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Abstract

Treatment of chronic disease is a growing burden in the healthcare system. Development of
muscle wasting syndrome, known as cachexia, is one of the hallmarks of numerous chronic
diseases, contributing to the loss of patient quality of life, mortality, and increased financial cost.
However, despite being known of for centuries, our understanding of the molecular etiology of
cachexia is relatively nascent. As such, there are no available effective treatments for cachexia,
which is managed primarily through palliative care. Thus, there is a need to better understand
the molecular mechanisms of cachexia and identify novel therapeutic targets. In this thesis, | have
identified two novel targets for cachexia treatment: AMP-activated protein kinase (AMPK) and
inducible nitric oxide synthase (iNOS). In Chapter 2, | showed that direct activation of AMPK can
prevent metabolic dysfunction and muscle atrophy in cytokine, cancer, and septic-driven
atrophy. Importantly, | also showed that indirect activation of AMPK through metabolic
impairment is not effective at preventing atrophy, highlighting the importance of directly
targeting AMPK for therapeutic potential. This work also demonstrates the critical role of altered
mitochondrial homeostasis in the development of cachexia. In an effort to better understand the
underlying cause of mitochondrial dysfunction, in Chapter 3 | demonstrated that iNOS, which is
highly induced in response to inflammatory stimuli in muscle, significantly inhibits mitochondrial
electron transport chain (ETC) activity. In particular, | identified Complex Il and Complex IV of the
ETC as potential sites of nitric oxide-mediated inhibition. | showed that inhibition of iINOS with a
highly specific, clinically developed inhibitor can prevent metabolic dysfunction, atrophy, and loss
of strength in a model of cancer cachexia. This work provides both insight into the mechanisms
of disease progression in cachexia and identifies the repurposing of clinical iNOS inhibitors as a
potential avenue of drug development. Collectively, the work from this thesis lays the
groundwork for two novel strategies for cachexia treatment. In addition, it highlights the
potential and importance of metabolic function in cachectic muscle. Further advancement of our
understanding of metabolic regulation in cachexia will thus be critical for the development of

future therapies.



Résumé
Le traitement des maladies chroniques est un fardeau croissant dans le systéme de santé. Le

développement du syndrome de dépérissement musculaire, appelé cachexie, est I'un des signes
distinctifs de nombreuses maladies chroniques, responsables de la perte de qualité de vie des
patients, de la mortalité et d’une augmentation des co(ts financiers. Cependant, bien que connu
depuis des siecles, notre compréhension de ['étiologie moléculaire de la cachexie est
relativement naissante. En tant que tel, il n'existe aucun traitement efficace disponible pour la
cachexie, qui est principalement prise en charge par les soins palliatifs. Il est donc nécessaire de
mieux comprendre les mécanismes moléculaires de la cachexie et d'identifier de nouvelles cibles
thérapeutiques. Dans cette these, j'ai identifié deux nouvelles cibles pour le traitement de la
cachexie: la protéine kinase activée par I'AMP (AMPK) et I'oxyde nitrique synthase inductible
(INOS). Au chapitre 2, je montre que l'activation directe de I'AMPK peut prévenir le
dysfonctionnement métabolique et |'atrophie musculaire induits par les cytokines, le cancer et
une atrophie d'origine septique. De maniere importante, je montre également que I'activation
indirecte de I'AMPK par le biais d'une déficience métabolique n'est pas efficace pour prévenir
I'atrophie, soulignant l'importance de cibler directement I'AMPK pour son potentiel
thérapeutique. Ce travail démontre également le role critique de I'homéostasie mitochondriale
modifiée dans la progression de la cachexie. Dans un effort pour mieux comprendre la cause
sous-jacente du dysfonctionnement mitochondrial, au chapitre 3, j'ai montré que I'iNOS, qui est
fortement induit en réponse a des stimuli inflammatoires du muscle, inhibe de maniére
significative |'activité de la chaine de transport d'électrons (ETC) mitochondriale. En particulier,
j'ai identifié le complexe Il et le complexe IV de I'ETC comme sites potentiels d'inhibition a
médiation par |'oxyde nitrique. Je montre que l'inhibition d’iNOS avec un inhibiteur hautement
spécifique, développé cliniquement, peut prévenir le dysfonctionnement métabolique, I'atrophie
et la perte de force dans un modele de cachexie cancéreuse. Ce travail fournit a la fois des
informations sur les mécanismes de progression de la maladie dans la cachexie et identifie la
réaffectation des inhibiteurs cliniques de I'iINOS comme une avenue potentielle du traitement de
la cachexie. Ensemble, les travaux de cette thése jettent les bases du développement de deux

nouvelles stratégies pour le traitement de la cachexie. En outre, il souligne le potentiel et



I'importance de la fonction métabolique dans le muscle cachectique. Développer davantage
notre compréhension de la régulation métabolique dans la cachexie sera donc essentiel pour le

développement de futurs traitements.
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Original Contributions to Knowledge

Chapter 2: Investigating the Potential of AMPK Activation for Cachexia Therapy

Demonstrated that direct activators of AMPK, such as AICAR and A-769662, can protect
against muscle atrophy in models of cachexia.

Showed that activation of AMPK indirectly through mitochondrial inhibition, either during
the normal progression of atrophy or by treatment with metformin, does not protect
against muscle wasting and may promote atrophy.

Identified differential effects on mitochondrial function and iNOS gene expression as
potential explanations for the different outcomes of direct versus indirect AMPK
activation.

Collectively, this work demonstrates a dual role for AMPK activation in cachexia, where
direct, early activation of AMPK can protect mitochondrial function and reduce atrophy,
but activation of AMPK after mitochondrial inhibition may contribute to atrophy.
Understanding this dual role is important for the development of therapeutic strategies

that target AMPK for the treatment of cachexia.

Chapter 3: Identification of iINOS as a Driver of Metabolic Dysfunction in Cachexia

Found that inhibition of mitochondrial oxidative phosphorylation was dependent on iNOS
activity, implicating iNOS as a driver of metabolic dysfunction during cachexia.
Performed a comprehensive bioenergetic profiling of cytokine-treated myotubes,
revealing that the shift towards aerobic glycolysis induced by cytokines is not sufficient to
maintain cellular energy homeostasis.

Demonstrated that a clinically developed iNOS inhibitor recovers muscle ETC complex
activity and reduces muscle weakness and atrophy in a pre-clinical model of cancer
cachexia. This provides a proof-of-principle for the repurposing clinical iNOS inhibitors for

the treatment of cachexia.

Collectively, this work contributes to our understanding of how iNOS promotes muscle
atrophy and dysfunction and validates it as a viable therapeutic target for the treatment

of cachexia.
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Chapter 1 | Clinical Impact and Molecular Mechanisms of Cachexia

“When the flesh on the body has disappeared, the carrying of the bones becomes a burden, it

pulls you into the ground” — Herta Miiller, Atemschaukel, 2009

1.1 Clinical Definitions, Prevalence, and Impact of Cachexia
1.1.1 What is Cachexia?

One of the hallmarks of end-stage chronic disease is a progressive, involuntary loss of body
mass. The term cachexia was first coined by ancient Greek physicians, derived from kakos,
meaning “bad”, and hexis, meaning “condition,” to describe the extreme levels of emaciation
seen in very sick, chronically ill patients (Bennani-Baiti and Walsh, 2009). Importantly, cachectic
wasting is distinct from malnutrition and cannot be reversed by caloric supplementation (Gullett
et al., 2011). It arises in a variety of common chronic diseases, such as cancer, chronic obstructive
pulmonary disorder, chronic heart and kidney failure, sepsis, and HIV infection (Vaughan et al.,
2013; von Haehling et al., 2016). It is characterized primarily by the loss of skeletal muscle mass,
which is often accompanied by loss of adipose tissue (Blum et al., 2014; Fearon et al., 2011). In
addition, cachexia is associated with several other metabolic perturbations, such as anorexia,
increased resting energy expenditure, and altered liver function (Baracos et al., 2018; Fearon et
al., 2012; Porporato, 2016; Tisdale, 2009). Progression of cachexia leads to dramatic functional
impairment in patients, who ultimately become bed-ridden before succumbing to their illness.
Often, progression of cachexia, and not the overlying condition, is a direct or indirect cause of
death. For example, loss of function in the respiratory muscles can make breathing difficult and
increase susceptibility to pneumonia (Gullett et al., 2011). Indeed, the development of cachexia
has historically been considered terminal; as Hippocrates famously described, “This illness is

fatal” (Bennani-Baiti and Walsh, 2009).

1.1.2 Clinical Definitions of Cachexia
While cachexia has been known of for centuries, it has historically been underdiagnosed and

under-researched due to the misconception that it is simply a symptom of the overlying
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condition, rather than a separate syndrome with a unique etiology. In recent years, there have
been several methodologies put forward to better standardize the diagnosis of cachexia and

establish its clinical significance as a syndrome and predictor of poor outcome.

In 2008, a group of researchers and clinicians established a consensus definition of cachexia
(Evans et al., 2008). They stated that cachexia was a “complex metabolic syndrome associated
with underlying illness and characterized by loss of muscle with or without loss of fat mass”
(Evans et al., 2008). Diagnosis criteria for cachexia was established as weight loss of at least 5%
in the past 12 months or less with at least 3 of 5 additional markers of either decreased muscle
strength, fatigue, anorexia, low fat-free mass index, or biochemical indications of chronic
inflammation (Evans et al., 2008). Subsequently, several classification systems were proposed for
the staging of cachexia patients (Argiles et al., 2017; Argiles et al., 2011; Blum et al., 2014; Fearon
et al., 2011; Martin et al., 2015; Muscaritoli et al., 2010; Vigano et al., 2012; Vigano et al., 2017;
Zhou et al., 2018).

From the consensus definition, Fearon et al. established four categories of disease
progression: (1) non-cachectic, (2) pre-cachexia, (3) cachexia, and (4) refractory cachexia. Pre-
cachexia was defined as body weight loss < 5% with accompanying risk factors, such as cancer
type, markers of inflammation, low food intake, or lack of response to treatment. Cachexia was
defined as weight loss > 5% over the past 6 months or >2% if the patient’s body mass index (BMI)
was less than 20 kg/m?. A patient was also considered cachectic if they were diagnosed with age-
related muscle loss (sarcopenia) and >2% body weight loss. Refractory cachexia was identified as
the stage in disease progression where the burden of intervention was likely to outweigh
potential benefits. It was defined as weight loss in the preterminal stage of advance cancer or in
cancer with rapid progression and no response to treatment, with a life expectancy of less than
three months (Fearon et al., 2011). These definitions were subsequently refined to account for
the impact of BMI on body weight loss criteria and assessed for their predictive power in patient
outcome (Blum et al., 2014; Martin et al., 2015; Vigano et al., 2012). While patients classified as
cachectic or refractory cachectic were found to have significantly worse prognosis and survival,
there was no significant separation between pre-cachexia and non-cachectic patients (Blum et

al., 2014; van der Meij et al., 2013; Vigano et al., 2012; Wesseltoft-Rao et al., 2015). Further
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refinement of the classification system by Vigano et al. was able to establish a relevant and
significant separation in measured outcomes between pre-cachectic patients and non-cachectic
patients, though there was no separation between pre-cachectic and fully cachectic patients

(Vigano et al., 2017).

In parallel to the four stages classification system, Argiles et al. developed a Cachexia Score
(CASCO) diagnostic scale based on the initial consensus definition of Evans et al. (Argiles et al.,
2011; Evans et al., 2008). The scoring accounts for body weight loss (40%), plasma markers of
inflammation and metabolic disruption (20%), physical performance (15%), a nutritional
assessment questionnaire (15%), and a quality of life questionnaire (10%) (Argiles et al., 2011).
The CASCO scale was subsequently validated by comparing it to the Eastern Cooperative
Oncology Group (ECOG) performance status and subjective scoring by specialized oncologists.
Significant correlation was detected between CASCO and the other two scoring systems,
indicating that CASCO is a valid clinical assessment tool (Argiles et al., 2017). The proposed
advantage of the CASCO is that it provides a quantitative assessment of cachexia. However, more
studies are required to see if it correlates with patient outcomes, such as survival. In addition,
the CASCO requires a significant amount of specialized measurements and extensive
guestionnaires, potentially precluding its use in medical centers with limited resources. However,
in the same validation study, Argiles et al. addressed this issue by developing a simplified scoring
system, termed the miniCASCO (MCASCO), which was shown to correlate strongly with the full
CASCO (Argiles et al., 2017).

Recently, Zhou et al. established and validated a new scoring methodology that effectively
distinguished all four stages of cachexia development (Zhou et al., 2018). The cachexia staging
score (CSS) system uses 5 variables consisting of assessments for weight loss, sarcopenia and
muscle function (SARC-F), the ECOG performance status, appetite loss, and abnormal plasma
markers, such as low albumin levels. The CSS system was able to stratify patients into the four
stages of cachexia and, importantly, statistically separated them in metrics of both patient quality
of life, functionality, and survival (Zhou et al., 2018). While promising, further studies are needed

to see if the diagnostic value of the CSS is reproducible and valid across multiple clinical centers.
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In conclusion, significant progress has been made towards the establishment of cachexia
diagnostic criteria over the past decade. Future studies will focus on further refinement of the

different staging methodologies and continued validation of their clinical relevancy.

1.1.3 Prevalence in Chronic Diseases

Estimations of the prevalence of cachexia can vary, partially due to the lack of a consistent
definition for its diagnosis. In addition, the majority of studies have focused on the frequency of
cachexia in cancer due to its higher overall prevalence and severity in cancer compared to other
conditions (Arthur et al., 2014; von Haehling et al., 2016). Nevertheless, cachexia prevalence
estimates for chronic obstructive pulmonary disease (COPD), sepsis, chronic heart failure (CHF),
and HIV infection have been made, and it is clear that cachexia plays a relevant role in patient
outcomes in these diseases (von Haehling et al., 2016; von Haehling and Anker, 2014). A study
using data from the Nationwide Inpatient Sample database estimated that, in 2009, 161,898
cachexia related admissions were made in the US. The most common comorbidity was
malignancy, followed by COPD, pneumonia, heart failure, renal failure, and HIV infection (Arthur
et al., 2014). Interestingly, septicemia was the most common primary diagnosis when cachexia
was secondarily diagnosed, highlighting the potential relevance of cachexia during sepsis (Arthur
et al., 2014). Subsequent estimates using additional data from Europe and Japan suggested that
cachexia rates in COPD were 15-25% and 20-40% in CHF and chronic kidney disease (CKD) (von
Haehling et al., 2016). Cachexia rates in COPD have also been estimated to be as high as 40%
depending on the definition used (Sanders et al., 2016). An estimate of cachexia in optimally
treated, non-diabetic CHF patients found that the cachexia rate was only approximately 10%,
suggesting that differences in comorbidities and treatment of the overlying condition can cause
variations in measured cachexia rates (Christensen et al., 2013). Significant advancement in the
treatment of HIV has reduced its disease burden in developed countries (Atta et al., 2019).
However, there is evidence to suggest that successful treatment of HIV does not always abrogate
the progression of cachexia, and the incidence of unintentional weight loss in HIV infected
populations was estimated to be as high as 38% by Mangili et al. in 2006 (Mangili et al., 2006;
Tang et al., 2005; Wanke et al., 2000). Furthermore, HIV/AIDS still represents a significant health

burden in developing countries (Shao and Williamson, 2012). Thus, continued studies on the
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epidemiology of cachexia in various chronic inflammatory diseases like COPD, CHF, HIV infection,
and sepsis are warranted to better understand its frequency. However, it is clear that a significant

portion of these patients suffer from cachexia.

In comparison to other chronic inflammatory conditions, incidence of cachexia in cancer is
relatively high. The most common stated estimates of cancer cachexia range from approximately
30-50% of all cancer patients (Aoyagi et al., 2015; Argiles et al., 2014; Arthur et al., 2014; Baracos
et al., 2018; Gannavarapu et al., 2018; Teunissen et al., 2007; Thoresen et al., 2013; Tisdale, 2009;
Vigano et al., 2017; von Haehling et al., 2016; von Haehling and Anker, 2014; Zhou et al., 2018).
However, the prevalence of cancer cachexia varies dramatically depending on definition used,
potentially varying from 12-85% (Wallengren et al., 2013). In addition, the prevalence is known
to vary depending on the cancer subtype. For example, breast and prostate cancers are estimated
to have the lowest prevalence of cachexia (<25%) while pancreatic and gastroesophageal cancers
are believed to have some of the highest rates of cachexia (>60%) (Baracos et al., 2018). The
reasons behind these differences are unknown. It is possible that differences in inflammatory
status contribute to the variability in cachexia incidence. It is also possible that localized
disruption of organ function in the primary tumor site drives the differences in cachexia rates.
For example, gastroesophageal cancers could interfere with nutritional status, and the pancreas
plays a key role in regulating whole body metabolic homeostasis (Reim and Friess, 2016; Yabar
and Winter, 2016). Furthermore, the prevalence of cachexia is believed to be significantly higher
in patients with more advanced cancer stages (>80%) (Teunissen et al., 2007; von Haehling et al.,
2016). Therefore, differences in the pathological progression of different cancers might underly
the variations in cachexia rates. Regardless, cachexia is highly prevalent in cancer, and its strong

correlation with disease progression highlights its connection to patient morbidity and mortality.

1.1.4 Clinical Impact of Cachexia

Development of cachexia has a severe negative impact on patients and their families, and it
represents a significant burden to healthcare systems (Tan and Fearon, 2008). Patients with
cachexia have significantly reduced survival rates compared to non-cachectic patients (Ozorio et
al., 2017; Takayama et al., 2016; Utech et al., 2012; Vazeille et al., 2017; Vigano et al., 2017; Zhou

et al., 2018). The one-year mortality rate of cachexia patients in COPD and CHF has been
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estimated to be approximately 20% and 30%, respectively (von Haehling et al., 2016). In cancer,
the one-year mortality rate can be as high as 80% in advanced cases (von Haehling et al., 2016).
Indeed, cachexia has been estimated to be directly responsible for 20% and present in 50% of all
cancer-related deaths (Warren, 1932) (von Haehling and Anker, 2010). The causative relationship
between cachexia and increased mortality has not been fully developed (Kalantar-Zadeh et al.,
2013). However, it has been demonstrated that cachexia reduces both the effectiveness of and
tolerance to chemotherapy, reducing effective management of the primary condition and
potentially contributing to increased mortality (Andreyev et al., 1998; Dewys et al., 1980; Prado
et al., 2007). In addition, loss of respiratory muscle function has been associated with increased
pneumonia rates in cachexia patients (Arthur et al., 2014; Windsor and Hill, 1988). Cachexia-
induced loss of cardiac function may also lead to increased risk of heart failure and death
(Barkhudaryan et al., 2017; Kalantar-Zadeh et al., 2013; Ponikowski et al., 1999). Finally, impaired
immune system function may increase susceptibility to infection, as demonstrated by increased
septicemia rates detected in cachexia patients (Arthur et al., 2014; Kalantar-Zadeh et al., 2013).
It is likely that the direct cause of death varies from patient to patient. Ultimately, cachectic
patients are frailer, less responsive to treatment, and more likely to develop complications, all of

which significantly increases their mortality risk.

Compounding on the deadly nature of cachexia is its dramatic impact on patient quality of life.
The progressive skeletal muscle wasting in patients leads to increased fatigue and reduced
physical function and mobility (Dahele et al., 2007; Fearon et al., 2003; Fouladiun et al., 2007;
Ozorio et al., 2017; Vigano et al., 2017; Zhou et al., 2018). Cachexia has also been associated with
pain, poor sleep, nausea, altered taste and smell perception, and anorexia (Del Fabbro et al.,
2011; Vigano et al., 2017; Yavuzsen et al., 2009; Zhou et al., 2018; Zhou et al., 2017). In addition,
as described above, cachexia increases the risk of developing other complications or having a
negative response to treatment (Andreyev et al., 1998; Arthur et al., 2014; Dewys et al., 1980;
Prado et al., 2007; Windsor and Hill, 1988). As a result, cachexia patients consistently score worse
in assessments of quality of life (Takayama et al., 2016; Vigano et al., 2017; Wheelwright et al.,
2013; Zhou et al., 2018). Not to be overlooked is the impact of cachexia on the family and loved

ones of afflicted patients. Cachectic patients require significantly more support. Furthermore,
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the dramatic progression of cachexia negatively impacts not only the mental health of the
patient, but also those close to them who bear witness to their progressive wasting (Hopkinson,

2014).

