4E-BP1 are both phosphorylated by mTORCL1. Also
decreased S6K activation may explain a reduction in p-rpS6 in CS exposed mice, since S6K activates

rpS6 through Ser235/236 phosphorylation.
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Figure 5.10 The abundance of p-rpS6 was decreased in the quadriceps of young mice from an

experimental COPD model and was not prevented by UA treatment.

Immunoblot analysis was used to assess the abundance of downstream effectors of mTORC1 in
the quadriceps from UA treated young (8w old) C57BL/6 mice (n=8) after 8w CS or room air
exposure. Densitometric analysis was performed on membranes for A S6K B p-S6K™38°C p-
S6K™389/ S6K D rpS6 E p-rpS6°e23%/236 F p-rpS6°e235/236/rnS6 G 4E-BP1 H p-4E-BP1™37/46 and | p-4E-
BP1™r37/46/AE-BP1 abundance relative to total protein J Western blot membrane images with a
representative total protein stain (ponceau) used to normalise band intensity for densitometric
analysis. Ordinary one-way Anova with Tukey’s multiple comparison statistical analysis was
performed on each data set. Individual values were graphed with mean * SD displayed. Results

with a P-value<0.05 were considered significant.
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5.6.5 The abundance of ETC complex proteins was unaltered in the quadriceps of young
mice from an experimental COPD model and was not affected by UA treatment

Young (8w old) and adult (1y old) C57BL/6 female mice were exposed to the smoke of 12

cigarettes twice daily, 5d/w for 8w. Some mice were treated with UA (25mg/kg) in the diet ad

libitum beginning 2w prior to the start of CS exposure.

In contrast to the first 8w COPD model (Figure 3.28: E), but similarly to the H-151 intervention
COPD model (Figure 4.8), there were no observed changes in complex V subunit protein
expression in this model, regardless of CS exposure or treatment status (Figure 5.11: E). There was

also no observed change to other complex subunit proteins (Figure 5.11: A-D).
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Figure 5.11 The abundance of ETC complex proteins was unaltered in the quadriceps of young

mice from an experimental COPD model and was not affected by UA treatment.

Immunoblot analysis was used to assess the abundance of electron transport chain (ETC) complex
proteins in the quadriceps from UA treated young (8w old) C57BL/6 mice (n=8) after 8w CS or
room air exposure. Densitometric analysis was performed on membranes for A Complex |
(NDUFB8) B Complex Il (SDHB) C Complex Il (UQRC2) D Complex IV (MTCO1) E Complex V
(ATP5A). F Western blot membrane images and total protein stain (ponceau) used to normalise
band intensity for densitometric analysis. Ordinary one-way Anova with Tukey’s multiple
comparison statistical analysis was performed on each data set. Individual values were graphed

with mean + SD displayed. Results with a P-value<0.05 were considered significant.
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5.7 Urolithin A decreased ETC complex | respiration and proton leak, and ADP

sensitivity in young, but not adult, mice in an experimental model of COPD

The gastrocnemius muscle was collected at the endpoint and 15-25mg of fresh tissue was excised
from the hip-end of the muscle and placed in BIOPS buffer at 40C for later use in Oroborus

measurements of mitochondrial respiration.

Complex | linked proton flux (Figure 5.12: A), complex | linked OXPHOS (Figure 5.12: B), combined
complex &Il linked OXPHOS (Figure 5.12: C), and maximally uncoupled proton flux (Figure 5.12: D)
was higher in young air control and CS exposed mice compared to adult mice but was similar in

mice treated with UA (Figure 5.12: A-D).

There was no significant effect of CS-exposure or UA treatment on complex | linked proton flux
(Figure 5.12: A), complex | linked OXPHOS (Figure 5.12: B), combined complex I&Il linked OXPHOS

(Figure 5.12: C) and maximally uncoupled proton flux (Figure 5.12: D).

However, there were changes in young mice with CS-exposure and UA treatment. CS-exposure +
UA treatment significantly decreased complex | linked proton flux (Figure 5.12: A) and complex |
linked OXPHOS (Figure 5.12: B) compared to air control and CS-exposure only groups.
Furthermore, and maximally uncoupled proton flux maximally uncoupled proton flux was

decreased by UA treatment compared to air control but not to CS exposed mice (Figure 5.12: D).

These results demonstrate significant differences in mitochondrial dynamics between young and

adult mice skeletal muscle, and the potential for UA as a modulator of mitochondrial function.
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Figure 5.12 Urolithin A decreased ETC complex | respiration and proton leak, and ADP sensitivity

in young mice, but not adult mice, in an experimental model of COPD.

Oroboros Oxygraph-2k analysis of gastrocnemius’ mitochondrial respiration from a Urolithin A
treatment model of COPD in young and adult female C57BL/6 mice. A Oxygen consumption rate
attributed to complex | linked proton flux across the inner mitochondrial membrane that bypasses
ATP synthase (pmol.sec-1.mg-1). B Oxygen consumption rate attributed to Complex | linked
OXPHOS capacity (pmol.sec-1.mg-1). C Oxygen consumption rate attributed to OXPHOS capacity of
complex | and Il (pmol.sec-1.mg-1). D Maximal oxygen consumption rate with oligomycin induced
decoupling of proton flux across the inner mitochondrial membrane. E+F Oxygen consumption
rate with increasing doses of ADP. Ordinary one-way Anova with Tukey’s multiple comparison
statistical analysis was performed on each data set (A-D) and individual values were graphed with
mean % SD displayed. Two-way Anova Tukey’s multiple comparison statistical analysis was
performed on the ADP sensitivity data (E+F) and replicate values were graphed as mean + SD.
Results with a P-value<0.05 were considered significant (*P<0.05; **P<0.01; ***P<0.001,

**%%=p<0) 0001).
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5.8 Muscle Fiber Area was decreased in young, but not adult mice, in an

experimental model of COPD, which was prevented with UA treatment

Young (8w old) and adult (1y old) C57BL/6 female mice were exposed to the smoke of 12
cigarettes twice daily, 5d/w for 8w. Some mice were treated with UA (25mg/kg) in the diet ad
libitum beginning 2w prior to the start of CS exposure. No significant changes to MFA were
observed for the 8w H-151 intervention model (Figure 4.10), which was carried out in 8w old mice.
However, the young mice in this model which were of the same age had a significant decrease in
MFA with CS exposure, and UA treatment prevented a significant decrease in MFA but was not

significantly increased when compared to the CS exposure alone (Figure 5.13).
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Figure 5.13 Muscle Fiber Area was decreased in young, but not adult mice, in an experimental

model of COPD, which was prevented with UA treatment.

Cross sectional areas (CSA) were taken of the quadriceps mid-belly from an Urolithin A
intervention murine model of CS-induced COPD in young and adult mice. CSAs were haematoxylin
and eosin (H&E) stained. Brightfield images of quadriceps CSAs were imaged at 20X magnification.
Images were imported into Image) and muscle fibre areas were measured manually by drawing
around each fibre for at least 100 technical replicates per biological sample. Ordinary one-way
Anova with Tukey’s multiple comparison statistical analysis was performed on each data set and
individual values were graphed with mean £ SD displayed. Results with a P-value<0.05 were

considered significant (*P<0.05; **P<0.01; ***P<0.001, ****=P<0.0001).
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Discussion — Chapter 5

The aim of this study was to mitigate CS-induced muscle loss in an 8-week experimental model of
COPD, using the dietary supplement/metabolite Urolithin A (UA) in both young and adult mice. UA
has demonstrated efficacy in various disease models and clinical settings, where it improved
muscle health and endurance, increased lifespan, reduced systemic inflammation, and induced
mitophagy in skeletal muscle [285-291, 294]. These properties made UA a potential therapeutic
candidate for improving skeletal muscle health while inhibiting inflammation and mitochondrial
dysfunction-mediated muscle atrophy. Adult mice were included alongside young mice as they
better reflect the age at which humans typically develop COPD. In adult mice, reductions in
protein synthesis and increased degradation are more likely to manifest as loss of muscle mass,
whereas in young mice, such effects often result in a plateau in growth as they are still growing.
This is particularly important when considering the definition of cachexia, which refers to weight
loss over time, which does not happen in young mice, making it a less viable model for studying

cachexia compared to the same models in adult mice [1].

For both young and adult mice exposed to CS there were lung function changes consistent with
what is observed in COPD patients. These changes also were consistent with the three other
murine models of COPD that were investigated in my previous chapters. As anticipated, the young
mice exposed to CS plateaued in weight, whereas the air control mice continued to gain weight. In
contrast, adult mice, which were fully developed, lost weight when exposed to CS but adult air
control mice maintained consistent weight . Adult mice better reflected cachexia as seen in COPD
patients than young mice, by more closely emulating the age of a typical COPD diagnosis and,
since they were fully grown, the mice lost weight as opposed to plateauing in weight like the

young mice.
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Interestingly, this model revealed a decrease in MFA with CS exposure in young mice, which was
not observed in older mice. While UA mitigated this decrease in MFA, it was not significantly
improved when compared to CS exposure alone. These findings, for the first time highlight the

impact of CS exposure on muscle hypertrophy in an experimental model of COPD.

Notably, the observation that this effect was limited to young mice provides insights into how CS
exposure might impair hypertrophy. Supporting this, a study investigating muscle mass in 1.5-, 5-,
12-, and 24-month-old male C57BL/6 mice demonstrated that testosterone depletion significantly
reduced muscle mass in the 1.5- and 5-month-old cohorts but had no effect on older mice.
Similarly, MFA was reduced only in the younger mice and specifically in the tibialis anterior muscle

[357].

These findings suggest that CS exposure may impair muscle mass development and hypertrophy in
young mice by reducing testosterone production or interfering with its downstream signalling
pathways. However, previous studies have shown that CS increases free circulating testosterone
levels in men [358-360], suggesting that the inhibition of downstream targets of testosterone,
rather than a reduction in testosterone itself, is more likely to contribute to muscle atrophy and
reduced hypertrophy in our model. This idea that smoking has effects downstream of testosterone
is further supported by studies that show testosterone is required for early hypertrophy and
development in neonatal mice. Therefore, if smoking were to increase testosterone the obvious
outcome would be a significant increase in muscle mass and MFA, however the opposite is true in

this case and in humans [361, 362].