Besides its physiological and psychological impact, cachexia also represents a significant
financial burden to both patients and healthcare networks. While there is a lack of studies on the
cost of cachexia specifically (Tarricone et al., 2016), malnutrition status in cancer is well known
to be associated with higher healthcare costs and hospitalization (Arends et al., 2017). In their
analysis of the Nationwide Inpatient Sample database, Arthur et al. found that length of stay of
hospitalization of cachexia patients was twice that of non-cachexia patients, with their
hospitalization costs also being approximately double (Arthur et al., 2014). These results were
corroborated by a small study of elderly Japanese patients with later stage non-small-cell lung
cancer (NSCLC), where cachexia patients were found to have approximately double the number
of unplanned hospital visits or hospitalizations, amounting to roughly 50% more in-patient
medical costs (Naito et al., 2017). In a follow-up analysis focusing specifically on five cancers with
the highest incidence of cachexia, Arthur et al. found that cachexia was still associated with more
hospitalization and medical costs, but the effects were much smaller than previously reported
(Arthur et al., 2016). Thus, there is some uncertainty as to the true cost of cachexia, and more

studies are warranted to understand the financial impact of cachexia.

Despite the clear clinical impact of cachexia, at present there are no widely available, effective
treatments. Patients diagnosed with cachexia are largely managed with palliative care (Baracos
et al., 2018). To develop an effective therapy, a robust and comprehensive understanding of the

etiology of cachexia is necessary.

1.2 Mechanisms of Cachexia

The causes of cachexia are complex and multimodal, involving crosstalk between numerous
tissues throughout the body. While much remains to be understood about the underlying
mechanisms, significant progress has been made in recent years. In general, it is believed
cachexia arises due to the chronic inflammation induced by the overlying condition (e.g. cancer,

COPD, etc.) (Aoyagi et al., 2015; Argiles et al., 2014; Baracos et al., 2018). Persistent elevation of
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inflammatory signaling causes changes throughout the body, resulting in cachexia-associated
phenotypes in numerous organs. In particular, the brain, liver, heart, adipose tissue, and skeletal
muscle have been the primary sites of investigation (Argiles et al., 2015b; Baracos et al., 2018;
Fearon et al., 2012). However, recent studies have also revealed changes in gut physiology
(Bindels et al., 2016; Bindels et al., 2018; Potgens et al., 2018; Puppa et al., 2011). Ultimately, the
combination of altered function in all these tissues, as well as crosstalk between them and with

the immune system, induce an overall catabolic state, leading to muscle wasting.

1.2.1 Initiation of Cachexia: The Role of Humoral Factors

The initiation of cachexia is believed to be mediated by elevated levels of inflammatory
humoral factors. Specifically, inflammatory hormones known as cytokines have been identified
as key drivers of cachexia (Baracos et al., 2018). However, altered signaling from non-cytokine
factors, such as insulin-like growth factor 1 (IGF-1) and glucocorticoids, also plays a role (Baracos
et al.,, 2018). In addition, other factors, such as parathyroid hormonal signaling, exosome
secretion, and zinc ion homeostasis have also recently been identified as potential initiators of

cachexia (Chitti et al., 2018; Kir et al., 2016; Wang et al., 2018b).

1.2.1.1 Interleukins

Interleukins are a family of cytokines first discovered as secretory factors derived from
leukocytes (Akdis et al.,, 2016). Interleukins can have pro-inflammatory (e.g. IL-6) or anti-
inflammatory (e.g. IL-10) function (Akdis et al., 2016). In cachexia, IL-6 has been identified in
numerous animal models and human patients as an important pro-cachectic factor (reviewed in
(Narsale and Carson, 2014) and (Carson and Baltgalvis, 2010)). IL-6 is elevated in human cachexia
patients and this increase negatively correlates with survival (lwase et al., 2004; Songur et al.,
2004). In addition, IL-6 is required for the induction of muscle wasting in several well-known
mouse models of cancer cachexia (Baltgalvis et al., 2008; Bonetto et al., 2012; Puppa et al., 20143;
Strassmann et al., 1992a). In the C26 adenocarcinoma model of cancer cachexia, elevation of IL-
6 secretion directly from tumor cells has been shown to correlate with induction of cachexia after
implantation (Fujimoto-Ouchi et al., 1995). Furthermore, the secretion of IL-6 from tumor cells
has been shown to be augmented by IL-1, implicating IL-1 as another pro-cachectic interleukin

(Strassmann et al., 1992b; Strassmann et al., 1993). In addition to effects on IL-6 secretion, IL-1
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has been linked to inflammation in the hypothalamus, trigging altered hormonal signaling and

anorexia (reviewed in (McDonald et al., 2018)).

Other pro-inflammatory interleukins in the IL-6-like family may also play a role in cachexia.
Leukemia inhibitor factor (LIF), IL-11, and oncostatin M (OSM) have all been shown to be
upregulated in mouse models of cachexia and to induce atrophy in muscle cells and lipolysis in
adipose tissue (Arora et al., 2018; Barton and Murphy, 2001; Iseki et al., 1995; Seto et al., 2015;
Terawaki et al., 2014). Also, muscle-specific depletion of their common receptor, the gp130
receptor, protects against muscle wasting in the Lewis Lung Carcinoma (LLC) mouse model of
cancer cachexia (Puppa et al., 2014a). There is some evidence to suggest that other interleukins
may also be involved in the etiology of cachexia. For example, elevated levels of IL-8 has been
associated with cachexia in pancreatic cancer patients (Hou et al., 2018) and IL-17 overexpression
in mice has been reported to induce muscle wasting (Tang et al., 2010). Thus, while IL-6 and the
IL-6-like family of cytokines have well established roles in cachexia, other pro-inflammatory

interleukins may also be involved.

Suppression of anti-inflammatory interleukins may also contribute to the progression of
cachexia. Indeed, IL-10 has been shown to supresses IL-6 expression in the C26 mouse model,
and polymorphisms in IL-10 have been associated with risk of developing cachexia (Deans et al.,
2009; Fujiki et al., 1997; Sun et al., 2010). Furthermore, IL-10 expression negatively correlates
with muscle wasting in epithelial ovarian cancer patients (Aust et al., 2015). IL-4, another anti-
inflammatory interleukin, has been shown to be downregulated in the liver of pancreatic cancer
patients and to protect against cachexia during acute infection in mice (Brunet et al., 1997;
Prokopchuk et al., 2017). Finally, levels of the anti-inflammatory IL-13 are lower in the tumor of
cachectic cancer patients when compared to weight-stable cancer patients (de Matos-Neto et
al.,, 2015). More work is needed to understand if decreased expression of anti-inflammatory
interleukins is a wide-spread phenomenon during cachexia and if it plays a causative role.
However, these studies do suggest that the balance of pro- and anti-inflammatory interleukins

could contribute to the progression of cachexia.
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1.2.1.2 Tumor Necrosis Factor-a and TWEAK

Tumor necrosis factor a (TNFa) is likely one of the most well-known inducers of cachexia
(reviewed in (Patel and Patel, 2017)). Indeed, one of the first humoral factors to be identified that
could induce cachexia was originally termed cachectin (Beutler et al., 1985b; Tracey et al., 1988),
but it was subsequently discovered to be TNFa (Beutler et al., 1985a). Interestingly, despite
numerous studies showing that TNFa can induce cachexia or that blocking TNFa signaling can
prevent cachexia (Tisdale, 1997), serum TNFa levels are often found to not be elevated in
cachexia patients when compared to weight stable patients (Hou et al., 2018; Kayacan et al.,
2006; Socher et al., 1988; Tisdale, 1997). However, TNFa is elevated in disease-bearing patients
when compared to healthy patients (Adami et al., 1994; Hou et al., 2018; Kayacan et al., 2006;
Shaarawy and Abdel-Aziz, 1992). Thus, it seems that TNFa is likely necessary and permissive for
the progression of cachexia, but not sufficient alone for its induction. In keeping with this, it has
been shown that a solubilized receptor of TNFa can block atrophy in the LLC mouse model,
despite no elevation in serum TNFa being detected (Llovera et al., 1998). Furthermore, TNFa has
been shown to synergize with IFNy and IL-1 to induce atrophy, in keeping with its function as a
facilitator of cachexia (Acharyya et al., 2004; Di Marco et al., 2005; Flores et al., 1989; Ma et al.,
2017).

Another member of the TNF family implicated in muscle wasting is the tumor necrosis factor-
like weak inducer of apoptosis (TWEAK). TWEAK has been shown to impair muscle regeneration
and induce wasting in a variety of atrophic conditions (reviewed in (Kumar et al., 2012)). In a
model of chemically induced breast cancer, TWEAK is elevated in the serum, heart, and skeletal
muscle (Padrao et al., 2017; Padrao et al., 2015). Also, an antibody targeting the TWEAK receptor
Fn14 was found to prevent cachexia in the C26 mouse model (Johnston et al., 2015). However,
the anti-cachectic effects of the antibody were found to be independent of TWEAK, as TWEAK
knockout mice and mice treated with a monoclonal antibody targeting TWEAK were not resistant
to cachexia (Johnston et al., 2015). Instead, a tumor-specific Fn14 function was found to be
required, but the mechanism by which it induces cachexia is unknown (Johnston et al., 2015).
Therefore, it is unclear if TWEAK itself is a trigger of cachectic muscle wasting, though it seems

to be involved in other types of muscle atrophy. Nevertheless, targeting the Fnl14 receptor
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remains a promising therapeutic avenue, though the underlying mechanism of its pro-cachectic

function remains to be determined.

1.2.1.3 Interferon-y

IFNy is another often cited inducer of cachexia. Administration of IFNy in rats can induce
cachexia-like symptoms, and anti-IFNy antibodies can impair tumor growth and cachexia in
murine cancer cachexia models (Langstein et al., 1991; Matthys et al.,, 1991a; Matthys et al.,
1991b). Furthermore, inoculation of mice with Chinese Hamster Ovary (CHO) tumor cells
expressing IFNy can induce cachexia (Matthys et al., 1991a). However, cachexia was only
detected when IFNy and cancer cells were administered together, suggesting that IFNy could not
induce cachexia on its own (Matthys et al.,, 1991a). It was later found that IFNy can act
synergistically with other cytokines to induce the cachectic phenotype. Namely, IFNy co-
treatment with TNFa has been shown to induce atrophy in muscle cells in a synergistic manner
(Guttridge et al., 2000). Thus, similar to TNFa, a basal level of elevated IFNy seems to be

permissive, but not in and of itself sufficient, for the induction of cachexia.

1.2.1.4 Transforming Growth Factor-f Super Family

The TGFB superfamily is a group of cytokines that bind to a set of common receptors and impact
numerous cellular functions, such as growth and differentiation (Massague, 2012). They are well
known to play an important role in muscle physiology and development (Massague, 2012). Of
particular note, myostatin, Activin A, and TGFB1 have all been shown to have a role in the
development of cachexia. Myostatin is best known for its role as a suppressor of hypertrophy,
with myostatin depletion resulting in excessive muscular growth (Rodriguez et al., 2014). In
addition, excessive production of myostatin can promote atrophy (Rodriguez et al., 2014;
Zimmers et al., 2002). Inhibiting myostatin with a targeted antibody has been shown to prevent
cancer cachexia in mice (Murphy et al., 2011). Furthermore, genetic depletion of myostatin from
cardiac myocytes has been shown to protect against heart failure induced cachexia (Heineke et
al., 2010). Inhibition of Activin A, another member of the TGFB family, has also been shown to
reduce cancer cachexia (Chen et al., 2017). Activin A has been found to be elevated in cachexia
(Loumaye et al., 2015; Loumaye et al., 2017), and, like myostatin, its over expression triggers

muscle atrophy (Chen et al., 2016). Finally, release of TGFB from bone during osteolytic
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metastatic cancers has been shown to drive oxidative stress and weakness in muscle (Waning et
al., 2015). Administration of TGF has also been shown to induce cachexia in cancer-bearing mice
(Zugmaier et al., 1991). Thus, collectively, TGFP cytokines have been shown to be potent inducers

of muscle atrophy.

Given that numerous members of the TGFB family have been implicated in cachectic muscle
atrophy, it is likely that they serve redundant functions in the induction of atrophic signaling. In
keeping with this, inhibition of both Activin A and myostatin was found to be more effective than
inhibiting either one alone (Chen et al., 2017). Several studies, then, have looked at the potential
of targeting the TGF( receptor, instead of the ligands, as a method of preventing TGF3-mediated
cachexia. In three separate studies, a solubilized activin receptor type Il B (ActRIIB) was found to
be very effective at preventing muscle atrophy and weakness in mouse models of cancer cachexia
(Benny Klimek et al., 2010; Busquets et al., 2012; Zhou et al., 2010). Of interest from a therapeutic
perspective, Zhou et al. demonstrated that delayed administration of the antibody did more than
just prevent further loss, but actually reversed wasting after it had begun (Zhou et al., 2010). Also,
Benny Klimek et al. showed that while the soluble ActRIIB receptor could prevent cachexia,
myostatin knockout mice were in fact more susceptible to wasting, highlighting the potential
redundancies of the TGFB family ligands (Benny Klimek et al., 2010). Thus, it is clear that TGF
signaling contributes to the induction of cachexia, and targeting receptor signaling may prove to
a be an effective therapy for cachexia.
1.2.1.5 Insulin-like Growth Factor-1

Insulin-like growth factor-1 (IGF-1) is well known for its hypertrophic and anti-atrophic effects
in muscle, mediated by AKT kinase signaling (Reviewed in (Schiaffino and Mammucari, 2011)).
IGF-1 levels have been observed to decrease in rodent models of CHF, sepsis, and cancer (Brink
et al.,, 1996; Costelli et al., 2006; Fan et al., 1994) and are also decreased in human cachexia
patients in cancer and CHF (Attard-Montalto et al., 1998; Hambrecht et al.,, 2002). Also,
administration of IGF-1 prevents muscle loss in several models of atrophy, such as muscular
dystrophy, disuse, or glucocorticoid treatment (Kumar et al., 2011; Schakman et al., 2005;
Shavlakadze et al., 2004; Ye et al., 2013). However, several studies have shown a lack of efficacy

of IGF-1 injection in models of cachexia. Indeed, subcutaneous injection of IGF-1 in rats bearing
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cachectic AH-130 hepatoma tumors did not protect against muscle loss (Costelli et al., 2006). In
contrast, a separate study found that a significantly lower dose of IGF-1 subcutaneous injection
could increase muscle mass in the same rat model (Schmidt et al., 2011). However, the recovery
was not dose responsive, as higher doses of IGF-1 failed to recover muscle mass. This suggests
that toxicity or reduced sensitivity might limit the effects of systemically administered IGF-1
(Schmidt et al., 2011). In a model of CHF cachexia, infusion of IGF-1 was unable to prevent atrophy
induced by angiotensin Il infusion, further demonstrating a lack of efficacy from systemically
delivered IGF-1 (Brink et al., 2001). Several possible explanations have been suggested to explain
why IGF-1 treatment does not reduce atrophy in cachexia models (Costelli et al., 2006; Schmidt
et al., 2011). For one, the hypertrophic effects of IGF-1 have been suggested to be driven by its
autocrine signaling, and local IGF-1 production may be more relevant than systemic production.
In keeping with this, serum IGF-1 levels were found to be unchanged in CHF patients, but muscle
expression of IGF-1 was decreased and correlated with reduced muscle fiber size (Hambrecht et
al., 2002). Also, muscle-specific IGF-1 overexpression was found to block angiotensin Il induced
cachexia in mice (Song et al., 2005; Yoshida et al., 2010). However, similar muscle-specific
overexpression experiments were ineffective in both a rat and mouse model of cancer cachexia,
despite being able to prevent age-related muscle wasting (sarcopenia) (Penna et al., 2010). Thus,
other confounding factors may limit the efficacy of IGF-1 administration. For example, the
balance between IGF-1 and IGF binding proteins (IGFBPs) may limit the bioavailability of
circulating IGF-1. In rheumatoid arthritis patients, circulating IGF-1 levels were unaffected, but
IGFBP-1 was significantly upregulated, reducing the overall bioavailability of IGF-1 (Engvall et al.,
2008). Also, several pro-cachectic cytokines, such as IL-1, IL-6, and TNF have been shown to limit
IGF activity or impair IGF signaling, potentially limiting the efficacy of its administration in
cachexia (Al-Shanti and Stewart, 2012; Anwar et al., 2002; Lazarus et al., 1993). Therefore, while
it is likely that diminished IGF-1 levels contribute to cachexia, especially during CHF,
establishment of causality, specifically in cancer cachexia, is complicated due to confounding

factors that limit the efficacy of IGF-1 administration.
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1.2.1.6 Glucocorticoids

Glucocorticoids are a class of steroidal hormones, such as cortisol, that are produced by the
adrenal gland in response to stress (Zhou and Cidlowski, 2005). Glucocorticoids are known to
induce a catabolic state in muscle through a variety of mechanisms, including suppression of
MTOR signalling and increased proteasomal activity and autophagy (reviewed in (Schakman et
al., 2013) and (Braun and Marks, 2015)). Indeed, treatment of muscle cells with glucocorticoids,
like dexamethasone, is a commonly used model of muscle atrophy (Hasselgren et al., 2010).
Glucocorticoids are known to be upregulated in cachexia (Cala et al., 2018; Drott et al., 1988;
Flint et al., 2016; Suzuki et al., 2015). Furthermore, muscle-specific knockout of the glucocorticoid
receptor (GR) prevents muscle loss in mouse models of sepsis and cancer cachexia (Braun et al.,
2013). Thus, elevated glucocorticoid levels likely contribute to the progression of muscle wasting

during cachexia.

1.2.1.7 Other Circulating Factors

Other mechanisms that may contribute to cachexia continue to be identified. For example,
parathyroid hormone (PTH) signaling has recently been recognized as a potential driver of
cachexia. In mouse models of kidney failure and cancer cachexia, elevated PTH in kidney failure
and parathyroid hormone related protein (PTHrP) in cancer cachexia were shown to induce
adipose tissue browning and muscle atrophy (Kir et al., 2016; Kir et al., 2014). Intriguingly,
adipose tissue-specific knockout of the PTH receptor (PTHR) was able to prevent adipose tissue
browning and also muscle atrophy, suggesting that crosstalk between fat and lean body tissue
contributes to the progression of cachexia (Kir et al., 2016). Elevated PTHrP in human cancer
patients was also associated with reduced muscle mass and increased resting energy expenditure
(REE) (Hong et al., 2016; Kir et al., 2014). Another example is the growing interest in the potential
role of exosomes in cachexia signaling. Numerous studies have begun to emerge showing that
tumor-secreted exosomes can drive both muscle and adipose tissue wasting (Chitti et al., 2018;
Hu et al., 2018; Marinho et al., 2017; Wu et al., 2018; Zhang et al., 2017). Finally, a recent study
investigating the transcriptome of cachectic muscle in mouse models of metastatic cancer
identified the zinc transporter ZIP14 as an inducer of atrophy, implicating altered zinc

homeostasis as a potential driver of cachexia (Wang et al., 2018b). Therefore, despite
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considerable progress over many years of research, new mechanisms of cachectic induction

continue to be identified, highlighting the complexity and multifactorial nature of the syndrome.

1.2.2 Impact of Cachexia on Non-muscle Organs

While the primary clinical impact of cachexia is largely derived from loss of skeletal muscle mass
and function, there is a growing appreciation for the role of non-muscle organs in the
development of cachexia. Indeed, a growing body of evidence suggests that altered function in
organs throughout the body contributes to an overall pro-inflammatory and catabolic state. In
addition, it is now evident that significant “cross-talk” pathways between organs likely
contributes to the etiology of cachexia, emphasizing the complex, multimodal nature of this

syndrome (Fig. 1.1).
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Figure 1.1: The role of non-muscle organs in the development of cachexia.