As previously outlined in humans, cachexia is typically diagnosed on the basis of weight loss (~5-
10%) over a given period (~6-12 months) [1]. On average, adult mice exposed to CS lost greater

than 10% mass over the course of 8w. This was a rapid weight decrease and may be more
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reflective of what is observed during an acute exacerbation in COPD [104, 105, 363]. During acute
exacerbations, COPD patients can be hospitalised for extended periods and experience an
increased rate of weight loss [364], reduced physical activity and muscle strength [365-367]. In
turn, these symptoms are associated with increases in total exacerbations over time. Thus,
preventing this positive feedback loop of exacerbation-increased symptom burden, increased
exacerbations, may reduce a decline in health in COPD patients [19, 368]. Although the use of
adult mice was better able to emulate cachexia in COPD patients, there were unfortunately no

improvements to muscle mass with UA during the 8w model.

BALF and plasma immune cell types were investigated for changes due to CS-exposure, the
implication of these changes for atrophy and if they would be regulated by UA. An increase in total
leukocytes in the BALF, and changes in differential counts were observed in the BALF and blood of
both young and adult mice in the experimental COPD model. However, these changes were not
significantly influenced by UA treatment. Notably, neutrophils and cytotoxic T cells, which are
hallmarks of COPD-associated inflammation, were elevated in the lungs of COPD patients [99] and
induced in the lungs of mice with CS-induced experimental COPD [111, 369]. A recent bidirectional
two-sample Mendelian randomization (MR) study, using GWAS data from Finland and the United
Kingdom, identified correlations between specific immune phenotypes and muscle atrophy.
Specifically, cytotoxic T cells and B cell subtypes positively correlated with muscle atrophy, while
regulatory T cells were negatively correlated [370]. Although the study did not pinpoint the
location of these immune phenotypes, my findings showed a significant increase in cytotoxic T
cells in the BALF of adult compared to young mice following CS exposure. Additionally, the ratio of
cytotoxic T cells to total leukocytes in plasma was lower in adult compared to young mice,
suggesting greater recruitment of cytotoxic T cells from the blood to the lungs in adult mice. Older

mice lost weight with CS exposure, and this could be due to increased cytotoxic T cell presence in
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the BALF mediating systemic changes through secretion of inflammatory factors[371]. Further
investigation is needed to see whether CD8+ T cells infiltration is increased in muscles due to CS
exposure, as cytotoxic T cell infiltration has been identified as aetiological in atrophy [372, 373]. In
contrast to these findings, cytotoxic T cells have also been shown to aid in muscle regeneration in
a murine model of muscle injury, where depletion of CD8+ cells limited macrophage recruitment
to the muscles and their subsequent promotion of myoblast proliferation. This effect was rescued
with adoptive transfer of CD8+ T cells [374], though the opposite effect was observed in a murine
model of colorectal cancer, where adoptive transfer of CD8+ T cells increased muscle wasting

[373].

There was no significant effect of CS exposure on B cell induction in the BALF or on the ratio of B
cells to total leukocytes in the blood of young or adult mice. Interestingly, UA treatment
significantly increased B cells in the BALF of adult CS exposed mice compared to both young mice
receiving the same treatment and untreated adult air control mice. Further analysis of these
induced B cells may help determine whether their presence contributes to muscle atrophy, similar

to the studies of Yu et al [370].

Overall, CS exposure in this experimental COPD model elevated inflammation, particularly innate
immune cells like dendritic cells and neutrophils, which likely recruit adaptive lymphocyte cells
that drive the disease phenotype. Cytotoxic T cells emerged as a potential mediator of COPD-
associated cachexia in our model. Future studies investigating cytotoxic T cell and B cell
production of atrophy-linked inflammatory factors, such as IFN-y, IL-1B, TNF, and IL-6, may provide

insights into the mechanisms of inflammation-induced cachexia in COPD.

Immunoblot analysis of proteins and phosphorylated proteins of the protein synthesis pathway

indicated a decrease in flux through this pathway with CS exposure alone and with CS exposure +
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UA treatment. Total Ser473 p-Akt abundance was reduced with CS exposure and UA treatment,
and it was also reduced to a similar degree with CS exposure alone, but this was not statistically
significant. Akt is phosphorylated at Ser473 by mTORC2, and a decrease in Ser473 p-Akt indicates
decreased interaction between mTORC2 and Akt [196]. It is possible that total levels of mTORC2
complex were reduced, which would account for decreased Ser473 p-Akt, however total mTOR
protein was unaffected by CS exposure or UA treatment making this unlikely to be the cause.
Instead, it is more likely that decreased mTORC2 recruitment to the cell membrane, which is
required for Akt activation, resulted in decreased Ser473 p-Akt. PI3K mediated conversion of PIP2
to PIP3 is required for mTORC2 membrane localisation, as PIP3 anchors mTORC2 via the pleckstrin
homology domain of mSin1, a subunit of mTORC2 [375]. PI3K converts PIP2 to PIP3 because of
growth factor binding e.g. IGF-1, so a decrease may indicate reduced growth factor signalling in

the quadriceps of mice exposed to CS and treated with UA [376].

The decrease in Ser473 Akt does not appear to result from a redirection of mTOR protein toward
MTORC1 complex formation, as downstream effectors of mTOR, including Ser389 p-S6K and
Ser235/236 p-rpS6, were also reduced. This suggests that CS exposure likely impaired growth
factor-mediated PI3K/Akt/mTOR signalling, leading to reduced protein synthesis in the quadriceps.
This effect may have been exacerbated by UA treatment, as UA has been shown to decrease flux
through the PI3K/Akt/mTORC1 pathway by reducing the phosphorylation of Akt and S6K [293].
This presents a paradox for the use of UA as a treatment for muscle atrophy: while its benefits in
vivo and in clinical settings are well-documented, it inhibits upstream proteins of the protein
synthesis pathway which are required for muscle production. However, as previously outlined in
section 1.6.2 of my introduction chapter, mTORC1 can also drive atrophy and myopathy through

inhibition of autophagy, which may be overcome with UA treatment
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UA treatment was not selected for an ability to directly stimulate protein synthesis but rather
based on previous studies that demonstrated its benefits for skeletal muscle health, its anti-
inflammatory properties, and its capacity to induce mitophagy [285]. Indeed, mitochondrial
dysfunction is known to mediate pathogenesis [258, 260, 377] and skeletal muscle dysfunction in
COPD [378]. In the context of COPD-mediated cachexia, the aim of using UA was to mitigate
inflammation-driven atrophy, partly by preventing dysfunctional mitochondrial inflammatory
signalling and enhancing energy efficiency through mitophagy and the biogenesis of healthy

mitochondria.

Surprisingly, there was no change in total expression of ETC complex subunits. In another study
that looked at complex protein expression in skeletal muscle (vastus lateralis), COPD patients had
lower expression of ETC complex proteins compared to healthy donor patients [379], but this has
yet to be repeated in experimental mouse models of COPD. However, confounding factors in that
study were that it was carried out in a cohort of only 9 patients and was comparing sedentary
COPD patients against similarly sedentary control patients without COPD [260]. In another study
that looked at ETC complex proteins in the quadriceps from COPD GOLD grade 2 patients
compared to never-smokers found that COPD patients had significantly reduced complex |, II, 1l
and V total protein [380]. It was therefore surprising to see no change to ETC protein expression
with CS-exposure in our murine COPD model, even after UA treatment. Future experiments should
examine ETC complex activity in vitro to improve the understanding of mitochondrial function in

COPD-induced cachexia.

Mitochondrial function in the permeabilised gastrocnemius skeletal muscle was measured using
an Oroboros oxygraph-2k. Differences in mitochondrial respiration were observed between young

and adult mice. Complex | mediated proton leak, complex | OXPHOS linked oxygen consumption,
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combined complex I&Il OXPHOS linked oxygen consumption, maximally uncoupled oxygen
consumption and ADP sensitivity were reduced in adult mice gastrocnemius compared to air
control and CS exposed young mice. Furthermore, UA treatment decreased complex | OXPHOS
linked oxygen consumption and proton leak in young mice compared to vehicle treated CS

exposed mice and decreased all of these parameters compared to air control mice.

CS exposed young mice had reduced ADP sensitivity (~¥30J0;) compared to the mice from the H-
151 model of the same age (~47)0,). Furthermore, there was no significant change to
mitochondrial respiration with CS exposure in young mice, which was also in contrast to the H-151
model that showed a significant increase in complex | attributed proton leak and OXPHOS. All
parameters were unchanged in adult mice with CS or UA treatment. As a result, it is difficult to
know the true impact of CS exposure on skeletal muscle mitochondrial functions in these murine

models based purely on these data.

In order to build upon these initial findings, future experiments investigating mitochondrial
respiration in the skeletal muscle of CS-induced COPD mice should consider using mitochondrial
ETC activity assays to evaluate the activity of individual ETC complexes ex vivo [381]. Transmission
electron microscopy (TEM) could be employed to assess mitochondrial morphology, localization,
and density within myofibers [382] while measuring autophagic flux would provide valuable
insights into protein degradation and mitophagy processes occurring in skeletal muscle [383].
Additionally, examining the abundance and localization of mitochondrial biogenesis-associated
proteins, such as PGCla and TFAM, would be important for understanding the regulation of
mitochondrial biogenesis in COPD skeletal muscle. Both proteins are master transcriptional
regulators of the mitochondrial genome, and their mitochondrial localisation is associated with

increased mitochondrial biogenesis [384, 385].
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Overall, the aim of this study was to assess the efficacy of UA in preventing cachexia in an
experimental mouse model of COPD and unfortunately UA did not prevent or decrease skeletal
muscle atrophy in young or old mice. Furthermore, without further testing, it is also unclear
whether UA had a significant impact on mitochondrial health or increased mitophagy in myocytes.
Functional assays such as measurements of contractile strength could provide insight into the
potential effect of UA on skeletal muscle function in future experiments. Rapid muscle loss
occurred in the COPD model that was faster than what occurs in COPD patients (outside of
exacerbations) and may have meant any positive effect had by UA on skeletal muscle mass was
outweighed by the severe challenge of CS exposure. Thus, an experimental model of recovery
from CS exposure, with UA as a supplement, may provide a better idea of the effects of UA on

skeletal muscle mass recovery and mitochondrial function.
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Chapter 6 General Discussion

When endeavouring to investigate the mechanisms underlying cachexia in pulmonary diseases it
was crucial to first establish which murine models of pulmonary disease would be suitable
(summarised in figure 6-1). The criteria for suitability included an ability to emulate the human
respiratory pathology associated with that pulmonary disease, as well as the presence of muscle
atrophy, i.e. significant weight loss/change over time. As the models were predominantly carried
out in mice aged 8w old, significantly lower total body weight, coupled with a significant decrease

in either quadriceps or gastrocnemius mass was also considered acceptable.