Pro-inflammatory diseases, such as cancer, induce a systemic level of chronic inflammation that
alters the function of numerous tissues throughout the body to promote cachexia. Inflammation
in the hypothalamus promotes anorexia and sickness behavior and stimulates the release of
catabolic glucocorticoids from the adrenal glands through the HPA axis. In the heart, metabolic
inefficiency, fibrosis, and atrophy lead to reduced cardiac function, which can contribute to
exercise intolerance and fatigability and may result in sudden cardiac death. Inflammatory-
induced alterations in the gut microenvironment lead to a bloom of pathogenic
Enterobacteriaceae (microbial dysbiosis), which increases gut permeability and leakage of
bacteria endotoxins into the systemic circulatory system. In the liver, the acute-phase protein
response contributes to systemic inflammation, while altered metabolic function and increased
flux of substrates through futile cycles promotes a negative energy balance. In adipose tissue,
wasting from increased lipolysis and thermogenic uncoupling has been found to precede muscle
loss and likely contributes to the whole-body negative energy balance. In addition, secretion of
adipokines may contribute to chronic inflammation during cachexia. The combination of these
systemic effects promotes a catabolic state and reinforces inflammatory signaling, which can
subsequently act directly and indirectly on muscle tissue to promote atrophy, impair
regeneration, and induce metabolic dysfunction and oxidative stress. Loss of skeletal muscle
mass and function then leads to the weakness, fatigue, and mortality associated with the
cachexia syndrome.
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1.2.2.1 Central Nervous System

The chronic inflammation associated with cachexia promotes altered neuronal and hormonal
signaling in the central nervous system (CNS) (reviewed in (Grossberg et al., 2010) and (van
Norren et al., 2017)). Peripheral inflammation triggers inflammation in the brain, specifically in
the brain stem and hypothalamus (Laflamme and Rivest, 1999). Inflammatory signaling in these
regions subsequently induces altered neuronal signaling that contributes to sickness behavior,
anorexia, and altered metabolic rates (Grossberg et al., 2010). For example, inflammation
promotes melanocortin signaling in the hypothalamic feeding centers, which supresses appetite
and increases energy expenditure (Grossberg et al., 2010). Inhibition of melanocortin signaling,
through pharmacological or genetic approaches, has been shown to prevent anorexia and muscle
wasting in various mouse models of cachexia (Cheung et al., 2005; Marks et al., 2001; van Norren
et al., 2017; Wisse et al., 2001). Altered neuronal signaling may also affect hormonal signaling in
the CNS. Two key regulators of appetite and energy balance are ghrelin, produced mainly by the
stomach, and leptin, produced mainly by adipose tissue (Klok et al., 2007). Ghrelin is known to
promote appetite, while leptin supresses appetite (Klok et al., 2007). Interestingly, cachexia
patients have low leptin levels and normal or high ghrelin levels, in keeping with their starvation-
like state (Engineer and Garcia, 2012; Porporato, 2016; Takahashi et al., 2009; Wolf et al., 2006).
However, cachexia is consistently associated with anorexia and catabolism, indicating a
breakdown of a normal hormonal response. Ghrelin and leptin act on the same melanocortin
neural pathways that are affected by inflammation (Klok et al., 2007). Therefore, it is likely that
the inflammatory signaling in cachexia overrides the hormonal stimuli (Engineer and Garcia,
2012; Porporato, 2016). Finally, CNS inflammation, specifically the activity of IL-1B, leads to the
activation of the hypothalamic-pituitary-adrenal (HPA) axis and the release of glucocorticoids,
which can induce muscle atrophy, as detailed above (van Norren et al., 2017). Ultimately, the
collective affects of these altered neuronal and hormonal signaling pathways in the brain
promote a negative energy balance through reduced energy intake and increased energy

expenditure, promoting a catabolic state that contributes to wasting.
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1.2.2.2 Liver

One of the hallmarks of chronic inflammation is the activation of the acute phase protein
response in the liver. Inflammatory cytokines induce secretion of positive acute phase proteins,
such as C-reactive protein (CRP), and repress secretion of negative acute phase proteins, such as
albumin, from hepatocytes (Jain et al., 2011). Acute phase proteins, in turn, contribute to the
innate immune response through a variety of functions (Jain et al., 2011). Although no causative
role of increased CRP levels has been established in cachexia, elevated CRP/albumin ratios are
strongly correlated with weight loss and decreased survival in cancer patients (Engvall et al.,
2008; Ozorio et al., 2017; Shibutani et al., 2016; Vazeille et al., 2017; Wallengren et al., 2013). As
such, CRP and/or albumin levels are used as a diagnostic criterion for cachexia, serving as an
indicator of the overall inflammatory status (Argiles et al., 2011; Fearon et al., 2011; Vigano et
al., 2017; Zhou et al., 2018). In addition to acute phase response, altered metabolic function in
the liver, induced by inflammation, may play a more causative role in cachexia. Inflammation in
the liver has been associated with ER stress, decreased mitochondrial energy generation
efficiency, and steatosis (lipid accumulation), which may all contribute to a negative energy
balance (Berriel Diaz et al., 2008; Dumas et al., 2011; Jones et al., 2013; Julienne et al., 2014;
Narsale et al., 2015; Peyta et al., 2015; Porporato, 2016). However, more work is needed to
understand the molecular mechanisms of liver metabolic dysfunction and how it influences

progression of cachexia.

The liver may also contribute to cachexia through its role in the recycling of amino acids, lipids,
and lactate through gluconeogenic futile cycles (Argiles et al., 1997). For example, the Cori cycle,
in which lactate produced from anaerobic glycolysis is converted back to glucose by hepatocytes,
is a net negative energy pathway that has been shown to be elevated in cancer patients (Fig.
1.2)(Vaughan et al., 2013). In addition, alanine, glutamine, and glycerol derived from the
breakdown of triacylglycerides can all be utilized in hepatic gluconeogenesis (Zhang et al., 2018a).
Increased activity of these recycling pathways can contribute to the resting energy expenditure
(REE) and overall negative energy balance during cachexia (Argiles et al., 1997). The negative
energy balance may be further exacerbated by uncoupling and thermogenesis in adipose tissue

and, potentially, skeletal muscle (discussed below; Fig. 1.2). In the case of cancer cachexia,
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release of amino acids and lipids can be taken up by cancer cells, supporting tumor growth (Fig.
1.2) (Beloribi-Djefaflia et al., 2016; Lukey et al., 2017). Furthermore, gluconeogenic substrate
recycling, particularly lactate produced from glycolytic tumors, helps support glucose-dependent
anaerobic metabolism in cancer cells (Fig. 1.2). Indeed, the extent of anaerobic metabolism has
been shown to influence the energetic demand of tumors, with more anaerobic cancer cells
requiring significantly more energy (Friesen et al., 2015). In addition, anaerobic metabolism in
cancer promotes the onset of cachexia and increase hepatic gluconeogenesis independently of
secreted factors, indicating that the energetic demand of the tumor plays a role in the
development of cachexia (Wang et al., 2018a). Therefore, in cancer cachexia, substrate recycling
in the liver plays a critical role in both the onset of cachexia and tumor growth. Whether liver
substrate cycling is also part of the development of cachexia in non-cancer contexts remains to

be determined.
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Figure 1.2: Energetic and Substrate Distribution during Cancer Cachexia.

In cancer cachexia, interplay between the growing tumor and metabolic tissues throughout the
body leads to a negative energy and substrate balance in the host metabolism. Increased
substrate cycling through futile cycles, such as the conversion of lactate to glucose in the Cori
cycle (net loss of four ATP), contributes to energetic inefficiency. Mitochondrial uncoupling
(browning) in white adipose tissue leads to the loss of energy through heat dissipation.
Uncoupling may also be present in skeletal muscle, though experimental evidence for this is
conflicting (dashed arrow). Release of amino acids, such as glutamate and alanine, and free fatty
acids from muscle and adipose tissue, respectively, during wasting are cycled through the
circulatory system. These macromolecular substrates can be consumed by the liver for
gluconeogenesis or utilized by tumor cells to support their proliferation and growth. As a result,
the expansion of cancer cells acts as a nutrient sink, drawing substrates from the peripheral
tissue. The combination of these effects is an overall catabolic state in the host, where the body’s
resources are utilized inefficiently and diverted to support an anabolic state in the tumor.
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1.2.2.3 Heart

Altered cardiac function is a predominant feature of many of the conditions associated with
cachexia, namely chronic heart failure and COPD (de Miguel Diez et al., 2013; von Haehling et al.,
2007). However, cardiac dysfunction has also been identified in cancer and septic cachexia
(Callahan and Supinski, 2009; Murphy, 2016). Cardiac atrophy, fibrosis, myocardium structural
impairment, and altered metabolic function have all been identified in various models of cachexia
(Reviewed in (Belloum et al., 2017)). Loss of cardiac structural integrity leads to loss of function
and a reduction in aortic pressure and ejection fraction, similar to what is seen in classical heart
failure (Tian et al., 2010; Zimmers et al., 2017). In addition, altered mitochondrial morphology
and accumulation of triacylglycerides (a marker of reduced beta-oxidation) in cachectic cardiac
tissue indicate impaired mitochondrial function (Belloum et al., 2017; Muhlfeld et al., 2011; Tian
et al., 2010). Mitochondrial beta-oxidation of fatty acids is the primary source of energy
generation in healthy cardiomyocytes, which have a high energy need due to the demanding
nature of maintaining the heartbeat rhythm, and so impaired mitochondrial energy generation
may also contribute to reduced cardiac function during cachexia (Lionetti et al., 2011). Cardiac
dysfunction can subsequently contribute to the reduced exercise tolerance and quality of life
observed in cachectic patients. Furthermore, sudden cardiac death due to arrhythmia may be
one of the primary mechanisms of cachexia-induced mortality (Kalantar-Zadeh et al., 2013). Thus,
understanding the role of cardiac wasting and dysfunction in the development of cachexia, as

well as the underlying mechanisms of induction, is a critical area of future research.

1.2.2.4 Adipose Tissue

After muscle wasting, adipose tissue wasting is likely the second most recognizable phenotype
of cachexia. White adipose tissue (WAT) is a primary site of energy storage, containing the
majority of the body’s lipid stores (Dalal, 2019). Inflammatory cytokines (especially TNFa and IL-
6), as well as PTH signaling and B-adrenergic signaling, have been shown to promote lipolysis and
thermogenic uncoupling (“browning”) in WAT (Dalal, 2019). Lipolysis during cachexia is mediated
by the activity of hormone-sensitive lipase (HSL) and adipose triglyceride lipase (ATGL)
(Agustsson et al., 2007; Das et al., 2011). Free-fatty acids (FFA) released from lipolysis are at least

partially secreted, as demonstrated by the fact that cachectic adipocytes secrete FFA at a
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significantly higher rate (Tsoli et al., 2014). In addition, cachexia is consistently associated with
increased circulatory levels of FFAs (Agustsson et al., 2012; Dahlman et al., 2010; Han et al., 2018;
Tsoli et al., 2014). Increased circulating FFAs may then contribute to increased lipid accumulation
in cachectic liver and heart, and are taken up by cancer cells during cancer cachexia (Fig. 1.2)
(Berriel Diaz et al., 2008; Muhlfeld et al., 2011; Mulligan et al., 1992). Released fatty acids may
also be utilized intracellularly during “browning”. Cachectic WAT has been shown to have
increased expression of genes associated with brown adipose tissue (BAT) (Kir et al., 2014;
Petruzzelli et al., 2014; Rohm et al., 2016). In BAT and browning WAT (“beige”), expression of
uncoupling protein 1 (UCP1) in the mitochondria uncouples fatty acid oxidation from ATP
generation, resulting in the release of heat (Dalal, 2019). This thermogenic process plays a critical
role in temperature regulation, but in cachexia may contribute to a negative energy balance (Fig.
1.2) (Dalal, 2019). The combination of increased lipolysis, fatty acid secretion, and thermogenic

uncoupling ultimately leads to the loss of adipose tissue in cachexia.

Intriguingly, while fat and muscle loss can be triggered independently by inflammatory
cytokines, there appears to be significant crosstalk between fat tissue and skeletal muscle during
cachexia (Baracos et al., 2018). In numerous mouse models, adipose tissue wasting has been
shown to precede the loss of skeletal muscle (Kir et al., 2016; Kir et al., 2014; Petruzzelli et al.,
2014; Rohm et al.,, 2016). Furthermore, several studies have shown that interventions that
specifically prevent adipose tissue wasting can indirectly prevent muscle wasting, suggesting that
the mechanisms of adipose tissue loss contribute to muscular atrophy in cachexia (Das et al.,
2011; Kir et al., 2016; Rohm et al., 2016). However, skeletal muscle atrophy can occur in cachexia
in the absence of fat loss, indicating that these mechanisms may be heterogenous in the cachexia
patient population (Baracos et al., 2019; Choi et al., 2015). The mechanism of crosstalk is, at
present, unclear. Increased energy expenditure due to increased lipolysis and browning may
contribute to a holistic negative energy balance that leads to muscle wasting. In addition,
endocrine signaling between fat tissue and muscle due to the release of adipokines and myokines
may be involved (Argiles et al., 2018). Given the clear evidence of crosstalk between fat tissue
and skeletal muscle, fat wasting should not be considered just a secondary effect of cachexia, but

a critical component of its progression.
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1.2.2.5 Gut

In recent years, investigations on the role of gut microbiota in chronic disease have become an
area of growing interest. While only a handful of studies have been performed investigating the
role of gut function in cachexia, the evidence suggests that altered gut homeostasis contributes
significantly to its pathogenesis. In the APCM"* and C26 mouse models of cancer cachexia, gut
permeability has been found to increase in an IL-6-dependent manner (Bindels et al., 2018; Puppa
et al., 2011). Subsequently, elevated levels of endotoxins and LPS binding protein (LBP) were
detected in the plasma of cachectic mice and in human cachectic patients, indicating that gut
permeability can contribute to systemic inflammation during cachexia (Bindels et al., 2018; Puppa
et al.,, 2011). Increased gut permeability was accompanied by altered microbiota composition
(microbial dysbiosis). Cachexia in mouse models has been associated with a decrease in
Lactobacillus  spp., Ruminococcaceae, and Lachnospiraceae and an increase in
Enterobacteriaceae (Bindels et al., 2016; Bindels et al., 2018; Potgens et al., 2018). Interestingly,
probiotic administration of Lactobacilli or prebiotic treatment of nondigestible carbohydrates
reverse gut dysfunction and cachexia symptoms in murine cancer models (Bindels et al., 2012;
Bindels et al., 2016; Bindels et al., 2015). In contrast, administration of the Enterobacteriaceae
strain Klebsiella oxytoca promoted gut dysfunction and muscle atrophy, highlighting the
importance of microbiota composition in cachexia (Potgens et al., 2018). The causative
mechanisms of altered gut flora have yet to be conclusively demonstrated. However, it has been
proposed that changes in epithelial cell metabolism and a depletion of regulator T cells alters the
gut microenvironment, promoting the expansion of pro-cachectic Enterobacteriaceae, which are
known to promote gut permeability (Palmela et al., 2018). Further work is needed to validate the
underlying causes of microbial dysbiosis in cachexia and to determine if similar mechanisms of

gut dysfunction occur in other types of cachexia, such as during COPD and CHF.

1.2.3 Inflammatory Signal Transduction Pathways in Skeletal Muscle During Cachexia

Lean body mass loss is the primary feature of cachexia, and the mechanisms that underly
cachectic muscle wasting are complex and multimodal. As detailed above, the impact of chronic
inflammation on whole body homeostasis creates a highly catabolic environment that promotes

muscle atrophy. In addition to these systemic effects, muscle tissue responds directly to
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inflammatory signaling, leading to a variety of biochemical changes that promote atrophy.
Inflammatory pro-cachectic cytokines can act in concert, sometimes synergistically, to induce
atrophy and dysfunction in skeletal muscle. As such, several convergent pathways have been
identified as critical components in the induction of inflammatory signaling in skeletal muscle

during cachexia.

1.2.3.1 NF-«kB

The nuclear factor k-light-chain-enhancer of activated B cells (NF-kB) family of transcription
factors are master regulators of the induction of inflammatory gene expression in response to
numerous inflammatory cytokines, such as TNFa, IL-1, and IL-6 (Liu et al., 2017). The family is
composed of five members, p50/p105 (NF-kB1), p52/p100 (NF-kB2), p65 (RELA), c-REL and RELB
(Li and Verma, 2002). NF-kB can be activated by both a canonical and an alternative pathway (Li
et al., 2008). In the canonical pathway, convergent signaling from numerous inflammatory stimuli
lead to the activation of inhibitor of kB kinase-B (IKKB), which in turn phosphorylates the inhibitor
of kB-a (IkBal) (Li et al., 2008). IkBa binding to NF-kB sequesters it in the cytoplasm and prevents
transcriptional activation. Upon phosphorylation, IkBa is degraded by the 26S-proteasome,
releasing NF-kB and allowing nuclear translocation (Li et al., 2008). In the alternative pathway,
phosphorylation of the p100 precursor protein by IKKa leads to ubiquitin-mediated processing
to form the p52 subunit, which heterodimerizes with RelB and translocates to the nucleus (Li et
al., 2008). In muscle, both mechanisms of activation have been found to induce atrophy (Li et al.,

2008).

NF-kB is a critical component of cachexia signaling in skeletal muscle. Muscle-specific
expression of a phospho-mutant IkBa super-repressor, which constitutively inhibits NF-kB
activation, has been shown to prevent atrophy and inhibit inflammatory signaling in both mouse
and cellular models of cachexia (Cai et al., 2004; Di Marco et al., 2005; Guttridge et al., 2000; He
et al.,, 2013; Ma et al., 2017). The role of NF-kB in atrophy is often ascribed to the elevated
expression of the muscle-specific E3-ligase muscle RING-finger protein-1 (MuRF1), which plays a
critical role in protein degradation during muscle atrophy (Cai et al., 2004). However, reduced
regenerative potential and expression of pro-myogenic genes have also been associated with NF-

kB activity during cachexia (Di Marco et al., 2005; Guttridge et al., 2000; He et al., 2013).
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Furthermore, NF-kB has been shown to induce the expression of inducible nitric oxide synthase
(iNOS) in cachectic muscle, which produces high levels of reactive nitrogen species and induces
oxidative stress (Di Marco et al., 2012; Di Marco et al., 2005; Ma et al., 2017). Finally, a specific
inhibitor of NF-kB was found to partially reverse altered metabolism in the muscle of C26-bearing
mice, suggesting that NF-kB also contributes to metabolic dysfunction during cachexia (Der-
Torossian et al., 2013). Thus, while the induction of proteasomal protein degradation is a well-
established mechanism of NF-kB-mediated atrophy, inhibition of regenerative potential,
induction of oxidative stress, and impairment of metabolic function can also be attributed to NF-

KB activity.

1.2.3.2 STAT3

Signal Transducers and Activators of Transcription-3 (STAT3) is a member of the STAT family of
transcription factors that mediate signal induction in a variety of cells in response to cytokines
and growth factors (Mali, 2015). In unstimulated conditions, STAT3 localization is predominantly
cytoplasmic, but it is known to shuttle continuously between the nucleus and the cytoplasm
(Reich, 2013). Phosphorylation of STAT3 in the SH2 domain leads to homo- and
heterodimerization of STAT3 and its accumulation in the nucleus, where it promotes the
expression of inflammatory response genes (Delgoffe and Vignali, 2013; Huynh et al., 2019).
Phosphorylation of STAT3 is mediated primarily by Janus-kinases (JAK), but it can also be
activated by Src family kinases and MAPK/ERK signaling (Mali, 2015). In addition,
heterodimerization with NF-kB has been shown to lead to the accumulation of STAT3 in the
nucleus in a phosphorylation-independent manner (Kim and Yoon, 2016; Ma et al., 2017).
Cachexia-associated STAT3 activity has largely been linked to IL-6 signaling (Bonetto et al., 2012;
Bonetto et al., 2011). However, STAT3 responds to numerous cytokines and inflammatory signals
and has been shown to be activated by TNFa and IFNy in an IL-6-independent, NF-kB-dependent
manner during cachexia, highlighting its importance as an integrator of cytokine signaling (Ma et

al., 2017).

The mechanism by which STAT3 induces muscle atrophy in cachexia is an area of active
research. The causative role of STAT3 in cachexia was first demonstrated by Bonetto et al., who

showed that chemical or genetic inhibition of STAT3 could prevent cachexia in a variety of
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models, and that muscle-specific, constitutively active STAT3 overexpression could
spontaneously induce muscle atrophy (Bonetto et al., 2012). Subsequently, several causative
mechanisms have been proposed for STAT3-mediated muscle wasting. STAT3 has been shown to
promote protein degradation by inducing the transcription of the muscle-specific E3-ligases
atrogin-1/MAFbx and MuRF1, as well as caspase-3 (a promotor of proteasomal activity) (Silva et
al., 2015). In addition, STAT3 has been shown to promote myostatin expression through
upregulation of the C/EBP& transcription factor (Silva et al., 2015; Zhang et al., 2013).
Collaboration between STAT3 and NF-kB has also been shown to be required for the expression
of iINOS, an inducer of nitrosative stress (Ma et al., 2017). Interestingly, STAT3 has been shown
to localize to the mitochondria and regulate oxidative phosphorylation, as well as promote
expression of glycolytic genes in the nucleus (Huynh et al., 2019). However, the role of

mitochondrial-STAT3 and STAT3 metabolic regulation in cachexia has yet to be explored.