Several murine models for IPF were examined for these criteria: a 4w single dose bleomycin
model, a 10w single dose bleomycin model, and an 8w CS-exposure + 4w single dose bleomycin
model. Of these models, only the latter demonstrated negative changes to muscle atrophy, but
did not emulate human lung function changes in IPF. The muscles of the 4w single dose bleomycin
model of IPF were chosen for further analysis as it is a widely used model and demonstrated the
appropriate changes to lung function. Despite this, no changes to protein degradation or synthesis
pathways were observed. However, there was a significant decrease in total STING protein in the
qguadriceps which has never been previously described. Further examination of STING protein in
the lungs of these mice, as well as acute studies of bleomycin and its effects on STING expression

in different cells/tissues may implicate a STING in the pathogenesis of IPF.

Moderate (steroid sensitive) and severe (steroid resistant) models of asthma were also examined
for the above criteria: both models demonstrated the desired changes in lung function and were
reflective of both phenotypes of asthma, however neither model had any impact on total body
weight or skeletal muscle mass. There was also no change in protein expression for proteins

associated with protein synthesis or degradation pathways.
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The time course models of CS-induced COPD showed negative impacts on whole body and skeletal
muscle mass as early as 3w and up until the 12w time point, which was the longest model
examined. Lung function was negatively impacted at 8 and 12w and emulated lung function
changes seen in COPD. Similar effects of CS-exposure on skeletal muscle mass and lung function
were observed in male and female C57BL/6 mice after 8w of CS exposure. Female quadriceps from
the 8w timepoint of the sex comparison timepoint model were examined for changes to proteins
associated with protein degradation and synthesis, as female mice are abundantly used for models
in the lab, so sample availability would be high for follow up experiments and fewer mice would be
needed for follow up models. Although there were no significant changes to the proteins
examined in association with protein degradation and synthesis. A trend was observed for
phosphorylated rpS6 and 4E-BP1, which were significantly downregulated and upregulated
respectively in subsequent treatment models. Significant changes to gene expression of atrogenes
FBX032, TRIM63 and GADD45A, suggest a role of atrogenes in mediating muscle atrophy in CS-
induced COPD models. This role is likely time dependent and warrants further research into
different timepoints, but especially in the earlier timepoints of the model, and in direct response
to CS. Future experiments should consider the use of in vitro culture of myofibers with cigarette
smoke extract (CSE), sterile solubilised smoke extract, to see if atrogenes can be directly

upregulated by CSE, and if protein synthesis is reduced.

Pathway enrichment analysis of publicly available human COPD quadriceps microarray data
revealed increased musculoskeletal inflammation and downregulation of proteins associated with
the mitochondria and metabolism. This suggested mitochondrial dysfunction as a possible factor
in driving local inflammation in the quadriceps during COPD. Inefficient energy metabolism and
inflammation have been reported to drive muscle atrophy. Thus, mitochondrial health and

downstream effector molecules of mitochondrial inflammation, cGAS-STING signalling, were
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targeted in subsequent therapeutic models. The aim of these therapies was to decrease muscle

atrophy and improve muscle health during an 8w CS-induced murine COPD model.

The i.n. H-151 STING inhibitor therapy did not improve CS-induced muscle atrophy after 8w, and
did not prevent lung function decline when compared to room air exposed mice. When MFA was
examined, there was no observed effect of CS on hypertrophy, which suggested CS decreases
muscle mass through some other mechanism such as decreased hydration or loss of glycogen. In
the quadriceps, 4E-BP1 protein expression was significantly increased due to CS exposure,
indicating the upregulation of certain atrogenes in the quadriceps which was not improved by H-
151 therapy. Although muscle mass or lung function was not improved, a significant increase in
proton leak and ADP sensitivity due to CS exposure was prevented by H-151 and suggests a
previously unreported role of H-151 in modulating mitochondrial function in relation to energy
production. Future studies that aim to understand the role of H-151 in cell metabolism could
conduct in vitro or ex vivo studies using STING agonists (e.g. 2'3’-cGAMP [274] or diABZI [386]) and
measure metabolic changes using Seahorse real-time cell metabolic analysis. This could provide
the basis for future avenues of enquiry when using H-151 (or other interventions) to target CS-
induced metabolic changes in vivo. Enzyme activity assays, measuring the activity of ETC complex
proteins and citrate synthase could also be performed on the cryo-stored powdered tissues from
these models to get a better idea of the in vivo effect of H-151. H-151 irreversibly covalently binds
STING at the transmembrane cysteine residue 91. It is possible that H-151 has its effects on cell
metabolism independent of its role as a STING inhibitor molecule and has off target effects
through binding cysteine residues of other proteins. Affinity purification-mass spectrometry may
be useful in determining whether H-151 does have off target binding sites that could explain its