1.2.3.3 FOXO

Members of the Forkhead box protein (FOXO) family of transcription factors, specifically FOXO1
and FOXO03, play a critical role in the activation of protein degradation pathways in cachexia.
Indeed, FOXOs induce the expression of proteins involved in ubiquitin-mediated proteasomal
degradation (e.g. MuRF1 and atrogin-1/MAFbx), as well as autophagy (e.g. LC3, Bnip3, PINK)
(Reviewed in (Sandri, 2016)). FOXO activity can be regulated by several extracellular and
intracellular signaling pathways. The activity of FOXO in the nucleus is inhibited by
phosphorylation by AKT (Manning and Cantley, 2007). AKT activity, in turn, is stimulated by
anabolic signaling from IGF-1/PI3K and a positive feedback loop involving mTOR activity
(Schiaffino and Mammucari, 2011). In contrast, the AKT pathway is inhibited by inflammatory
cytokine signaling, such as TNFa and TGFB (myostatin), leading to FOXO activation (Schiaffino
and Mammucari, 2011). In addition, FOXO can be activated directly by intracellular stress
signaling from oxidative stress and energetic stress via AMP-sensitive kinase (AMPK) (Schiaffino
and Mammucari, 2011). Interestingly, FOXO proteins have been shown to reduce the expression
of mitochondrial genes and impact other metabolic pathways, such as glycolysis in other cell
types (Ferber et al., 2012; Gross et al., 2008; Ma et al., 2018). As such, FOXO signaling may play a

role in integrating atrophic and metabolic signaling during cachexia.
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1.2.3.4 Smads

The Smad family of transcription factors are key mediators of TGF-B signal transduction
(Moustakas et al., 2001). Receptor activated Smads (R-Smad; 1,2,3,5, and 8) are activated
downstream of activin receptor-like kinases (ALKs), and subsequently form oligomeric complexes
with co-Smad4 (Moustakas et al., 2001). In contrast, inhibitory Smads (I-Smad; 6 and 7) compete
with R-Smads for binding to activated receptors and target them for degradation (Moustakas et
al., 2001). The importance of Smad signaling in cachexia is highlighted by the fact that inhibiting
R-Smad2/3 can induce hypertrophy and block atrophy (Chen et al., 2017; Sartori et al., 2009). In
addition, viral gene therapy inducing overexpression of I-Smad7 in muscle has been shown to
block muscle atrophy in a mouse model of cachexia, independently of its effects on tumor growth
and systemic inflammation (Winbanks et al., 2016). R-Smad2/3 activation is believed to promote
atrophy by supressing AKT activity, leading to reduced mTORC1 signaling and protein synthesis
(Goodman et al., 2013; Sartori et al., 2009; Trendelenburg et al., 2009). R-Smad3 also binds to
the Atrogin-1, but not the MuRF-1 promoter, indicating that Smad may also promote protein
degradation (Goodman et al., 2013; Sartori et al., 2009). However, it is not presently clear if Smad
signaling promotes Atrogin-1 expression directly or through AKT/FOXO signaling (Goodman et
al.,, 2013). Also, Atrogin-1 expression is not consistently upregulated by Smad2/3 signaling,
making the importance of protein degradation in Smad-mediated atrophy uncertain
(Trendelenburg et al., 2009). Interestingly, Smad3 has been shown to decrease peroxisome
proliferator-activated receptor-gamma coactivator 1-a (Pgcl-o; a critical regulator of oxidative
metabolism) promoter activity and expression and impair metabolic responses to exercise (Bohm
et al., 2016; Goodman et al., 2013; Tiano et al., 2015). Thus, in combination with it’s known
effects on Akt/mTORC signaling and protein synthesis, impairment of metabolic function may
also play a role in Smad-induced atrophy, though more studies are needed to establish if this is

the case.

1.2.4 Mechanisms of Muscle Atrophy
Classically, the balance of protein turnover and protein synthesis in skeletal muscle has been

considered the main driving mechanism of atrophy in cachexia. Direct cytokine signaling in
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muscle promotes proteasomal protein degradation, as well as autophagy (Sandri, 2016). In
addition, protein synthesis is often supressed in cachexia, leading to an overall negative protein
balance (Tisdale, 2009). Recent evidence suggests that cachectic muscle may also have a reduced
regenerative potential due to diminished muscle differentiation (myogenesis) capacity in adult
muscle stem cells (satellite cells) (He et al., 2013). Ultimately, the negative protein balance from
increased degradation and decreased synthesis and the reduced regenerative potential leads to

the loss of skeletal muscle mass at the molecular and physiological levels.

1.2.4.1 Increased Protein Degradation

The ubiquitin-proteasome pathway (UPP) allows for the targeted turnover of select proteins
within the cell (Lecker et al., 2006). Specificity is mediated by poly-ubiquitination of target
proteins through the coordinated actions of E1, E2, and E3 enzymes (Lecker et al., 2006). E1
serves to activate ubiquitin, which is subsequently transferred to an E2 carrier protein (Lecker et
al., 2006). E3 ligases, which contain ubiquitin transfer and substrate recognition domains, then
coordinate the transfer of ubiquitin onto lysine residues of target proteins (Lecker et al., 2006).
Subsequent reactions transfer additional ubiquitin units to lysine residues within ubiquitin,
creating a poly-ubiquitin chain that is recognized by the 26S proteasome complex (Lecker et al.,
2006). The 26S proteasome then degrades the protein into small peptides that are further
degraded by the activity of cytosolic peptidases (Lecker et al., 2006). In cachexia, increased
activity of the UPP has long been associated with the progression of muscle atrophy (Tisdale,
1999). Specifically, upregulation of the muscle-specific E3 ligases MuRF1 and atrogin-1/MAFbx,
as well as the more recently identified TRAF6 and MUSA1, are believed to drive the degradation
of myofibrillar and myogenic proteins required for the maintenance of skeletal muscle (Sandri,
2016). In addition, non-degradatory ubiquitin signaling may also be involved in crosstalk

between the UPP and autophagy, as well as metabolic function (Sandri, 2016).

Macroautophagy is a conserved mechanism by which cells degrade and recycle intracellular
components (Parzych and Klionsky, 2014). Two other forms of autophagy, microautophagy and
chaperone-mediated autophagy, allow for more targeted degradation, but their role in cachexia
is unknown (Parzych and Klionsky, 2014; Sandri, 2016). In macroautophagy, cellular components

are engulfed by a lipid bilayer membrane, forming an autophagosome (Parzych and Klionsky,
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2014). Merger of autophagosomes with lysosomes, which contain hydrolytic enzymes in a low
pH environment, results in the degradation and subsequent release of the contents of the
autophagosome (Parzych and Klionsky, 2014). Increased macroautophagy has been detected in
several murine cachexia models and in the muscle of human cachexia patients (Chacon-Cabrera
et al., 2014; Johns et al., 2014; Penna et al., 2013; Pigna et al., 2016; Puig-Vilanova et al., 2015;
Stephens et al., 2015; Tardif et al., 2013). However, it is unclear if upregulated macroautophagy
plays a detrimental or protective role in cachexia. In fact, macroautophagy in muscle is critical for
the turnover of damaged cellular components, particularly mitochondria (mitophagy), and loss
of autophagic function can promote atrophy (Carnio et al., 2014; Drake and Yan, 2017). In keeping
with this, treatments that promote macroautophagy and exercise, which is known to upregulate
autophagy, have all been shown to reduce atrophy during cachexia (Grumati et al., 2011; Pigna
et al., 2016; Puppa et al., 2012). The evidence suggests, then, that autophagic turnover may be a

protective mechanism during cachexia, but more work is needed to conclusively establish this.

1.2.4.2 Supressed Protein Synthesis

Protein synthesis is a highly regulated process that dynamically responds to numerous extra-
and intracellular signaling pathways. Most notably for cachexia, the rate of protein synthesis can
be modulated by nutrient availability, hormonal and inflammatory signaling, exercise, and
oxidative stress (Atherton and Smith, 2012; Heberle et al., 2015; Mercier et al., 2002; Velloso,
2008). Regulation of protein synthesis is incredibly complex, occurring at multiple stages of
initiation, elongation, and ribosomal release (Hershey et al., 2012). In addition, synthesis of
specific mRNA can be modulated by a variety of regulatory factors, such as RNA-binding proteins
and miRNA (Ma et al., 2012; van de Worp et al., 2018; von Roretz et al., 2011). While a decrease
in general protein translation has been detected in several cachectic models and cohorts of
human cachexia patients, the mechanisms underlying inhibition of translation during cachexia
are still only partially understood (Brown et al., 2018; Eley and Tisdale, 2007; Emery et al., 1984b;
Rennie et al., 1983; White et al., 2011b).

The most widely studied anabolic pathway in cachexia is the AKT/mTOR/GSK3B pathway. In
response to growth factors, such as IGF-1, AKT activation leads to the phosphorylation and

activation of mTOR and inhibition of glycogen synthase kinase 3f (GSK3pB) (Schiaffino and
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Mammucari, 2011). GSK3B phosphorylates eukaryotic initiation factor 2B (elF2B), inhibiting
recruitment of the initiation methionine tRNA to the translation initiation complex (Kimball,
1999; Schiaffino and Mammucari, 2011). mTOR is a critical regulator of protein translation, with
numerous downstream targets, notably ribosomal protein S6 kinase (S6K) and 4E binding
proteins (4EBPs) (Heberle et al., 2015). Decreased phosphorylation of AKT, GSK33, mTOR, and
MTOR downstream targets have all been demonstrated in cachexia (Quan-Jun et al., 2017;
Schmitt et al., 2007; White et al., 2011b). The mechanisms of reduced AKT/mTOR signaling are
still being explored. As discussed above, SMAD activity and reduced IGF-1 may contribute to
suppression of AKT activity (Goodman et al.,, 2013; Sartori et al., 2009; Schiaffino and
Mammucari, 2011; Trendelenburg et al., 2009). In addition, the energy-sensitive kinase AMPK
has been identified as a negative regulator of mTOR signaling during cachexia (White et al., 2013).
However, despite numerous studies showing supressed AKT/mTOR signaling, several studies
have found that mTOR signaling was unaffected or even increased during cachexia (MacDonald
et al., 2015; Penna et al., 2010). In one recent study, the general protein synthesis rate was found
to be decreased during the progression of cachexia, despite minimal changes in AKT, S6K, and
4EBP phosphorylation (Brown et al., 2018). This suggests that other mechanisms of protein
translation inhibition may be activated during cachexia. Furthermore, anabolic stimuli, such as
feeding or exercise, can have significant and temporal impacts on protein synthesis signaling,
which may complicate interpretation of results. While cachexia is associated with a reduced
sensitivity to these stimuli (anabolic resistance), an anabolic response is still present in the early
stages of cachexia (Antoun and Raynard, 2018). Thus, more work is needed to clarify these
discrepancies and to decipher the role of anabolic signaling and anabolic resistance in cachectic

muscle atrophy.

1.2.4.3 Regeneration Deficit

In addition to intracellular protein turnover rates, muscle mass is also influenced by the growth
and differentiation of adult muscle stem cells (Blaauw and Reggiani, 2014). In adult muscle tissue,
resident stem cells known as satellite cells are spaced along the length of mature myofibers (Le
Grand and Rudnicki, 2007). In response to stimuli, such as injury, exercise, or growth factors,

these stem cells expand to form a pool of committed mononuclear cells known as myoblasts
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(Blaauw and Reggiani, 2014; Le Grand and Rudnicki, 2007). Myoblasts further expand, and
eventually fuse with each other or into existing myofibers, regenerating damaged muscle or
inducing hypertrophy (Blaauw and Reggiani, 2014; Le Grand and Rudnicki, 2007). Reduced
regenerative capacity in aging and genetic myopathies has been linked with progressive atrophy
(Boyden et al., 2012; Joanisse et al., 2017; Kudryashova et al., 2012; Lagalice et al., 2018; Schaaf
et al., 2018). For example, in Duchenne’s muscular dystrophy, impaired satellite cell function has
been identified as a contributing factor to muscle wasting (Chang et al., 2016). Only a handful of
studies have investigated regenerative defects in cachexia but results from these studies strongly

suggest that cachectic muscle has a significant regenerative deficit.

Myogenesis is controlled by the coordinated regulation of several pro-myogenic transcription
factors. In brief, expression of Paired box 7 (Pax7) is necessary for the establishment and
maintenance of the satellite stem cell pool (Olguin and Pisconti, 2012). Upon commitment to
differentiation, satellite cells begin expressing the early stage transcription factors myogenic
factor 5 (Myf5) and MyoD and eventually downregulate Pax7 (Olguin and Pisconti, 2012). In the
later stages of differentiation, Myf5 and MyoD expression is reduced as myogenin, a late stage
transcription factor, is expressed (Olguin and Pisconti, 2012). Several studies have reported a
decrease in the expression of both MyoD and myogenin in mature muscle cells and muscle tissue
in models of cachexia (Acharyya et al., 2004; Brown et al., 2018; Costelli et al., 2005; Di Marco et
al., 2012; Di Marco et al., 2005; He et al., 2013). This down regulation has been shown to be
dependent on NF-kB and the activity of iNOS, although the causative mechanisms of decreased
expression are not fully understood (Acharyya et al., 2004; Di Marco et al.,, 2005). In a
comprehensive assessment of myogenic potential in cachexia, He et al. showed that cachectic
muscle is associated with a severe regenerative deficit in response to injury (He et al., 2013). The
loss of regenerative potential was discovered to be the result of precocious activation of both
satellite and non-satellite stem cells due to increased Pax7 expression (He et al., 2013).
Downregulation of Pax7 is required for commitment to differentiation, and so persistence of Pax7
impairs the expression of MyoD and myogenin and the progression of myogenesis (He et al.,
2013). Importantly, reduction of Pax7 expression or ectopic overexpression of Pax7 were found

to prevent or promote atrophy, respectively, demonstrating that the regenerative defect impacts
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muscle mass in cachexia (He et al., 2013). Pax7 overexpression, reduced myogenic potential, and
impaired regeneration were subsequently confirmed in another study of murine cancer cachexia

(Marchildon et al., 2015).

Collectively, the evidence shows that in cachexia, regenerative potential is reduced due to
dysregulation of the myogenic regulatory program. However, the mechanisms driving this
dysfunction require further investigation. In these studies, increased Pax7 expression depended
on the NF-kB and CCAAT/enhancer-binding protein B (C/EBPB) transcription factors (He et al.,
2013; Marchildon et al., 2015). C/EBP regulates Pax7 transcription directly, but this has not been
demonstrated for NF-kB, so it is not known if NF-kB acts on Pax7 directly or indirectly (Marchildon
et al., 2012). Furthermore, the mRNA of Pax7 was recently found to be decreased in cachectic
muscle, despite the increase in Pax7 protein previously reported (Brown et al., 2018). This
suggests that Pax7 regulation in cachexia may be more complex than just transcriptional
upregulation. More work is needed to understand the molecular mechanisms of myogenic
dysregulation in cachexia. In addition, the potential of regenerative therapy for the treatment of

cachexia needs to be explored.

1.2.5 Metabolic Dysfunction in Cachexia

Muscle atrophy and a negative protein balance in skeletal muscle has been the primary focus
of a significant portion of cachexia research. However, growing evidence indicates that, like in
many of the other organs affected by chronic inflammation, there is significant metabolic
dysfunction in skeletal muscle during cachexia (Argiles et al.,, 2015a). Due to the energy-
demanding nature of contraction, skeletal muscle is particularly sensitive to aberrations in
metabolic function. This is highlighted by the fact that mitochondrial defects often result in
myopathy (Pfeffer and Chinnery, 2013; Smeitink et al.,, 2001). In cachexia, metabolic
abnormalities have been observed to precede atrophy, suggesting that skeletal muscle mass loss
may be a secondary symptom following loss of metabolic function (Brown et al., 2017; Fukawa
et al.,, 2016; Op den Kamp et al., 2012). Therefore, understanding the nature of metabolic
dysfunction, as well as the underlying molecular mechanisms, is critical to the development of

effective therapies against cachexia.
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1.2.5.1 Altered Metabolic Profiles in Cachexia

Metabolomic profiling is a powerful technique that allows for the simultaneous assessment of
numerous metabolites and metabolic pathways. Several studies have performed metabolomic-
based analysis on cachectic muscle, identifying common metabolic perturbations associated with
cachexia (Cui et al., 2019a; Cui et al., 2019b; Der-Torossian et al., 2013; Lautaoja et al., 2019; Pin
et al.,, 2019a; Tseng et al., 2015). One pathway that is commonly identified as altered during
cachexia is glycolysis. In glycolysis, glucose is broken down into pyruvate, which can be converted
to acetyl-CoA by pyruvate dehydrogenase (PDH) in the matrix of the mitochondria or converted
to lactate by lactate dehydrogenase (LDH) in the cytoplasm (Fig. 3) (Saunier et al., 2016; Valvona
et al., 2016). Acetyl-CoA can subsequently enter the tricarboxylic acid (TCA) cycle, where reducing
equivalents (NADH, FADH,) can be generated to drive the activity of the electron transport chain
(ETC) and the production of ATP through oxidative phosphorylation (OXPHOS) (Bowtell et al.,
2007). When fermented to lactate (anaerobic), glucose breakdown generates a net two ATP
(Mookerjee et al., 2017). In contrast, complete oxidation of glucose through OXPHOS (aerobic)
leads to a net production of approximately 31-32 ATP (Mookerjee et al., 2017). While less
efficient than aerobic metabolism, anaerobic glycolysis is believed to generate ATP at a faster
rate, supplying energy rapidly during muscle contraction (Baker et al., 2010). Several studies of
cachectic muscle have identified signs of elevated glycolysis, namely depletion of intracellular
glucose and glycogen content (Cui et al., 2019a; Cui et al., 2019b; Der-Torossian et al., 2013;
Lautaoja et al., 2019; Tseng et al., 2015). Levels of other glycolytic intermediates vary between
studies. For example, intramuscular lactate has been shown to remain unchanged (Der-Torossian
et al., 2013; Pin et al., 2019a) or decrease (Cui et al., 2019a; Cui et al., 2019b). However, without
metabolite tracing, it is difficult to assess the true rate of lactate production, as it is also affected
by the secretion and clearance rates. Indeed, several studies have shown increased serum lactate
levels, but this may also be associated with increased glycolytic activity in the tumor (Cui et al.,

2019a; Cui et al., 2019b; Lautaoja et al., 2019).
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Figure 1.3: Glucose catabolism in skeletal muscle.

Breakdown of glucose for energy can be performed either aerobically or anaerobically. In
glycolysis, glucose is broken down into pyruvate through a series of enzymatic reactions.
Transport of pyruvate to the mitochondrial matrix and conversion to acetyl-CoA by pyruvate
dehydrogenase (PDH) feeds into the Tricarboxylic Acid (TCA) cycle and aerobic oxidative
phosphorylation (OXPHOS). Alternatively, pyruvate can be converted to lactate anaerobically by
lactate dehydrogenase (LDH) in the cytoplasm. Fermentation to lactate regenerates the NAD*
needed for glycolysis. If pyruvate is utilized aerobically, the NADH produced from glycolysis can
be shuttled to the mitochondria and used in OXPHOS. Aerobic metabolism produces
approximately net 31-32 ATP per glucose, whereas anaerobic metabolism produces net 2 ATP
per glucose.
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Another major pathway found to be affected in cachexia is the TCA cycle. As mentioned above,
pyruvate from glycolysis can feed into the TCA cycle after conversion to acetyl-CoA (Saunier et
al., 2016). Acetyl-CoA can also be generated from the breakdown of fatty acids (Houten et al.,
2016). Citrate synthase, the first enzyme in the TCA cycle, converts acetyl-CoA and oxaloacetate
to citrate (Bowtell et al., 2007). Subsequent reactions lead to the regeneration of oxaloacetate
and the generation of the reducing equivalents required for OXPHOS (Bowtell et al., 2007). In
cachexia, TCA cycle intermediates have been found to be reduced (Cui et al., 2019a; Der-
Torossian et al., 2013; Pin et al., 2019a). This reduction is likely mediated, at least in part, by
reduced flux of pyruvate from glycolysis into the TCA cycle due to decreased PDH activity (Pin et
al., 2019a). PDH is negatively regulated by pyruvate dehydrogenase kinase 4 (PDK4), which
inactivates PDH through phosphorylation of the Ela subunit (Gray et al., 2014). PDK4 expression
is upregulated in muscle in cancer and sepsis models of cachexia (Asp et al., 2011; Constantinou
et al., 2011; Kliewer et al., 2015; Pin et al., 2019b; Tzika et al., 2013). Furthermore, inhibition of
PDK4 in myotubes treated with cancer-conditioned media has been shown to reduce atrophy,
whereas overexpression of PDK4 spontaneously induces atrophy, demonstrating the causative
role of altered pyruvate utilization in muscle wasting (Pin et al., 2019b). The mechanisms of
increased PDK4 expression have not been demonstrated in cachexia. However, PDK4 is known to
be transcriptionally regulated by several factors associated with cachexia, such as FOXO, the

glucocorticoid receptor, and C/EBPPB (Jeong et al., 2012).