ability to modulate ETC dynamics.
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Similarly, UA treatment in an 8w CS-induced COPD model did not prevent muscle atrophy or lung
function decline. This model was performed in 1y old adult mice as well as 8w old young mice as
adult mice were considered of an equivalent age to that of a typical COPD diagnosis in humans i.e.
~45y old [354, 387]. As a result, instead of impaired body and skeletal muscle growth, as has been
seen in the CS-induced COPD models using young mice, adult mice lost weight over time. This
presents the first time that one of the pulmonary disease molecules met the criteria for cachexia
in a COPD model. However, in contrast to the H-151 intervention model, the young mice from this
model exhibited a significant decrease in MFA and thus, hypertrophy. This effect was not observed
in adult mice and may suggest a role for CS inhibition of the downstream effectors of testosterone.
The effect of CS on MFA was inconsistent between COPD models though so further studies will be
needed to fully elucidate the effects of CS on MFA and to understand the role of testosterone in

CS induced muscle atrophy.

Young mouse quadricep muscle were examined for changes in expression of proteins associated
with protein degradation and synthesis. There was an observed decrease in Thr389 p-rpS6 and
Serd73 p-Akt with CS exposure and UA treatment. This suggested a decrease in PI3K/Akt/ mTOR
signalling and a decrease in protein synthesis. UA has been previously shown to decrease inhibit
this pathway and this was supported by my study, though what impact this had on muscle mass
seems too arbitrary as there was no significant difference in muscle mass between UA treated and
vehicle treated CS exposed mice. Furthermore, if protein synthesis was already being
downregulated by CS exposure, UA inhibition of Akt becomes redundant. Indeed, Thr389 p-rpS6
was significantly downregulated with CS exposure alone, and although Ser473 p-Akt was only
significantly reduced with CS exposure and UA treatment compared to the air control. There was

no significant difference in expression compared to the CS exposure only group. Therefore, it is
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unlikely that Urolithin A had a meaningful negative impact on muscle mass through inhibition of

Akt phosphorylation.

UA treatment was chosen for its efficacy in the clinic and across many studies looking to improve
skeletal muscle function [290, 291, 388] and also its potential for reducing muscle atrophy [283].
These beneficial effects are thought to be induced predominantly through inhibiting inflammation
and improving mitochondrial health by inducing mitophagy and mitochondrial biogenesis. When
gastrocnemius muscles were examined by Oroboros analysis, it was shown that UA did influence
mitochondrial respiration in young but not adult mice. This was interesting, however, the study
was in contrast somewhat to the previous H-151 intervention model that observed a much higher
proton leak, complex | associated OXPHOS and ADP sensitivity with CS exposure, than in this
model. Furthermore, the adult mice exhibited abnormally low oxygen consumption across all the
parameters measured which combined with the contrasting young mouse results, may indicate an
issue with the assay on the day. Thus, the data measuring the effect of UA on mitochondrial
respiration would be complimented by follow up experiments similar to those suggested for the H-
151 model. In addition to those experiments looking at the impact of UA on mitochondrial
respiration, it would be important to show whether UA does induce mitophagy in the skeletal
muscle of mice in this model. Static measures of autophagy such as LC3 and p62 abundance in
tissue samples, as well as TEM of skeletal muscle could give an indication of mitochondrial
abundance and morphology. Follow up studies that aim to understand the role of UA in skeletal
muscle may consider the use of mito-QC reporter mice, which can be used to quantify mitophagy

in tissues.
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Study Limitations

The time elapsed after death is a critical factor when determining levels of protein
phosphorylation, as phosphorylated proteins can undergo dephosphorylation postmortem. To
preserve phosphorylation states, it is essential to rapidly fix or snap-freeze tissues; however, this
was not always feasible during these experiments. A key limitation arose from the invasive lung
function manoeuvres required in each model, which necessitated the use of anaesthesia. As a
result, mice occasionally died prematurely during lung function assessments, prior to the

degassing stage which is a 15m procedure.

Additionally, the protocol's degassing stage, which ensures complete assessment of lung
mechanics, invariably results in the death of the mouse but is performed as the final step.
Following this, cardiac puncture for blood collection was prioritized, as blood begins to coagulate
rapidly postmortem, rendering it unrecoverable. Next, BALF collection and lung tissue collection
were often prioritized to maximize the recovery of cells for evaluating lung inflammation. The only
exception to this order was in the experimental COPD model involving UA intervention in young

and adult mice, where skeletal muscle was collected before BALF and lung tissue collection.

This prioritization led to variation in the time after death before skeletal muscle was collected,
which, in some cases, extended up to 20m depending on the mouse and model. This variability
represents a confounding factor for analyses such as mitochondrial respiration studies and
especially for measuring protein phosphorylation. This may account for the high variability
between Immunoblot outcomes for the COPD models when examining PI3K-Akt-mTORC1
signalling, since there was likely high variation in skeletal muscle collection times. However, in the
young and adult mice COPD experimental UA intervention model, the time after death before

muscle collection was minimized and controlled. In this model, skeletal muscle was processed
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immediately for Oroboros analysis, with tissues snap-frozen or formalin-fixed within five minutes

of cardiac puncture. BALF and lung tissue collection were conducted only after this step.