When TCA cycle intermediates are depleted from reduced carbohydrate flux or high energetic
demand, free amino acids can be consumed in anaplerotic reactions to replenish them (Owen et
al., 2002; Shimomura et al., 2004). Given the high rate of protein degradation and suppression of
protein synthesis in cachexia, there is potentially an elevated pool of free amino acids to utilize.
However, during muscle breakdown amino acids are also funneled through transamination
reactions to form glutamine and alanine, which are subsequently secreted into the circulatory
system (Owen et al., 2002). Several anaplerotic amino acids, such as glutamine, glutamate, and
branch-chain amino acids (BCAAs), are altered in cachectic muscle, though there is inconsistency
in the directionality, with some studies showing increases (Cui et al., 2019a; Cui et al., 2019b;

Tseng et al., 2015) and others showing decreases in amino acid levels (Der-Torossian et al., 2013;
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Pin et al.,, 2019a). It is difficult to ascertain from steady-state levels if these alterations are
resulting from increased protein breakdown, increased anaplerotic demand, or amino acid
secretion. Interestingly, 3C tracing of glutamine in muscle of cancer-bearing mice found that
muscle glutamine was utilized for the formation of TCA cycle intermediates and secreted (Luo et
al., 2014). This suggests that amino acids from protein breakdown can still be utilized in
anaplerotic reactions to replenish diminished TCA cycle intermediates despite also being

secreted.

Discrepancies between studies of metabolomics in cachexia have likely arisen due to a variety
of variables, such as different sample preparation and processing procedures, different model
systems, and different methods of analysis. In addition, as discussed, it is difficult to assess
metabolic flux, which is often the more relevant variable, from steady state metabolite levels.
However, collectively, these studies point towards several recurrent metabolic signatures of
cachexia. Namely, increased glycolytic flux, reduced entry of pyruvate into the TCA cycle, and
altered amino acid metabolism favoring anaplerosis and secretion. The next steps, then, will be
to validate these metabolic profiles in human cachexia patients and to use results from these and
future studies to identify key points of regulation that can be targeted therapeutically. Future

studies should also use, where feasible, metabolite tracing to better assess metabolic flux.

1.2.5.2 Mitochondrial Dysfunction

The metabolic aberrations identified in the metabolic profiles of cachectic muscle are
consistent with impaired mitochondrial function. Mitochondrial dysfunction can reduce aerobic
energy production, leading to energetic stress and compensatory upregulation of glycolysis
(Gaude et al., 2018; Smith et al., 2018). In addition, as described above, the TCA cycle in the
mitochondrial matrix is a central hub of amino acid metabolism (Owen et al., 2002; Shimomura
et al., 2004). Numerous studies have found that muscle mitochondria in cachexia display signs of
altered dynamics and morphology and reduced oxidative phosphorylation with or without inner-

membrane uncoupling.

Mitochondrial content is controlled by mitochondrial biogenesis and degradation through
mitophagy (Palikaras et al., 2015). In addition, mitochondria are subject to dynamic cycles of
fission and fusion that allow for recycling of mitochondrial material and repair or disposal of
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damaged mitochondria (Youle and van der Bliek, 2012). All forms of mitochondrial turnover and
dynamics are affected in cachectic muscle (reviewed in (VanderVeen et al., 2017)). For example,
PGC-1a, a master regulator of mitochondrial biogenesis, is downregulated in models of cancer
cachexia (Sandri et al., 2006; White et al., 2011a; White et al., 2012). Also, the increase in
autophagy associated with cachexia likely promotes mitophagy (VanderVeen et al.,, 2017).
Mitophagy is mediated by both the Bnip3 and PINK1-PARKIN regulatory pathways (Brown et al.,
2017). Bnip3, but not PINK1-PARKIN, has consistently been found to be elevated in mouse and
human cachectic muscle, suggesting that increased mitophagy in cachexia is mediated through
Bnip3 signaling (Aversa et al., 2016; Brown et al., 2017; Op den Kamp et al., 2013; Stephens et
al., 2010). In addition, cachexia is associated with reduced expression of mitochondrial fusion
genes (Mfn1/2) and increased expression of fission genes (Fis1), indicating an overall dynamics
imbalance towards fission (Brown et al., 2018; White et al., 2011a; White et al., 2012). Increased
fission and formation of smaller mitochondria is associated with mitochondrial damage and is
believed to promote clearance through mitophagy (Twig et al., 2008). Also, swelling and
disrupted cristae structures have been observed in cachectic muscle mitochondria, another sign
of mitochondrial damage (Fontes-Oliveira et al., 2013; Shum et al., 2012). Together, these
observations indicate that cachectic muscle is characterized by increased mitochondrial damage,
resulting in elevated mitochondrial turnover through increased fission and mitophagy and
decreased biogenesis. However, the nature and underlying causes of mitochondrial damage are

still being investigated.

Aerobic energy generation through OXPHOS is one of the primary functions of mitochondria
and is critical for the maintenance of muscle energy homeostasis (Smeitink et al., 2001). OXPHOS
is carried out by the ETC, which is composed of 4 complexes that utilize reducing equivalents
from the TCA cycle to generate an electro-chemical proton gradient across the inner
mitochondrial membrane, and ATP synthase (Complex V), which uses the proton gradient to
drive ATP synthesis (Fig. 1.4) (Smeitink et al., 2001). ETC activity has been shown to be reduced
in cachexia in a handful of experimental studies. In particular, the activity of complex IV has been
shown to be decreased, but Complex | and Il have also been shown to have reduced activity

(Fermoselle et al., 2013; Fontes-Oliveira et al., 2013; Julienne et al., 2012; Padrao et al., 2013; Pin
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et al., 2019a; VanderVeen et al., 2019; VanderVeen et al., 2018). OXPHOS can also be modulated
by the activity of uncoupling proteins (UCPs), which allow protons to flow across the inner
mitochondrial membrane and uncouple the ETC from ATP synthase (Rousset et al., 2004).
Increased expression of UCP2, UCP3, or both has been detected in mouse models and human
patients (Busquets et al., 2005; Busquets et al., 2001; Collins et al., 2002; Sanchis et al., 1998;
Tseng et al., 2015). In addition, Tzika et al. found that the rate of ATP synthesis was decreased
approximately two-fold more than flux through the TCA cycle in cachectic mice, an indicator of
uncoupling between TCA cycle activity and ATP production (Tzika et al., 2013) However, when
Julienne et al. directly measured respiration rates in isolated mitochondria from tumor-
inoculated rats, they found no uncoupling of respiration, despite increased UCP2 expression
(Julienne et al.,, 2012). UCPs have been shown to have antioxidant functions, reducing
mitochondrial reactive oxygen species (ROS) production without affecting respiration rates
(MacLellan et al., 2005). Therefore, upregulation of UCPs in muscle does not necessarily mean
that mitochondrial respiration is uncoupled. Instead, it is possible that the upregulation of UCPs
is an antioxidant response. Indeed, in addition to reducing energy production, impaired ETC
activity can lead to ROS production, inducing oxidative stress (Murphy, 2009). More studies
measuring the coupling state of respiration directly are needed to determine if UCP upregulation
in cachexia leads to physiological uncoupling. In addition, the role of UCPs in the antioxidant

response may have therapeutic significance.
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Figure 1.4: OXPHOS system in mammalian mitochondria.

Electrons (e-) from carbon oxidations (step 1 and dotted lines) are transferred via NADH (step 2)
into OXPHOS complex | (step 3), which is embedded in the lipid bilayer of the inner mitochondrial
membrane (IMM), then transported to coenzyme Q (CoQ) (step 4). Some electrons from organic-
acid oxidations are transferred, via other flavin-containing enzyme complexes (step 5), directly
to CoQ. CoQ delivers electrons via complex Il (step 6) and cytochrome c (Cyt c) (step 7) to the
final electron acceptor complex IV (step 8). Here, oxygen is reduced to water. The electrons lose
free energy at each transfer step, and in complexes |, lll and IV, the energy is harnessed and
coupled to the movement of H+ (step 9 and dashed lines) from the mitochondrial matrix to the
intermembrane space (IMS). The proton gradient thus generated is used for the production of
ATP by complex V (step 10). Except for complex Il, all complexes contain some proteins encoded
by the mitochondrial genome and others encoded by the nuclear genome. The number of
subunits for each complex is indicated. (CN, cyanide; FMN, flavin mononucleotide; mt,
mitochondrial.) Reprinted from Smeitink, J., van den Heuvel, L., and Di Mauro, S. “The genetics
and pathology of oxidative phosphorylation” Nature Reviews Genetics 2, 342-352 (© 2001) with
permission from Springer Nature.
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1.2.6 Energetic Stress and AMPK
1.2.6.1 Energetic Stress in Cachectic Muscle

Impaired OXPHOS in mitochondria reduces energy generation, leading to energetic stress in
cachectic muscle. In keeping with impaired ETC activity, the rate of ATP synthesis in cachectic
muscle has been shown to decrease, coinciding with decreased ATP and increased AMP levels
(Constantinou et al., 2011; Fontes-Oliveira et al., 2013 Pin, 2019 #5065; Julienne et al., 2012;
Tzika et al., 2013). In addition, reduced phospho-creatine and glycogen, two important forms of
energy storage in muscle, have also been detected in models of cachexia (Constantinou et al.,
2011; Tseng et al., 2015). Reduced energy in muscle can promote fatigue and reduce strength,
two common features of cachexia (Wan et al., 2017). In addition, low energy levels may promote
protein degradation and supress protein synthesis in skeletal muscle, leading to atrophy
(Carbone et al., 2012). Therefore, induction of energetic stress may be a critical component of

the progression of muscle dysfunction and atrophy in cachexia.

1.2.6.2 AMPK and Energy Homeostasis

Energetic stress leads to the activation of AMPK, a master regulator of energy homeostasis.
AMPK is a heterotrimeric serine/threonine kinase that regulates a wide breadth of metabolic-
related pathways (Hardie et al., 2012). It is composed of a catalytic kinase a-subunit, a regulatory
B-subunit that contains a glycogen binding domain, and a regulator y-subunit that is responsible
for sensing AMP and ATP levels in the cell (Hardie et al., 2012). There are two isoforms of the a-
and B-subunits and three isoforms of the y-subunit, all of which are expressed in skeletal muscle
(Tobias et al., 2018). AMPK activation is mediated by both allosteric interactions and covalent
modification. One of the most critical modifications of AMPK is phosphorylation of Thr172 in the
alpha subunit, which is required for the release of an auto-inhibitory domain from the catalytic
pocket (Stein et al., 2000; Xiao et al., 2011). Thr172 phosphorylation is mediated by upstream
kinases, such as liver kinase B1 (LKB1), Ca%*/calmodulin-dependent protein kinase kinase-B
(CaMKKPB), and transforming growth factor-B (TGF-B)-activated kinase 1 (TAK1) (Carling et al.,
2008; Neumann, 2018). The phosphorylation status of AMPK is also regulated by allosteric
interactions with the B- and y-subunits. Binding of adenosine nucleotides to Bateman domains

composed of CBS motifs in the y-subunit allosterically regulates AMPK and alters its susceptibility
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to phosphorylation and dephosphorylation by protein phosphatases (Hardie et al.,, 2012;
Salminen et al., 2016). AMP/ADP binding induces activity and promotes phosphorylation while
inhibiting dephosphorylation, while ATP binding has the opposite effects (Hardie et al., 2012;
Salminen et al., 2016). In addition, glycogen binding to the B-subunit can inhibit enzymatic activity
and phosphorylation (McBride et al., 2009). These regulatory events allow AMPK to act as a
sensor of cellular energy levels. When the AMP/ATP ratio increases or glycogen levels are
depleted, AMPK is activated and promotes energy generating pathways while inhibiting energy

consuming pathways.

Many aspects of metabolism are regulated by AMPK (Fig. 1.5). For example, mTOR signaling,
autophagy and proteasomal protein degradation, fatty acid P-oxidation, glycolysis, and
mitochondrial biogenesis are all regulated by AMPK activity. AMPK inhibits mTOR through
inhibitory phosphorylation of Raptor and TSC2 (Shaw, 2009). AMPK inhibition of mTOR can
indirectly activate autophagy, and AMPK also directly phosphorylates autophagy proteins, such
as ULK1, Beclin1, ATG9, and VPS34 (Herzig and Shaw, 2018). AMPK also promotes mitochondrial
fission, facilitating mitophagy (Toyama et al., 2016). In addition, AMPK phosphorylates and
activates FOXO, promoting autophagic and proteasomal gene expression (Bonaldo and Sandri,
2013). Another target of AMPK is fatty acid metabolism. Acetyl-CoA carboxylase (ACC), which
catalyzes the conversion of acetyl-CoA to malonyl-CoA in the first step of lipid synthesis, is a well-
known target of AMPK (Herzig and Shaw, 2018). Malonyl-CoA is also an allosteric inhibitor of the
mitochondrial fatty acid transporter CPT1, the rate limiting step of beta-oxidation (Herzig and
Shaw, 2018). Thus, inhibition of ACC both blocks lipid synthesis and promotes beta-oxidation. A
series of AMPK targets are also believed to directly or indirectly promote glucose uptake and
glycolytic flux (Herzig and Shaw, 2018). Finally, AMPK is known to promote mitochondrial
biogenesis by activating and increasing the expression of biogenic regulators, such as PGC-1a
(Jager et al., 2007; Marin et al., 2017; Zong et al., 2002). Collectively, these changes serve to

reduce energy consumption and promote energy production in cells.
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Figure 1.5: AMPK regulates a variety of metabolic processes

Once activated, the AMP-activated protein kinase (AMPK) complex phosphorylates key targets
to rewire metabolism. The direct targets of AMPK are shown in the first concentric circle. The
arrow indicates whether the phosphorylation is activating or inhibitory for the function of the
target protein. The general process in which each target is involved is indicated in the next circle,
and the box colour indicates whether that general process is activated (green) or inhibited (red).
For certain targets, an intermediate mediator of the effect is indicated between the two circles

The pathways modulated by AMPK are grouped into four general categories — protein
metabolism, lipid metabolism, glucose metabolism,

and autophagy and mitochondrial
homeostasis — denoting the wide range of processes that are controlled by AMPK. mTOR is

modulated by AMPK while also modulating several direct or indirect targets of AMPK. This is
illustrated by arrows from mTOR to its targets and serves to emphasize the complex relationship
between these two signalling pathways. Transcriptional regulators are denoted by an asterisk. It
is important to note that only a subset of AMPK substrates is included in the figure. ChREBP,
carbohydrate-responsive element-binding protein; CREB, cAMP response element-binding
protein, FOXO, forkhead box protein O; HDAC, histone deacetylase; HMGCR, HMG-CoA
reductase; HNF4a, hepatocyte nuclear factor 4a; MFF, mitochondrial fission factor; PGCla,

peroxisome proliferator-activated receptor-y co-activator 1a; PLD1, phospholipase D1; SREBP1,
sterol regulatory element-binding protein 1; TFEB, transcription factor EB. Reprinted from Herzig,

S., Shaw, R. J. “AMPK: guardian of metabolism and mitochondrial homeostasis” Nature Reviews
Mol. Cell Biol. 19, 121-135 (© 2018) with permission from Springer Nature
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Another aspect of AMPK activation relevant to cachexia is the regulation of cellular
inflammatory responses. In general, AMPK acts as an anti-inflammatory factor, though this is still
an area of active research (Fig. 1.6; reviewed in (Salt and Palmer, 2012)). AMPK inhibits NF-kB
indirectly, potentially through inhibition of IKKB (Bess et al., 2011), or reduced acetylation of p65
through inhibition of the acetyl transferase p300 (Zhang et al., 2011) and activation of the
deacetylase SIRT1 (Chen et al., 2002). Another potential mechanism of NF-kB inhibition is
upregulation of PGC-1a, which is known to have a reciprocal relationship with NF-kB; NF-kB can
promote loss of PGC-1a (Alvarez-Guardia et al., 2010), but PGC-1a also inhibits NF-kB activity
(Eisele et al., 2013). AMPK has also been shown to inhibit IL-6 stimulated STAT3 phosphorylation
and DNA binding (Kim et al., 2012; Nerstedt et al., 2010). The mechanisms of the inhibition of
STAT3 phosphorylation are unknown, but DNA binding appears to be inhibited by interactions
with orphan nuclear receptor small heterodimer partner (SHP), whose expression is increased by
AMPK activation (Kim et al., 2012). Several other potentially anti-inflammatory functions of
AMPK have also been identified, such as increased expression of anti-inflammatory cytokines,
suppression of MAPK/ERK signaling, and suppression of ROS and reactive nitrogen species (RNS)
production (Salt and Palmer, 2012). However, the role of these anti-inflammatory functions in

cachexia have not been explored.
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Figure 1.6: Specific AMPK isoforms inhibit pro-inflammatory processes via multiple
mechanisms.

Summary of the proposed molecular mechanisms by which AMPK can suppress inflammation,
where the known identities of the AMPKa and B subunit(s) thought to be responsible for a given
phenomenon are indicated. Reprinted from Salt, I.P. and Palmer, T.M. “Exploiting the anti-
inflammatory effects of AMP-activated protein kinase activation” Expert Opin. Investig. Drugs 8,
1155-67 (© 2012) with permission from Taylor & Francis.
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1.2.6.3 Duality of AMPK in Muscle Wasting: Does AMPK Promote or Protect From cachexia?

The pro-catabolic functions of AMPK suggest that it could promote atrophy in skeletal muscle
during cachexia in response to energetic stress. Indeed, AMPK activation may promote atrophy
and can impair hypertrophy (Thomson, 2018). Increased AMPK activation has been
demonstrated in several mouse models of cancer cachexia (Cui et al., 2019b; Halle et al., 2019;
Hardee et al., 2018; Puppa et al., 2014a; Puppa et al., 2014b; White et al., 2011b; White et al.,
2013). Activation of AMPK during cachexia has been associated with the suppression of mTOR
signaling (White et al., 2013). Treatment with Compound C, an inhibitor of AMPK, reduced
suppression of mTOR in IL-6 treated and LLC conditioned media treated myotubes, indicating
that AMPK is at least partially responsible for the inhibition of protein synthesis by cytokine
signaling (Gao and Carson, 2016; White et al., 2013). However, while it is clear that AMPK is
activated during the progression of cachexia, it remains to be shown if AMPK inhibition can

prevent muscle atrophy and protect muscle function in cachexia.

AMPK activation may also have beneficial effects during cachexia due to its anti-inflammatory
and mitochondrial protective functions. Indeed, muscle-specific knockout of AMPK has been
shown to promote myopathy in aging due to accumulation of dysfunctional mitochondria (Bujak
et al., 2015). Also, AMPK activation in mice treated with Angiotensin Il has been shown to reduce
muscle atrophy (Tabony et al., 2011). Furthermore, AMPK activation has been shown to be
protective in a variety of neuromuscular disorders, such as Duchenne muscular dystrophy (DMD),
spinal muscular atrophy, and myotonic dystrophy (reviewed in (Dial et al., 2018)). In cachexia,
loss of AMPK expression in adipose tissue may drive metabolic dysfunction and adipose tissue
wasting (Rohm et al., 2016). However, the protective potential of AMPK in cachectic skeletal
muscle wasting has never been explored. In Chapter 2 of this thesis, we addressed this question

and assessed whether and how AMPK activation could be used to prevent cachexia.

1.2.6.4 Pharmacological Activation of AMPK

Many drugs have been developed to activate AMPK (reviewed in (Kim et al., 2016)). In general,
AMPK activators can be classified as direct or indirect (Fig. 1.7). Direct AMPK activators bind to
AMPK and induce its activation through allosteric mechanisms. The two main allosteric sites on

AMPK are the adenosine binding Bateman domains and a regulatory site between the B- and a-
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subunits called the allosteric drug and metabolite (ADaM) site (Kemp, 2004; Langendorf and
Kemp, 2015). Binding of drugs to the Bateman domains likely activates AMPK by mimicking the
effects of AMP binding (Bung et al., 2018; Kim et al., 2016). The mechanisms of activation through
the ADaM site are less understood. However, phosphorylation of Ser108 seems to be required
for drug binding (Dite et al., 2017). Also, the ADaM site can induce AMPK activation allosterically,
with or without phosphorylation of Thr172 (Calabrese et al., 2014). Furthermore, it has been
shown that simultaneous binding of different compounds to the ADaM site and Bateman
domains can induce synergistic activation of AMPK (Ducommun et al., 2014; Langendorf et al.,
2016; Scott et al., 2014). Recently, another mechanism of direct AMPK activation was identified
in which the kinase inhibitor SU6656 was shown to paradoxically activate AMPK through a unique
mechanism involving binding to the catalytic site and promotion of Thr172 phosphorylation (Ross
et al., 2017). Indirect activation of AMPK is caused by the elevation of endogenous AMP, usually

through the inhibition of mitochondrial function (Kim et al., 2016).
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Figure 1.7: Activators of AMPK and their proposed mechanisms of action.

AMPK activation is mediated through allosteric interactions and the phosphorylation of Thr172
in the activation loop of the a-subunit. Phosphorylation is controlled by three known kinases
(LKB1, CaMMK2, and TAK1) and three known phosphatases (PP1, PP2A, and PP2C). Drug or AMP
binding to the regulatory B- and y-subunits induces activation both allosterically and by
promoting and inhibiting the phosphorylation and dephosphorylation, respectively, of Thrl172.
Mechanisms of direct AMPK activation include binding to the Bateman domains in the y-subunit
and to the ADaM site in the B-subunit. SU6656 has also been shown to induce activation through
a unique binding mechanism in the catalytic pocket of the a-subunit. Indirect activators of AMPK
increase cellular AMP levels, usually through the inhibition of mitochondrial ATP synthesis.
Activators used for studies performed in Chapter 2 are highlighted in blue.
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1.2.7 Oxidative and Nitrosative Stress in Cachexia

Impairment of mitochondria can lead to the production of ROS. Excessive ROS production
causes oxidative stress through the chemical modification of proteins, lipids, and nucleic acids
(Birben et al., 2012). Furthermore, reaction of ROS with nitric oxide (NO) can lead to the
formation of reactive nitrogen species (RNS), further contributing to oxidative stress (Pacher et
al., 2007). Increased oxidative stress has been identified as an underlying cause of many
pathologies associated with inflammation (Khansari et al., 2009; Liguori et al., 2018). In muscle,
oxidative stress has been shown to promote mitochondrial dysfunction and impair contraction
due to modification of contractile proteins (Beckendorf and Linke, 2015; Bonnard et al., 2008).
Oxidative stress also affects calcium homeostasis in muscle (Espinosa et al., 2016). In addition,
extended oxidative stress exposure promotes autophagy and proteasomal protein degradation
and can supress protein synthesis (reviewed in (Powers et al., 2016)). Collectively, these effects
can promote atrophy and reduce muscle function. As such, oxidative stress may be an important

component of cachectic muscle wasting and dysfunction.

1.2.7.1 Evidence of Oxidative Stress in Cachectic Muscle

Increased oxidative stress from either increased production of ROS/RNS or reduced antioxidant
potential leads to the modification of intracellular components. In particular, carbonylation or
nitration of proteins can be used as markers of oxidative stress (Radi, 2013b; Suzuki et al., 2010).
In addition, ROS levels can be measured directly with oxidative-sensitive dyes (Dikalov and
Harrison, 2014). Several studies have looked at markers of oxidative stress in models of cachexia
and in human patients. In cancer-bearing rodents, increases in muscle protein carbonylation and
nitration have been observed (Barreiro et al., 2005; Buck and Chojkier, 1996; Chacon-Cabrera et
al., 2014; Salazar-Degracia et al., 2017). In addition, elevated ROS levels have been demonstrated
in muscle lysates from cachectic mice (Pin et al.,, 2019a; Sullivan-Gunn et al., 2011). Signs of
oxidative stress in murine cachexia have also been detected through measuring the redox state
of several sensitive metabolites, such as glutathione, which were shown to be more oxidized in
cachectic muscle (Der-Torossian et al., 2013). Interestingly, in one recent study, it was
demonstrated that while oxidative protein modifications were elevated in the gastrocnemius,

they were not elevated in the diaphragm, suggesting that oxidative stress may be muscle-type
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specific (Salazar-Degracia et al., 2017). Diaphragm muscle is known to be less sensitive to
oxidative damage induced by sepsis, potentially due to a more efficient antioxidant response
(Talarmin et al., 2017). In human patients, oxidative stress has been detected in the muscle of
cancer, AIDS, and COPD patients, indicating that oxidative stress occurs in cachexia across several
different disease (Puig-Vilanova et al., 2015; Ramamoorthy et al., 2009). Short-term antioxidant
treatment has been shown to improve performance status in cancer patients, highlighting the
importance of oxidative stress in the progression of muscle dysfunction in cachexia (Assi and
Rebillard, 2016). However, antioxidant treatment can promote cancer growth in the later stages
of cancer development, complicating their use in cancer cachexia specifically (Assi et al., 2016;
Assi and Rebillard, 2016). Therefore, understanding the molecular mechanisms of oxidative stress
induction and the downstream impact of oxidative stress in muscle is critical for the development

of more targeted therapies.

1.2.7.2 Potential Sources of ROS

One of the primary sources of intracellular ROS is the mitochondria. Electron leakage from the
mitochondrial ETC can react with molecular oxygen to form superoxide (O27) (Murphy, 2009).
Superoxide can then react with other biomolecules or with nitric oxide to form peroxynitrite
(ONOQ) (Szabo et al., 2007). Alternatively, superoxide can be converted to hydrogen peroxide
by superoxide dismutase (Buettner, 2011). In addition to mitochondria, superoxide can also be
produced by cellular oxidases (Phaniendra et al., 2015). The potential sources of ROS in cachexia
have been recently reviewed (Abrigo et al., 2018; Assi and Rebillard, 2016). Mitochondrial ROS
(mtROS), cytoplasmic xanthine oxidase, and membrane-bound NADPH oxidases (NOX) have all
been implicated in the onset of oxidative stress in cachexia (Fig. 1.8) (Abrigo et al., 2018). mtROS
is of particular interest given the importance of mitochondrial dysfunction in the progression of
cachexia, but the mechanism of mtROS formation in cachexia is unclear. The ETC, particularly
Complex I and Ill, is considered to be the primary site of mtROS formation (Murphy, 2009). It has
been demonstrated that increased fatty acid B-oxidation can induce elevated ROS levels and
promote atrophy (Fukawa et al., 2016). However, as discussed above, cachectic muscle often
presents with reduced ETC activity. The mechanisms of reduced ETC activity are unknown, but

ROS induces mitochondrial dysfunction and inhibits the ETC (Abrigo et al., 2018). Paradoxically,
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inhibition of the ETC complexes can then lead to the production of more mtROS, creating a
positive feedback loop (Brookes et al., 2004). As discussed above, UCP expression may be an
antioxidant response, reducing mtROS production from the dysfunctional ETC (MacLellan et al.,
2005). More research is needed, however, to clarify the mechanisms of elevated mtROS in

cachectic muscle.
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Figure 1.8: Molecular mechanisms involved in cachexia are modulated by oxidative stress.

Atrophic factors can generate oxidative stress in skeletal muscle by the activation of different
sources of reactive oxygen species, such as the mitochondria, xanthine oxidase (XO), and NADPH
oxidase complex with Nox subunit, in addition to the decrease in antioxidant species. Oxidative
stress is able to produce mitochondrial dysfunction, increase ubiquitin proteasome system
activity, increase myonuclear apoptosis, decrease the protein synthesis pathway, and deregulate
autophagy, all of which are involved in cachexia-skeletal muscle atrophy. Reprinted from Abrigo,
J., et al. “Role of Oxidative Stress as a Key Regulator of Muscle Wasting during Cachexia” Oxid.
Med. Cell Longev. 2018 2063179, 17 (© 2018) under the Creative Commons Attribution License.
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1.2.7.3 Inducible Nitric Oxide Synthase and Nitrosative Stress

Indications of nitrosative stress have also been detected in the muscle of murine cachexia
models and in human cachexia patients (Barreiro et al., 2005; Salazar-Degracia et al., 2017).
Nitrosative stress is mediated by the formation of peroxynitrite from the reaction of superoxide
with nitric oxide (Szabo et al., 2007). Nitric oxide is produced by nitric oxide synthases (NOS).
There are three mammalian NOS isoforms; endothelial (eNOS), neuronal (nNOS), and inducible
(iNOS) (Strijdom et al., 2009). All three isoforms can be expressed by skeletal muscle (Kapur et
al., 1997). eNOS and nNOS are basally expressed, have relatively low enzymatic activity, and are
involved in physiological nitric oxide signaling (Kapur et al., 1997; Stamler and Meissner, 2001;
Strijdom et al., 2009). In contrast, iINOS is rapidly induced under certain stress conditions and
leads to the production of higher levels of NO (Strijdom et al., 2009). These higher NO levels are
an important part of the cytotoxic immune response but have also been associated with
numerous pathological conditions (Radi, 2013a). For example, iNOS-induced nitrosative stress
has been associated with calcium leakage in the mdx mouse model of Duchenne muscular
dystrophy (Bellinger et al., 2009). iNOS expression is elevated in the skeletal muscle cachectic of
patients (Adams et al., 2003; Agusti et al., 2004; Ramamoorthy et al., 2009). Also, our research
group and others have previously shown that iNOS is involved in cytokine-driven muscle wasting
in experimental models (Buck and Chojkier, 1996; Di Marco et al., 2012; Di Marco et al., 2005;
Ma et al., 2017). Chemical inhibition of iINOS prevents wasting in nude mice injected with CHO-
TNFa overexpressing cells and in myotubes treated with TNFa and IFNy (Buck and Chojkier, 1996;
Di Marco et al., 2005). In addition, we have demonstrated that iNOS knockout mice are resistant
to wasting induced by intramuscular injection of IFNy and TNFa (Ma et al., 2017). However, the

potential of iINOS inhibition in pre-clinical models of cachexia has never been explored.

Expression of iNOS is mediated by both transcriptional and post-transcriptional regulation
(reviewed in (Pautz et al., 2010)). In response to inflammatory stimuli, iNOS transcription is
activated by inflammatory transcription factors, such as NF-kB (Pautz et al., 2010). In cachexia,
we have recently demonstrated that cytokine-induced iNOS expression in muscle is mediated by
collaboration between STAT3 and NF-kB (Ma et al., 2017). Once transcribed, the iINOS mRNA is

destabilized by AU-rich elements in the 3’-untranslated region (UTR). This allows for the rapid
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turnover and clearance of the INOS mRNA transcript (Pautz et al., 2010). Degradation is mediated
by KSRP, which binds to the AU-rich elements and recruits the exosome complex (Linker et al.,
2005). In response to inflammatory signals, KSRP binding is antagonized by zinc-finger protein
tristetraprolin (TTP) (Linker et al., 2005). Release of KSRP also promotes the binding of Human
antigen R (HuR) to the AU-rich elements, stabilizing iNOS expression (Linker et al., 2005;
Rodriguez-Pascual et al.,, 2000). We have previously demonstrated that HuR-mediated
stabilization is required for iINOS expression in muscle cells during inflammation (Di Marco et al.,
2005). Other posttranscriptional regulatory mechanisms, including regulation by small non-
coding RNAs, also modulate iNOS expression (Pautz et al., 2010). Thus, iNOS expression is a tightly
controlled mechanism that allows for the rapid induction and eventual clearance of iNOS in

response to inflammatory signaling.

The mechanisms of iINOS-mediated muscle wasting are poorly understood. iNOS has been
shown to negatively regulate the activity and expression of Jun-D and MyoD, respectively (Buck
and Chojkier, 1996; Di Marco et al., 2005). These transcription factors are critical for the
expression of muscle-specification genes, such as myosin heavy chain or creatine-kinase (Buck
and Chojkier, 1996; Di Marco et al., 2005). The effects on Jun-D are likely mediated by direct
oxidative modification (Buck and Chojkier, 1996). We have shown that the destabilization of
MyoD mRNA is mediated by the formation of peroxynitrite, indicating that the cachectic effects
of iINOS are likely due to nitrosative stress arising from peroxynitrite production (Di Marco et al.,
2005). However, we do not know how peroxynitrite induces the destabilization of MyoD. iNOS
expression in muscle cells has also been shown to supress mTOR signaling, though the
mechanism of inhibition is also unknown (Fig. 1.9) (Frost et al., 2009). Thus, while there is some
evidence to suggest iINOS-mediated nitrosative stress contributes to the cachectic phenotype,
there is a lack of mechanistic understanding of the role of iNOS in cachexia. In Chapter 3, we
demonstrate that iNOS is a mediator of cytokine-induced mitochondrial dysfunction, providing

new insight into how iNOS-NO signaling contributes to cachexia.
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Figure 1.9: Potential mechanisms of iNOS induced muscle atrophy.

Inflammatory cytokines, such as TNFa, activate the transcription factors NF-kB and STAT3. NF-
kB and STAT3 then induce the transcription of the iNOS transcript, which is subsequently bound
by HuR at an ARE in the 3'-UTR and stabilized. This results in a dramatic increase in iINOS mRNA
and protein levels. iNOS converts arginine into citrulline, releasing nitric oxide (NO). NO then
reacts with ROS (i.e. superoxide) to form peroxynitrite (ONOQO"). Several NO/ONOO™-dependent
pathways may be responsible for the induction of muscle wasting. First, oxidative modification
of Jun-D impairs its DNA binding, inhibiting expression of several key skeletal muscle-specific
proteins. Second, MyoD expression is compromised due to the destabilization of its mRNA
transcript through an unknown mechanism, further reducing transcription of muscle-specific
proteins. Finally, NO-production may inhibit protein synthesis by inhibiting mTOR signaling,
though the mechanism by which this occurs is unknown. Modified from Hall, D.T., Ma, J.F., Di
Marco, S., Gallouzi, I.E. “Inducible nitric oxide synthase (iNOS) in muscle wasting syndrome,
sarcopenia, and cachexia” Aging (Albany NY) 38,702-715 (© 2011) under the Creative Commons
Attribution License.
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1.3 Thesis Rationale and Objectives

Cachexia is a devastating syndrome that affects an estimated 9 million patients in industrialized
countries (von Haehling and Anker, 2010). While significant progress has been made in the
diagnosis and management of cachexia, there are still no effective interventions available
(Baracos et al., 2018). Development of future therapies is predicated on an in-depth
understanding of its underlying mechanisms. A growing body of research has shown that
although muscle atrophy represents the ultimate outcome of cachexia, significant metabolic
aberrations and functional deficits are apparent preceding atrophy. AMPK is a master regulator
of metabolic homeostasis that regulates many of the systems known to be affected by cachexia.
AMPK can reduce inflammation and promote mitochondrial health. However, AMPK also
activates protein degradation and inhibits protein synthesis. While some studies have shown that
AMPK activation can be beneficial in muscle atrophy, AMPK activation has been implicated in the
impairment of anabolic signaling in cachexia. Therefore, it is unclear how AMPK should be
targeted for cachexia. Nevertheless, we hypothesized that the protective metabolic and anti-
inflammatory effects of AMPK activation would predominate and protect against cachectic
muscle wasting. Thus, the objective of my research in Chapter 2 was to determine if drug-induced
AMPK activation could prevent atrophy and metabolic dysfunction in established models of
cachexia. During these studies, we demonstrated that inflammatory cytokines robustly inhibit
oxidative phosphorylation in myotubes, and | subsequently became curious to understand the
underlying cause of this inhibition. In Chapter 3, | identified iNOS as an inducer of cytokine-driven
mitochondrial impairment. | then investigated the mechanisms of this impairment and the

effects of INOS inhibition on metabolic dysfunction and muscle atrophy.
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Chapter 2 | Investigating the Potential of AMPK Activation for Cachexia
Therapy
2.1 Preface

An increasingly apparent paradigm in research on AMPK is its ability to serve opposing
functions depending on the context of its activation. For example, in cancer, AMPK can inhibit
growth by suppressing anabolism, but it can also promote growth by protecting cancer cells from
metabolic stress (Jeon and Hay, 2015). Given the protective role of AMPK in metabolic function,
and the importance of metabolism during cachexia, as well as its potentially anti-inflammatory
function, it is possible that AMPK activation could be protective for cachexia (Herzig and Shaw,
2018; Salt and Palmer, 2012). However, its role in suppressing mTOR and protein synthesis after
the onset of energetic stress in cachectic muscle may contribute to atrophy (White et al., 2013).
Therefore, in this chapter, we set out to determine if activation of AMPK would be beneficial or

detrimental for the treatment of cachexia.

These findings and discussions were originally published in EMBO Molecular Medicine in the

following manuscript:

Hall DT, Griss T, Ma JF, Sanchez BJ, Sadek J, Tremblay AMK, Mubaid S, Omer A, Ford RJ, Bedard
N, Pause A, Wing SS, Di Marco S, Steinberg GR, Jones RG, and Gallouzi IE. “The AMPK agonist 5-
aminoimidazole-4-carboxamide ribonucleotide (AICAR), but not metformin, prevents
inflammation-associated cachectic muscle wasting.” EMBO Mol Med. 2018 Jul;10(7). pii: e8307.
Copyright © 2017 EMBO.

Reproduced here under the Creative Commons Attribution License.
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2.2 Abstract

Activation of AMPK has been associated with pro-atrophic signaling in muscle. However, AMPK
also has anti-inflammatory effects, suggesting that in cachexia, a syndrome of inflammatory-
driven muscle wasting, AMPK activation could be beneficial. Here we show that the AMPK agonist
AICAR suppresses IFNy/TNFa-induced atrophy, while the mitochondrial inhibitor metformin does
not. IFNy/TNFa impair mitochondrial oxidative respiration in myotubes and promote a metabolic
shift to aerobic glycolysis, similarly to metformin. In contrast, AICAR partially restored metabolic
function. The effects of AICAR were prevented by the AMPK inhibitor Compound C and were
reproduced with A-769662, a specific AMPK activator. AICAR and A-769662 co-treatment was
found to be synergistic, suggesting that the anti-cachectic effects of these drugs are mediated
through AMPK activation. AICAR spared muscle mass in mouse models of cancer and LPS induced
atrophy. Together, our findings suggest a dual function for AMPK during inflammation-driven
atrophy, wherein it can play a protective role when activated exogenously early in disease
progression but may contribute to anabolic suppression and atrophy when activated later

through mitochondrial dysfunction and subsequent metabolic stress.
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2.3 Introduction

Cachexia is a wasting syndrome that often occurs as a comorbidity with chronic pro-
inflammatory diseases, such as cancer, HIV infection, and sepsis (Blum et al., 2014; Fearon et al.,
2011). Cachexia is primarily characterized by a progressive and extensive loss of skeletal muscle
mass and strength, but can also present with loss of fat mass, anorexia, and cardiac atrophy and
remodeling (Fearon et al., 2012; Groarke et al., 2013). The prevalence of cachexia in patients
varies depending on the type of disease. For example, it is estimated that approximately half of
all cancer patients experience cachexia (von Haehling and Anker, 2010, 2014). It is well-
established that onset of cachexia negatively impacts disease outcome, reducing the
effectiveness of primary disease treatment and increasing patient morbidity and mortality
(Andreyev et al., 1998; Prado et al., 2007; Utech et al., 2012; Vaughan et al., 2013; Vigano et al.,
2017).