Skeletal muscles collected in Chapter 3 that were not snap-frozen were formalin-fixed for
histological analysis. Unfortunately, O.C.T. embedding and cryo-sectioning of these tissues for
MFA were unsuccessful. This was likely due to the shrinking effect of the 30% sucrose solution,
which caused fiber separation and made it difficult for tissue slices to adhere to charged slides

during immunohistochemical (IHC) staining.

The decision to use formalin fixation, rather than the more conventional isopentane snap-freezing
method for histological analysis, was influenced by challenges encountered during preliminary
studies. The high-throughput nature of the in vivo experiments and the rapid tissue collection
required at their endpoints made it difficult to maintain the isopentane at the correct viscosity,
resulting in artifacts in skeletal muscle samples during histological processing. To address these
limitations, FFPE processing was adopted for tissue samples analysed in Chapters 4 and 5. This
approach ensured consistent skeletal muscle collection at endpoint, preserved muscle

architecture, and facilitated reliable IHC staining.

However, there were still some drawbacks to using FFPE tissue instead of isopentane-frozen,
O.C.T.-embedded tissue. FFPE tissue required antigen retrieval for muscle fiber type labelling,
whereas frozen tissue did not and was better suited for immunofluorescence staining. This led to
difficulties in quantifying MFA and made it impossible to assess muscle fiber type distribution.
Most freely available software for automatically quantifying MFA (e.g., Myovision [389], Image)
plugin for quantifying MFA [390]) rely on immunofluorescence staining to define myofiber edges

and, therefore, could not be used with my H&E-stained samples, which lack clearly defined edges.
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As a result, the MFA quantification process may have been affected by the absence of a

streamlined, easy-to-use software solution.

Lastly, the antibodies used for immunoblotting analysis of MuRF1 and Atrogin-1 protein
abundance exhibited non-specific binding across most of the nitrocellulose membrane. Efforts to
resolve this issue, including the use of various blocking buffers and different concentrations of BSA
or skimmed milk powder, were unsuccessful. However, only the bands corresponding to the

molecular weight of the target protein, as specified by the manufacturer, were quantified.
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Future Directions

Follow up histological analysis of experimental pulmonary diseases: For the experimental IPF
models, lung histology data are essential to confirm the development of fibrosis, as changes in
lung architecture and collagen deposition are critical for model validation. While lung function is a
key diagnostic element in IPF, the single i.n. dose bleomycin-, and single i.n. dose bleomycin with
CS exposure-induced experimental IPF models required histological confirmation of fibrosis due to
inconclusive lung function changes. In particular, the lung function changes in the single i.n. dose
bleomycin with CS exposure were not reflective of those typically observed in the standard single-
dose bleomycin model, likely because of the effect of CS exposure on lung volumes. Despite these

challenges, histological confirmation of pulmonary fibrosis remains necessary.

Moreover, the role of skeletal muscle fibrosis in bleomycin-induced IPF models has not been
previously investigated. ECM deposition may explain the lack of muscle mass loss observed in my
models, raising important questions about the underlying mechanisms. Simple yet informative
techniques, such as Sirius red staining of pulmonary and skeletal muscle tissues, could provide
valuable insights into the presence of fibrosis. This analysis would also offer a deeper
understanding of skeletal muscle health in IPF patients, contributing to a more comprehensive
view of disease pathology. Indeed, skeletal muscle fibrosis has not been described in any of the

pulmonary diseases examined in this study and provides an interesting avenue for future enquiry.

Alternative experimental models of pulmonary disease: Although the development of pulmonary
diseases such as COPD, asthma, and IPF can accelerate muscle loss in patients, the progression of
cachexia typically occurs over years or decades, unless further acceleration is triggered by
exacerbations. Cachexia often coincides with sarcopenia, as COPD and IPF are predominantly

diagnosed in older populations. To better model these conditions, experimental designs could
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involve older (>1y old) mice or be modified to extend the duration of the models. This would allow
pulmonary disease to develop earlier and exert systemic effects over a longer period, thereby

more accurately reflecting the chronic nature of these diseases in human patients.

CS exposure is an intensive intervention in experimental COPD and weight loss is evident from as
early as 2w. Furthermore, 1y old mice in an 8w model lost >15% body weight after only 6w of CS
exposure. Adult mice were used in this model to better emulate the age of COPD onset in humans,
however weight loss still occurred too quickly for it to reflect human COPD and was more
reflective of exacerbation induced weight loss, though still too harsh. Thus, a longer-term model
with less frequent CS exposure beginning in young mice and continuing for 1-1.5y would likely be
more optima. However, feasibility may be an issue, as continuous, long-term exposure to CS could
come with other health complications that confound results. Therefore, alternative models such

as an elastase, or combined LPS and elastase-induced-COPD model may be appropriate.