While there are numerous symptoms of the cachectic state, one of the more debilitating
aspects of this condition is the dramatic loss of skeletal muscle tissue (Fearon et al., 2011).
Although the mechanisms behind cachectic muscle wasting are complex, it is believed that one
of the primary triggers of muscle atrophy is the chronic elevation of pro-inflammatory cytokines
(e.g. IL-1, IL-6, TNFa, IFNy) (Argiles et al., 2009; Fearon et al., 2012; Morley et al., 2006; Tisdale,
2009). In keeping with this, induction of muscle atrophy can be recapitulated in culture and in
vivo by exposure to different cytokine combinations (e.g. IFNy and TNFa (Acharyya et al., 2004;
Di Marco et al., 2012; Di Marco et al., 2005; Guttridge et al., 2000) or IL-6 (Bonetto et al., 2012;
White et al., 2012)). Extended cytokine exposure results in the continued activation of
inflammatory signaling within muscle cells, leading to the expression of pro-cachectic genes
(Bonaldo and Sandri, 2013; Bonetto et al., 2011; Fearon et al., 2012; Guttridge et al., 2000; Hall
et al., 2011). For example, we and others have demonstrated that inducible nitric oxide synthase
(iNOS) is dramatically upregulated during cytokine-driven muscle wasting and that the
production of reactive nitrogen compounds, such as nitric oxide (NO), by this enzyme contributes
to the pathogenesis of cachexia (Buck and Chojkier, 1996; Di Marco et al., 2012; Di Marco et al.,
2005; Hall et al.,, 2011; Ramamoorthy et al., 2009). Recent evidence suggests that cytokine

exposure also alters the metabolism of muscle. Indeed, it has been shown in several models of
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cachexia and inflammation-driven wasting that muscle undergoes a Warburg-like increase in
aerobic glycolysis and mitochondrial abnormalities (Barreiro et al., 2005; Der-Torossian et al.,

2013; Fontes-Oliveira et al., 2013; Julienne et al., 2012; MclLean et al., 2014; White et al., 2012).

The metabolic regulating enzyme, AMP-activated protein kinase (AMPK), has been associated
with cytokine- and cancer-driven muscle wasting (White et al., 2011b; White et al., 2013). AMPK
is a heterotrimeric complex (composed of a catalytic a-subunit, linker B-subunit, and regulatory
y-subunit) that responds to cellular energy levels (Hardie et al., 2012). Activation of AMPK has
been shown to suppress anabolic signaling through mTOR and has been found to increase the
expression of muscle-specific E3-ligases (Krawiec et al.,, 2007; Nakashima and Yakabe, 2007
Shaw, 2009). However, AMPK has also been shown to have potent anti-inflammatory effects in a
variety of cell types (Galic et al., 2011; Mounier et al., 2013; O'Neill and Hardie, 2013; Salminen
et al., 2011). The anti-inflammatory function suggests that AMPK activation could be beneficial
for muscle atrophy induced by chronic inflammation. Consistent with this concept, genetic
deletion of skeletal muscle AMPK leads to the acceleration of aging-induced sarcopenia (Bujak et
al., 2015). Further, an AMPK stabilizing peptide was recently shown to be effective at preventing
adipose tissue wasting in cancer cachexia (Rohm et al., 2016). Therefore, there is an apparent
contradiction for the role of AMPK during cachectic muscle wasting: While its association with
atrophic signaling suggests AMPK can contribute to muscle wasting during cachexia, the anti-

inflammatory functions of AMPK suggest that it could also prevent cytokine-driven atrophy.

Here, we tested the hypothesis that compounds that activate AMPK could prevent cytokine-
driven muscle wasting. To do so, we assessed the impact of two well-known AMPK activators —
AICAR and metformin — on atrophy in cultured myotubes treated with the pro-inflammatory
cytokines IFNy and TNFa (Towler and Hardie, 2007; Viollet et al., 2012). These compounds
activate AMPK through distinct mechanisms. AICAR is phosphorylated by cellular kinases to form
ZMP, which acts as an AMP mimetic, binding directly to and activating AMPK (Towler and Hardie,
2007). In contrast, the biguanide metformin inhibits Complex | of the electron transport chain,
leading to an indirect activation of AMPK by increasing cytoplasmic AMP levels (Viollet et al.,
2012). Surprisingly, we found that while AICAR, metformin, and IFNy/TNFa treatment activated
AMPK, only AICAR prevented IFNy/TNFa-induced atrophy. In addition, AICAR, but not metformin,
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was found to partially restore normal metabolic function and inhibit the pro-cachectic iINOS/NO
pathway. The effects of AICAR were blocked by co-treatment with the AMPK inhibitor Compound
C and recapitulated with the more specific AMPK activator A-769662 (Cool et al., 2006;
Goransson et al., 2007). In addition, A-769662 and AICAR were found to synergistically prevent
wasting, suggesting that the effects of these compounds are through AMPK. Finally, AICAR was

able to restore muscle mass in multiple murine models of cachectic muscle wasting.
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2.4 Results

2.4.1 Activation of AMPK by AICAR but not metformin prevents muscle wasting

To assess whether AMPK activation could prevent cytokine-induced muscle atrophy we
performed studiesin C2C12 myotubes treated with IFNy and TNFa. These pro-cachectic cytokines
are a well-established model to induce a muscle wasting-like phenotype in vitro that begins with
signaling events occurring within the first 24h, followed by atrophy detectable by 48h and
culminating in loss of integrity by 72h (Di Marco et al., 2012; Di Marco et al., 2005). To activate
AMPK, we used two AMPK activators, AICAR and metformin. As expected, both AICAR and
metformin showed increased AMPK phosphorylation at Thr172 (pAMPK), a post-translational
modification that is required for AMPK activity, 24h after treatment (Hardie et al., 2012) (Fig.
2.1A). AICAR and metformin treatment also led to the increased phosphorylation of acetyl-CoA
carboxylase (ACC) at Ser79 (pACC) (Fig. 2.1A). ACC is a well-established downstream target of
AMPK and is often used to demonstrate increased AMPK activity within cells (Munday, 2002).
Interestingly, IFNy/TNFa treatment alone also increased pAMPK and pACC levels at 24h,
corroborating previous reports that AMPK phosphorylation increases during the progression of
cachexia-induced muscle wasting (Fig. 2.1A) (Penna et al., 2010; White et al., 2011b; White et al.,
2013). To further understand the dynamics of AMPK activation in this model, we tested the
phosphorylation status of AMPK and ACC over a time course of the first 24h of cytokine
treatment. We observed that while cytokine treatment alone resulted in detectable
phosphorylation of ACC at 6-12h, respectively, co-treatment with AICAR resulted in detectable
levels by 30min (Fig. 2.2). Metformin treatment, in turn, induced detectable ACC phosphorylation
by 1h (Fig. 2.2). Thus, while AMPK does seem to be activated by cytokine treatment eventually,
treatment with the AMPK agonists increased AMPK activity at a time when it was not normally

induced by cytokine treatment.

Having established the AMPK activation status across the different treatment regimes, we next
sought to determine what would be the effect of AMPK agonists on the progression of muscle
wasting. Surprisingly, we found that AICAR treatment, but not metformin, was able to prevent
the loss of integrity in myotubes exposed to IFNy/TNFa over a 72h period (Fig. 2.1B). To

determine whether the AICAR treatment also protected myotubes from the initial atrophying
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that precedes myotube collapse, we measured myotube widths 48h after cytokine treatment.
Again, only AICAR treatment prevented the cytokine-induced atrophy of muscle myotubes (Fig.
2.1C). In contrast, metformin had no effect on cytokine-induced atrophy and showed a trend
toward smaller widths when used alone (Fig. 2.1C). Finally, we assessed the mRNA expression
levels of the pro-myogenic transcription factors MyoD and myogenin, which are down-regulated
within the first 24h of IFNy/TNFa treatment (Figs. 2.1D, 2.1E). We observed that, AICAR
treatment, but not metformin, significantly increased the mRNA levels of MyoD in cytokine-
treated myotubes compared to cytokine treatment alone, though they were not restored to non-
treated control levels (Fig. 2.1D). However, AICAR treatment did restore Myogenin mRNA to basal
levels during cytokine treatment (Fig. 2.1E). Taken together, these results clearly demonstrate
that, despite both compounds activating AMPK, only co-treatment with AICAR prevents the

progression of cytokine-induced myotube wasting.
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Figure 2.1 AICAR but not metformin prevents IFNy/TNFa-induced myotube atrophy.

(A) Western blotting for phospho-Thr172-AMPK (pAMPK), total AMPK, phospho-Ser79-ACC
(pACC), and total ACC 24h after treatment. Quantification represents the pAMPK/AMPK and
PACC/ACC ratios relative to the non-treated (NT) control.

(B) Phase contrast images of fibers 72 h after treatment. Scale bars represent 0.25 mm.
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(C) Immunofluorescence staining for myoglobin and myosin heavy chain (MyHC) 48 h after
treatment. Scale bars represent 50 um. Quantification represents the average myotube width.

(D, E) RT—gPCR analysis of the mRNA levels of MyoD (D) and myogenin (E) 24 h after treatment
relative to the NT control.

Data information: All quantifications are of three independent experiments (n = 3) and error bars
represent standard error of the mean (SEM). Significance between means was first determined
using ANOVA. Significance P-values were calculated using Fisher's LSD. *P < 0.05; **P < 0.01 from
NT controls; ¥t P < 0.01 from IFNy/TNFa-treated controls.
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Figure 2.2: Time course of AMPK activation during cytokine and AICAR or metformin co-
treatment.

Western blotting for phospho-Thr172 AMPKa (pAMPK), total AMPKa (AMPK), phospho-Ser79-
ACC (pACC), and total ACC during the first 24 h of treatment.



2.4.2 AICAR-mediated activation of AMPK restores normal muscle metabolism

In recent years, it has been demonstrated that muscle undergoing cachectic wasting exhibit
altered metabolic profiles compared to healthy fibers (Der-Torossian et al., 2013; Fontes-Oliveira
et al., 2013; Julienne et al., 2012). Further, given that AMPK is intimately involved in metabolism,
we predicted that cytokine treatment would significantly alter metabolic activity in myotube
cells, and that the treatment with the AMPK agonists may affect these changes (Hardie et al.,
2012). It has been shown that tumor-bearing mice with cachexia exhibit a metabolic signature in
muscle characterized by a Warburg-like increase in glycolysis (Der-Torossian et al., 2013). To
assess whether this was also the case in our model, we measured the rate of glucose
consumption and lactate production, which are indicative of the rate of glycolytic flux. We
observed a significant increase in lactate production and glucose consumption in myotubes
treated with IFNy/TNFaq, indicative of elevated glycolysis induced by this treatment (Fig. 2.3A and
B). Metformin, a known inhibitor of mitochondrial respiration that induces a compensatory
increase in glycolysis, also increased lactate production and glucose consumption, as expected,
with no additional increase when co-treated with inflammatory cytokines (Fig. 2.3A and B)
(Viollet et al., 2012). AICAR, on the other hand, did not affect glycolysis on its own and reduced
the increase in glycolysis caused by cytokine treatment (Fig. 2.3A and B). Therefore, in keeping
with their ability to protect or not against IFNy/TNFa-induced wasting, AICAR but not metformin

was able to prevent the increased glycolytic rate induced by these cytokines.

Changes in glycolytic activity are often, though not always, associated with changes in oxidative
respiration in the mitochondria. Cytokine exposure has been associated with impaired
mitochondrial function and reduced oxidative capacity. In addition, several reports have found
evidence of mitochondrial dysfunction in pre-clinical models of cachexia (Constantinou et al.,
2011; Julienne et al., 2012; Tzika et al., 2013). Therefore, we assessed mitochondrial respiration
in C2C12 myotubes using the Seahorse XF extracellular flux system. We found that cytokine
treatment significantly reduced both the basal and maximal oxygen consumption rates (OCR; Fig.
2.3C). This was associated with a dramatic increase in the extracellular acidification rate (ECAR),
in keeping with our findings that cytokine treatment increases glycolytic flux (Fig. 2.3D). Together,
the shifts in OCR and ECAR show a dramatic shift in C2C12 myotubes treated with IFNy/TNFa
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from an aerobic to glycolytic metabolism (Fig. 2.3E). As expected, metformin, a known
mitochondrial inhibitor, induced a similar inhibition of OCR and elevation of ECAR, though not to
the same magnitude as cytokine-treatment (Fig. 2.3C-E). Metformin co-treatment with
IFNy/TNFa had no additional effects (Fig. 2.3C-E). In contrast, AICAR co-treatment partially
restored both basal and maximal respiration and reduced the ECAR (Fig. 2.3C-E). To assess
mitochondrial coupling, we compared the respiration rates before and after injection of the ATP-
synthase inhibitor oligomycin (Brand and Nicholls, 2011). We found that the decreases in basal
respiration during cytokine and metformin treatment were the result of reductions in both
coupled and uncoupled respiration (Fig. 2.3F). However, while metformin did not affect the
coupling efficiency, IFNy/TNFa significantly reduced it (Fig. 2.3F). Interestingly, although AICAR
co-treatment did not restore basal respiration to its non-treated levels, it did fully recover the
coupling efficiency (Fig. 2.3F). Therefore, in cytokine-treated cells co-treated with AICAR, but not
metformin, there is a recovery of ATP synthesis dependent mitochondrial respiration. In contrast,
metformin alone impairs mitochondrial respiration and has no recovery effect during cytokine
co-treatment. Collectively, the metabolomics analysis shows that cytokines induce a shift toward
glycolysis associated with severely impaired mitochondrial oxidative respiration that is blunted
by co-treatment with AICAR. In contrast, metformin treatment alone impairs mitochondrial
respiration and has no additive effect during co-treatment with cytokines. This suggests that the
inability of metformin to recover atrophy during cytokine treatment, unlike AICAR, could be due

to a lack of recovery of mitochondrial function.
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Figure 2.3: AICAR corrects cellular metabolic changes in cytokine-treated myotubes.

(A, B) Rates of glucose consumption (A) and lactate production (B) measured in the media 24 h
after treatment relative to the non-treated (NT) control from three independent experiments (n
= 3). Error bars represent the SEM.

(C—F) Seahorse XF extracellular flux analysis performed on cells 24 h after treatment. Sequential
injections of oligomycin (Oligo.), FCCP, and a combination of rotenone and antimycin A (Rot. +
AmA) were performed to assess mitochondrial fitness. Flux was normalized to relative protein
units (RPU) measured after the run with an SRB assay. Data are representative of three
independent experiment (n = 3). Error bars represent the standard deviation of biological
replicates (SD). (C) Oxygen consumption rates (OCR). (D) Extracellular acidification rates (ECAR).
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(E) Coordinate plot of OCR and ECAR showing the cellular metabolic profile. (F) Measurements of
uncoupled (oligomycin-resistant) and coupled (oligomycin-sensitive) respiration. Coupling
efficiency was calculated as the percentage of basal respiration associated with coupled
respiration.

Data information: Significance between means was first determined using ANOVA. Significance
P-values were calculated using Fisher's LSD. *P < 0.05; **P < 0.01 from NT controls.
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One potential consequence of altered metabolism is reduced anabolism. Indeed, the inhibition
of anabolic signaling is considered to be a key mechanism underlying atrophy in a variety of
overlying pro-inflammatory conditions (Rennie et al.,, 1983; Smith and Tisdale, 1993).
Furthermore, AMPK activation has been implicated in suppressing anabolic signaling in cancer
cachexia by inhibiting mTOR (White et al., 2013). To assess how AICAR and metformin treatments
affect anabolic signaling in cytokine-treated myotubes, we determined the phosphorylation
status of the ribosomal protein S6 kinase (S6K) at Thr389 and its target ribosomal protein S6 (S6)
at Ser235/236, a downstream target of signaling mTOR (Hornberger et al., 2007; Roux et al.,
2007). As expected, cytokine treatment resulted in hypo-phosphorylation of S6K and S6 48 hours
after treatment, which is indicative of reduced translation initiation (Fig. 2.4A) (Roux et al., 2007).
AICAR treatment, but not metformin, was able to prevent this decrease (Fig. 2.4A). It is important
to note that, while previous reports have demonstrated that exogenous activation of AMPK leads
to mTOR suppression, the dosage and timing of AICAR and metformin used here had no
significant effect on phosphorylation of S6K or S6 on its own (Fig. 2.4A) (Williamson et al., 2006;
Xu et al., 2012).

We next sought to directly determine whether these effects on anabolic signaling correlated
with changes in general protein biosynthesis. To do so, we performed radio-labeling experiments
in which myotubes treated with IFNy/TNFa in combination with AICAR or metformin were
incubated with L-[3*S]-methionine and L-[3*S]-cysteine. Cells treated with IFNy/TNFa showed a
significant decrease in the incorporation of radioactivity, indicating that cytokine-treatment
suppresses de novo protein synthesis (Fig. 2.4B). AICAR treatment, but not metformin, prevented
this suppression (Fig. 2.4B). Hence, correlating with a restoration in normal metabolic function,

only AICAR appears to be able to restore anabolic signaling in wasting myotubes.
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Figure 2.4: AICAR restores anabolic signaling and de novo protein synthesis in cytokine-treated
myotubes.

(A) Western blotting of phospho-Thr389-p70S6K (pS6K), total p70S6K (S6K), phospho-
Ser235/236-56 (pS6), and total S6. Quantification represents the pS6K/S6K (n = 3) and pS6/S6 (n
= 4) ratios relative to the non-treated (NT) control.

(B) Radiographic analysis of de novo protein synthesis using 35S-labeling. Quantification
represents whole lane radiation signal density standardized to Coomassie staining and relative
to NT control levels (n = 3).

Data information: Error bars represent the SEM. Significance between means was first
determined using ANOVA. Significance P-values were calculated using Fisher's LSD. *P < 0.05; **P
< 0.01 from NT controls; ¥t P < 0.01 from IFNy/TNFa-treated controls.
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2.4.3 AICAR treatment prevents the activation of the iNOS/NO pathway

In order to determine why these two different compounds, despite both activating AMPK,
appear to have such varied effects, we began to look at how treatment with the different AMPK
agonists affects the induction of inflammatory pathways during this process. We and others have
previously reported that in response to inflammatory signaling, muscle significantly upregulates
the expression of the iINOS enzyme, leading to NO release. Furthermore, treatments that inhibit
the iNOS/NO pathway are able to prevent cytokine-induced atrophy, suggesting that this
pathway is a key downstream mediator of wasting (Buck and Chojkier, 1996; Di Marco et al.,
2012; Di Marco et al., 2005; Ma et al., 2017, Ramamoorthy et al., 2009). Thus, we assessed the
effect of treatment on the expression of iNOS and if this effect correlated with the ability of AICAR
to prevent wasting. Indeed, AICAR, but not metformin, dramatically reduced iNOS protein and
mMRNA levels by 24h (Fig. 2.5A, 4B), with a corresponding decrease in the levels of NO in the
culture media (Fig. 2.5C). Interestingly, at higher doses, metformin does not affect iNOS
expression and, in fact, induced myotube atrophy similarly to when myotubes are treated with
inflammatory cytokines. (Fig. 2.6). Therefore, these results suggest that one of the reasons for
the differential effects of AICAR and metformin is their ability or inability to modulate iNOS

expression, respectively.

83



IFNy/TNFai: - - - + + + B IFNy/TNFa

Treatment: - A M - A M
iNOS — o w—
Tubulin S ——— — — — 0.5
1 2 3 4 5 6

Relative iNOS Protein

kil

0.0
NT AICAR MET

w
(@]

-
[
1
-
12

qPCR = |FNy/TNFo BN IFNy/TNFo.

-
o
n
-
=

i+

e
o

Relative iNOS mRNA
&
=t

Relative Nitric Oxide

o

o
=
o

NT AICAR MET NT AICAR MET

*k

siRNA: C C C o1 a1 ol
IFNY/TNFa: + + + + + + 1.5
AICAR (mM): - -

iNOS' = » = . e |

Em siCTL

Ea siAMPK
1.0 *

Tubulin === w— — - — - 0.51 ’—‘
PAMPK | 1 Py
— : o 0 0.5 1.0

AMPK | N “ e b AICAR (mM)
1 2 3 4 5 6

Relative iNOS Protein

Figure 2.5: The differential effects of AMPK agonists correlates with the expression of inducible
nitric oxide synthase (iNOS).

(A) Western blotting for iNOS and tubulin protein levels 24 h after treatment. Quantification
represents the levels of INOS protein normalized to tubulin and relative to the IFNy/TNFa control.

(B) RT-qPCR analysis of iNOS mRNA levels relative to the IFNy/TNFa control 24 h after treatment.