In a modified asthma model, the moderate or severe asthma protocol could be conducted as usual
but without dexamethasone treatment. Instead of concluding the study after 5w, the endpoint
could be extended to 6-12m. This approach would better capture the long-term systemic effects
of asthma and their impact on muscle wasting. Additionally, using adult mice could better

represent the age at which muscle wasting is typically observed in asthma patients.

For models known to resolve over time, such as single i.n. dose bleomycin-induced IPF
experimental models, administering multiple doses may be a viable approach to sustain the
disease phenotype. Additionally, recurring challenges could be incorporated to simulate acute
exacerbations, providing a more comprehensive representation of the disease's progression and
episodic nature. The inclusion of pulmonary infections in these models also provides an excellent

opportunity to understand their impact on disease in tandem to the effect of skeletal muscle,
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allowing for multiple lines of enquiry within the same model that could maximise the use of

tissues and animal lives.

To monitor disease progression and systemic effects, mice could be weighed daily, and monthly
tail bleeds performed to track changes in circulating leukocytes, inflammatory markers, and
therapeutic intervention concentrations in the blood. Such a model could also be applied to older
mice (>1y old) to simulate acute exacerbations in an older patient. This approach would provide a
more realistic framework for studying the interplay between chronic pulmonary diseases and

systemic muscle loss.

Further investigations into the role of mitochondrial health and mitophagy in COPD:

Histological analysis of lung or skeletal muscle tissues, including staining for autophagosomes in
experimental COPD models, particularly in H-151 or UA treated mice, could offer a static
perspective on autophagy in COPD. This could be complemented by protein quantification of
autophagy markers (e.g., LC3-1/-Il ratio, p62) and mitophagy markers (e.g., PARKIN, PINK1, and
BNIP3/NIX). Additionally, conducting an experimental COPD model in MitoQC mice could provide a
more precise and controlled method for assessing mitophagic flux, as using MitoQC mice is

considered the gold standard for evaluating mitophagy both in vivo and ex vivo.

Transmission electron microscopy (TEM) could further enhance these investigations by measuring
mitochondrial abundance and providing insights into mitochondrial morphology, health, and
turnover [391]. Mitochondrial respiration could also be assessed ex vivo using Seahorse real-time
cell metabolic analysis. Integrating these complementary techniques in future models would offer
a comprehensive overview of mitochondrial health, abundance, respiration, and mitophagy in

experimental COPD.

243



The H-151 model did not halt disease progression in an experimental model of COPD and failed to
prevent muscle mass loss. Whether this outcome reflects that cGAS-STING signaling is not
essential for the progression of COPD remains unclear. Future experiments should focus on
quantifying cytoplasmic mtRNA and mtDNA using RT-qPCR and gPCR, respectively. These analyses
could help determine whether mitochondrial health is compromised in specific tissues and provide

insights into PRR sensing of endogenous nucleotides in compromised skeletal muscle in COPD.

In this study, it was hypothesized that cGAS-mediated recognition of mtDNA results in STING
activation, triggers local inflammation, and drives muscle atrophy in the skeletal muscle of
experimental COPD models. However, it is also plausible that RIG-I-like receptor (RLR) sensing of
double-stranded mtRNA may induce inflammation and contribute to atrophy through activation of
TBK1 [392-394]. However, its role in skeletal muscle dysfunction or wasting has not been
investigated. Exploring this pathway could open new avenues for understanding muscle atrophy

mechanisms in COPD.

Lastly, the availability of online publicly available data sets provided excellent avenues of enquiry
and supported many of the lines of questioning in this study. Future studies may include publicly
available data from the skeletal muscle of patients to support transcriptome data. Ideally, patients
with COPD-induced cachexia could be recruited and biopsies processed for proteomic or

metabolic analyses.
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Conclusion

In conclusion, the experimental murine models of IPF and asthma tested in this study did not
demonstrate significant weight loss and are therefore unlikely to be suitable for future
investigations into cachexia in these conditions. In contrast, CS exposure impaired skeletal muscle
growth in young mice and induced skeletal muscle atrophy in adult mice in experimental COPD
models. Across three COPD models in young female C57BL/6 mice, CS exposure was associated
with a reduction in signaling through the protein synthesis pathway, mitochondrial dysfunction,

and reflected microarray data from COPD patient quadriceps.

Efforts to directly target mitochondrial dysfunction or its downstream effector, STING, using UA or
the STING inhibitor H-151, respectively, did not prevent skeletal muscle loss or improve lung
function in experimental COPD. However, H-151 demonstrated a potential metabolic regulatory
role in skeletal muscle by reducing ATP sensitivity and complex I-driven proton leak. Similarly, UA
showed an ability to modulate mitochondrial respiration, dendritic cell induction, and prevent

significant MFA decrease in response to CS exposure.

Thus, my hypothesis that skeletal muscle mitochondrial dysfunction and inflammation contribute
to cachexia in pulmonary disease, requires further investigation and though these findings were
preliminary, they highlight the need for follow-up experiments to fully elucidate the effects of
these interventions. The potential efficacy of UA, H-151, or similar therapeutics in the context of
COPD-induced cachexia remains to be fully determined, and these interventions may hold promise

for providing symptom relief and improving the quality of life for COPD patients.
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