(C) Nitric oxide (NO) levels in the culture media of cells relative to the IFNy/TNFa control 24 h
after treatment.

(D) C2C12 myoblast cells were transfected with control (siCTL) or AMPKa1l (siAMPKa-1) targeting
siRNA. Cells were subsequently treated with IFNy/TNFa and the indicated doses of AICAR for 24
h. Western blotting for iNOS, tubulin, phospho-Thr172 AMPKa (pAMPK), and AMPK protein
levels. Quantification represents the levels of iNOS protein normalized to tubulin and relative to
the siCTL, IFNy/TNFa control.

Data information: All quantifications are of three independent experiments (n = 3), and error
bars represent the SEM. Significance between means was first determined using ANOVA.
Significance P-values were calculated using Fisher's LSD. *P < 0.05; **P < 0.01 from equivalent
siCTL samples; 71 P < 0.01 from IFNy/TNFa-treated controls.
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Figure 2.6: Higher doses of metformin induce atrophy and do not inhibit iNOS.

(A) Western blotting for iNOS and tubulin protein levels in cells treated with IFNy/TNFa with or
without metformin (2 mM) for 24 h.

(B) Phase contrast images at 24 h, 48 h, and 72 h post-treatment with either metformin or
IFNy/TNFa. Scale bars represent 0.25 mm.

(C) Western blotting of phospho-Ser235/236-S6 (pS6) and total S6 48 h after treatment with
metformin.
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2.4.4 AICAR mechanism of action is likely dependent on AMPK

As described above, AICAR was found to activate AMPK much faster than cytokines (Fig. 2.2).
Therefore, the beneficial effects of AMPK activation likely depend on the timing of activation.
However, it is still unclear whether these effects of AICAR are in fact dependent on AMPK activity.
To address this, we conducted knockdown experiments using siRNA targeting AMPK. Fully
differentiated muscle cells express a large pool of AMPK. In addition, several isoforms of each
subunit are present in muscle, making the AMPK system in muscle especially resistant to
experimental attempts at knockdown (Steinberg and Kemp, 2009). Therefore, we conducted our
studies in muscle pre-cursor cells (myoblasts), which express a lower level of AMPK and only one
isoform of the catalytic subunit (AMPKa1). Importantly, while myoblasts cannot be assessed for
atrophy, they maintain a similar response to inflammatory stimulus as seen in fully differentiated
cells (Di Marco et al., 2005). Indeed, like myotubes, myoblasts will induce expression of iNOS and
phosphorylation of AMPK 24h after treatment with IFNy/TNFa (Fig. 2.5D). Therefore, we
assessed whether the inhibition of iINOS by AICAR treatment could be impaired by AMPK
knockdown in myoblasts. In myoblasts, knockdown of AMPKa1 prevented the ability of AICAR to
inhibit iINOS, indicating that the effects on iNOS expression were AMPK-dependent (Fig. 2.5D). In
keeping with this, overexpression of human AMPKal increased sensitivity of myoblasts to AICAR

treatment (Fig. 2.7).
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Figure 2.7: Overexpression of AMPKa increases C2C12 sensitivity to AICAR.

C2C12 myoblast cells were transfected with constructs expressing human AMPKal (hAMPKa1l)
or an empty vector negative control (Vector). Cells were then treated with IFNy/TNFa and the
indicated doses of AICAR. Western blot analysis performed for protein levels of iNOS, tubulin,
and phosphor-Thr172-AMPK (pAMPK), and total AMPK.



To further assess the AMPK-dependency of the AICAR-mediated effects in differentiated
myotubes, we conducted studies using the well-known AMPK inhibitor Compound C (Zhou et al.,
2001). We first confirmed that Compound C treatment inhibited AICAR induced AMPK activation
by measuring AMPK and ACC phosphorylation (Fig. 2.8A). We then assessed the effect of AMPK
inhibition on the anti-atrophic properties of AICAR. We found that co-treatment with Compound
C negated the AICAR-mediated restoration of myotube widths in cytokine-treated myotubes (Fig.
2.8B). This effect correlated with a 50% reduction in the recovery of normal glycolytic
metabolism, as determined by glucose consumption and lactate production (Fig. 2.8C and D). In
keeping with this, co-treatment with Compound C completely impaired the ability of AICAR to
restore anabolic signaling in cytokine-treated myotubes (Fig. 2.8E). Finally, Compound C
treatment was found to significantly reduce the inhibition of iINOS protein expression due to
AICAR treatment (Fig. 2.8F). Taken together, these results show that inhibition of AMPK signaling

can blunt the effects of AICAR treatment on cytokine-induced myotube wasting.
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Figure 2.8: Compound C inhibits the effects of AICAR on cytokine-induced atrophy.

(A) Western blotting for phospho-Thr172 AMPKa (pAMPK), total AMPKa (AMPK), phospho-
Ser79-ACC (pACC), and total ACC 24 h after treatment. Quantification of the pAMPK/AMPK and
PACC/ACC ratios relative to the non-treated (NT) control from four and three independent
experiments, respectively (n = 4, 3).



(B) Immunofluorescence staining for myoglobin and myosin heavy chain (MyHC) 48h after
treatment. Scale bars represent 50 um. Quantification represents the average myotube width.
(C, D) Rates of glucose consumption (C) and lactate production (D) measured in the media 24 h
after treatment relative to the NT control.

(E) Western blotting of phospho-Thr389-p70S6K (pS6K), total p70S6K (S6K), phospho-
Ser235/236-S6 (pS6), and total S6. Quantification represents the pS6K/S6K and pS6/S6 ratios
relative to the NT control.

(F) Western blotting for iNOS and tubulin protein levels 24 h after treatment. Quantification
represents the levels of INOS protein normalized to tubulin and relative to the IFNy/TNFa control.
Data information: All quantifications are of three independent experiments (n = 3), unless
otherwise stated, and error bars represent the SEM. Significance between means was first
determined using ANOVA. Significance P-values were calculated using Fisher's LSD. *P < 0.05; **P
< 0.01 from non-treated (NT) controls; T P < 0.05 from IFNy/TNFa-treated controls.
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If these AICAR-mediated effects are AMPK-dependent, other direct AMPK activators should be
able to reproduce the effects of AICAR. To test this hypothesis, we conducted similar studies to
those described above with another, more specific AMPK agonist, A-769662. A-769662 is a direct
activator of AMPK that binds to the betal subunit to allosterically activate the kinase (Cool et al.,
2006; Goransson et al., 2007; Sanders et al., 2007; Scott et al., 2008). Importantly, this
mechanism, while still direct, is distinct from that of AICAR, as shown by the fact that co-
treatment with both agonists has a synergistic effect (Ducommun et al., 2014). When we co-
treated C2C12 myotubes with IFNy/TNFa and A-769662, we found that A-769662 prevented
myotube atrophy similarly to AICAR (Fig. 2.9A). In addition, A-769662 replicated the effect of
AICAR on aerobic glycolysis (Fig. 2.9B and C), S6K/S6 phosphorylation (Fig. 2.9D) and the
activation of the iNOS/NO pathway (Fig. 2.9E-G). Therefore, A-769662 treatment replicated the

effects of AICAR on cytokine-induced atrophy.
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Figure 2.9: A-769662 prevents iNOS expression and is anti-cachectic

(A) Immunofluorescence staining for myoglobin and myosin heavy chain (MyHC) 48 h after
treatment. Scale bars represent 50 um. Quantification represents the average myotube width.

(B,C) Rates of glucose consumption (B) and lactate production (C) measured in the media 24 h
after treatment relative to the DMSO-treated control.

92



(D) Western blotting of phospho-Thr389-p70S6K (pS6K), total p70S6K (S6K), phospho-
Ser235/236-S6 (pS6), and total S6. Quantification represents the pS6K/S6K and pS6/S6 ratios
relative to the DMSO-treated control.

(E) Western blotting of iNOS, tubulin, phospho-Thr172 AMPKa (pAMPK), total AMPKa (AMPK),
phospho-Ser79-ACC (pACC), and total ACC. Quantification represents the levels of iINOS protein
normalized to tubulin and relative to the IFNy/TNFa control.

(F) RT—gPCR analysis of INOS mRNA levels relative to the IFNy/TNFa control 24 h after treatment.

(G) Nitric oxide (NO) levels in the culture media of cells relative to the IFNy/TNFa control 24 h
after treatment.

Data information: All quantifications are of three independent experiments (n = 3), and error
bars represent the SEM. For panels (A-D), significance between means was first determined using
ANOVA. Significance P-values were calculated using Fisher's LSD. For panels (E-G), P-values were
calculated using the Student's t-test. *P < 0.05; **P < 0.01 from DMSO controls; t1 P < 0.01 from
IFNy/TNFa-treated controls.
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As mentioned above, AICAR and A-769662 have been shown to act synergistically on AMPK by
activating the kinase from distinct allosteric sites (Ducommun et al., 2014). Therefore, if the
effects of these compounds are indeed through AMPK and not through different off-target
pathways, they should be able to synergistically prevent the effects of cytokines on myotube
wasting. To test this, we titrated co-treatments of sub-optimal doses of both AICAR and A-769662
and assessed their effect on cytokine-treated myotubes. Importantly, while treatment of these
lower doses of the two compounds did not significantly affect myotube atrophy in response to
IFNyY/TNFa alone, combined treatments significantly recovered myotube size (Fig. 2.10A).
Furthermore, co-treatment was able to synergistically inhibit the expression of iNOS (Fig. 2.10B)
and restore anabolic signaling (Fig. 2.10C). Thus, AICAR and A-769662 can synergistically prevent
cytokine-induced atrophy and signaling events, likely through AMPK. Taken together, the results
of Compound C and A-769662 treatment and co-treatment strongly suggest that the effects of

AICAR on inflammatory atrophy are mediated through direct AMPK activation.
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Figure 2.10: AICAR and A-769662 synergistically prevent cytokine-induced myotube atrophy.

(A) Immunofluorescence staining for myoglobin and myosin heavy chain (MyHC) 48 h after
treatment. Scale bars represent 50 um. Quantification represents the average myotube width.

(B) Western blotting for iNOS and tubulin protein levels 24 h after treatment. Quantification
represents the levels of iINOS protein normalized to tubulin and relative to the IFNy/TNFa control.

(C) Western blotting of phospho-Thr389-p70S6K (pS6K), total p70S6K (S6K), phospho-
Ser235/236-S6 (pS6), and total S6. Quantification represents the pS6K/S6K and pS6/S6 ratios

relative to the NT control.
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Data information: All quantifications are of three independent experiments (n = 3), and error
bars represent the SEM. Significance between means was first determined using ANOVA.
Significance P-values were calculated using Fisher's LSD. *P < 0.05; **P < 0.01 from non-treated
(NT) controls; T P <0.05; t1 P < 0.01 from IFNy/TNFa-treated controls.
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2.4.5 AICAR, but not metformin, prevents muscle atrophy in the C26 murine model of
cancer cachexia

In order to assess whether the inhibition of cytokine-driven muscle wasting by AMPK is relevant
in disease models of cachexia, we first performed in vivo studies in the BALB/C mouse strain. It
has previously been shown that the subcutaneous injection of C26-adenocarcinoma cells into the
flank of these mice leads to the development of cancer cachexia-like symptoms due to the
production of pro-inflammatory cytokine, such as IL-6 (Tanaka et al., 1990). Both AICAR and
metformin have been associated with anti-tumorigenic effects, and so the possibility exists that
AICAR or metformin treatment could affect the growth of the C26 cells and, in doing so, prevent
the onset and progression of cancer cachexia independent of muscle-specific effects (Faubert et
al., 2013; Jose et al., 2011; Kourelis and Siegel, 2012). Indeed, daily intraperitoneal injections of
AICAR or metformin at early stages of tumor development (day 9, when the C26 tumors were
just palpable) triggered a robust reduction in tumor burden and subsequent muscle atrophy (Fig.
2.11). Therefore, we decided to begin treatment with these two agonists only after tumors had
become well established (day 12) to assess the effects of these drugs on muscle loss
independently from their effect on tumor growth. We observed that AICAR treatment, but not
metformin, significantly reduced the extent of body weight loss in C26 bearing animals (Table
2.1). This recovery was associated with an improvement in overall musculature (Fig. 2.12A) and
an approximately 50% reduction in the extent of muscle mass loss, assessed in both the
gastrocnemius and tibialis anterior muscles (Table 2.1). However, there was no effect on adipose
tissue wasting, assessed in the inguinal fat pad (Table 2.1). In this treatment regime, neither
AICAR nor metformin significantly affected end-point tumor burden (Table 2.1). Serum levels of
IL-6 were elevated in all cancer-bearing mice, though there was a trend towards decreased levels
in AICAR (non-significant) and metformin (significant) treated mice (Table 2.1). There was no
significant effect of AICAR or metformin treatment alone in non-tumor bearing mice on body
weight change or gastrocnemius weight (Fig. 2.13A and B). Activation of AMPK in muscle was
confirmed by detection of ACC phosphorylation, which was increased in mice treated with AICAR,
metformin, or in cancer-bearing mice, as expected (Fig. 2.12B). To confirm that AICAR treatment
successfully reduced the extent of cancer-induced muscle atrophy, myofiber cross-sectional area
(CSA) was determined in gastrocnemius muscle samples. C26 tumor-bearing animals had
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reduced CSA, which showed recovery with AICAR, but not metformin, following the same trend
seen in the overall muscle weight (Figs. 8C). In addition, the expression of the muscle-specific E3-
ligase Atrogin-1/MAFbx was found to be decreased in the muscle of AICAR, but not metformin,
treated mice and there was a non-significant trend toward decreased expression of MuRF1 (Fig.
2.12D-E). Treatment with AICAR or metformin alone had no significant effect on the basal
expression of Atrogin-1/MAFbx or MuRF1 (Fig. 2.13C and D). Thus, AICAR, but not metformin,
was found to reduce the extent of muscle wasting in the C26 model independent of tumor

growth.
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Figure 2.11: Early treatment with AMPK agonists impairs tumor development in the C26 model.

Starting 9 days post-C26 cell subcutaneous injection, mice were intraperitoneally injected daily
with either AICAR (500 mg/kg/day), metformin (250 mg/kg/day), or an equivalent volume of
saline.

(A) Final tumor masses.
(B) Gastrocnemius muscle weights.

Data information: Results are derived from three mice per cohort (n=3), and error bars represent
the SEM. Significance between means was first determined using ANOVA. Significance P-values
were calculated using Fisher's LSD. **P < 0.01 from saline controls; T P < 0.05 from C26 controls.
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Table 2.1: AICAR, but not metformin, mitigates muscle atrophy in the C26 murine model of
cancer cachexia.

. C26 C26
Saline C26 + AICAR + Metformin
Sl Wl 5.0+ 0.4 19.0+1.7 %%  96+25%Ftt  _163+15 **
Change (%)
lelall(smzjterlor 37.6+2.2 26+ 1.5 ** 313+14*t 25.4£0.7 **
GaStr((Jr:]rg\)em|u5 122.6+2.1 87.3+3.9**  101.8+2.7*t  83.8+4.6**
F?rtnpg?d 137+6.9 10.9 + 6.4 ** 15 + 6.6 ** 11.8 £3.1 **
Tu(gor NA 1.024 + 0.060 1.038 + 0.104 1.007 + 0.065
n 9 10 6 8
'L‘E(;rfp_gﬁ;“” 30.8+17  253.9+46.1** 201.9+552%*  127.7+34.9

Values represent the mean * standard error of the mean. * p <0.05, ** p <0.01 compared to Saline cohort. t p <0.05, Tt p <

0.01 compared to C26 cohort.
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Figure 2.12: AICAR partially recovers muscle mass in the C26-mouse model of cancer cachexia
(A) Representative images of overall hind limb musculature. Scale bar represents 1 cm.
(B) Western blotting for phospho-Ser79-ACC (pACC) and total ACC.

(C) Cross-sectional analysis of the gastrocnemius muscle calculated from 250 fibers per mouse
from four mice per cohort (n = 4). Cross-sections were stained by H&E. Scale bars represent 100
um.

(D, E) RT—qPCR analysis of Atrogin-1/MAFbx (D) and MuRF1 (E) mRNA expression from the tibialis
anterior of three mice per cohort (n = 3).

Data information: Error bars represent the SEM. Significance between means was first
determined using ANOVA. Significance P-values were calculated using Fisher's LSD. *P < 0.05; **P
< 0.01 from saline controls; T P < 0.05; t1t P < 0.01 from C26 controls. Source data are available
online for this figure.
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Figure 2.13: Consecutive daily AICAR or metformin treatment does not affect body weight or
muscle mass.

BALB/C mice were intraperitoneally injected daily with AICAR (500mg kg* day?), metformin
(250mg kg day?), or an equivalent volume of saline for 7-9 days.

(A) Percent body weight change.
(B) Gastrocnemius muscle weights.

(C-D) RT-qPCR analysis of Atrogin-1/MAFbx (C) and MuRF1 (D) mRNA expression from the tibialis
anterior.

Data information: Results are derived from four mice per cohort (n = 4) and error bars represent
the SEM. Significance between means was determined using ANOVA. NS, not significant.
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Given that the AICAR treatment was necessarily delayed to avoid affecting tumor growth, we
hypothesized that AICAR treatment might be affecting the later stages of disease progression
more strongly than the early stages. Indeed, we observed that the correlation between tumor
growth and muscle weight loss in the gastrocnemius was lost in the AICAR treated C26 cohort
(Fig. 2.14A). Therefore, we assessed the extent of muscle loss in mice at day 14 and day 21 post-
C26 inoculation. At day 14, mice have only received 2 days of AICAR treatment, in comparison
with day 21, where they have received 9 days of treatment. Interestingly, we found that
approximately half of the wasting observed at day 21 had already occurred by day 14, and that
this loss was not affected after only 2 days of AICAR treatment (Fig. 2.14B). However, AICAR
treatment significantly and dramatically reduced the further loss of muscle mass between day 14
and day 21 (Fig. 2.14B). Furthermore, assessment of Atrogin-1/MAFbx and MuRF1 expression at
day 14 showed that AICAR treatment had significantly reduced the expression of Atrogin-
1/MAFbx, but not MuRF1, in keeping with our previous observations (Fig. 2.14C). Therefore, it
appears that there is significant portion of muscle loss that occurs prior to AICAR administration,
but that AICAR effectively prevents the further progression of muscle wasting once it has been
administered to C26 tumor-bearing mice. It is likely, then, that earlier treatment with AICAR could
be more beneficial, but due to the limitation of having to treat later to prevent the effects of
AICAR on tumor growth, this was not possible in our model. Of note, this limitation would not be
present in the clinical context, as both the anti-tumorigenic and anti-cachectic properties of
AMPK activation early on in disease progression would be beneficial for the treatment of cancer
cachexia. Nevertheless, results from this model show that AICAR administration can effectively
prevent muscle wasting in the C26 cancer cachexia model, independent of effects on tumor

progression.
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Figure 2.14: Delayed AICAR treatment prevents the further progression of cancer-related
muscle atrophy.

(A) Correlation analysis between final tumor mass and gastrocnemius muscle mass in the C26
inoculated cohorts from Table 2.1.

(B, C) BALB/C mice were intraperitoneally injected daily with either AICAR (500 mg/kg/day),
metformin (250 mg/kg/day), or an equivalent volume of saline starting 12 days after C26
inoculation. Tissues were collected from mice either two days later (Day 14) or nine days later
(Day 21). (B) Gastrocnemius muscle weights. (C) RT-qPCR analysis of Atrogin-1/MAFbx and
MuRF1 mRNA expression from the tibialis anterior at Day 14.

Data information: Results are derived from four mice per cohort for Day 14 (n = 4) and three mice
per cohort for Day 21 (n = 3), and error bars represent the SEM. Significance between means was
first determined using ANOVA. Significance P-values were calculated using Fisher's LSD. *P < 0.05;
**P < 0.01 from saline controls or indicated comparisons.
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2.4.6 AICAR, but not metformin, prevents muscle atrophy induced by IFNy/TNFa injection

It is possible that the sparing of muscle mass in AICAR treatment is due to systemic effects, that
impact muscle wasting indirectly (Galic et al., 2011; Mounier et al., 2013; O'Neill and Hardie,
2013). Indeed, both AICAR and metformin treatment showed decreased circulating IL-6, which is
believed to be a driver of the cachectic phenotype in the C26 model (Aulino et al., 2010).
However, given that metformin treatment reduced IL-6 levels more significantly than AICAR
treatment but had no effect on muscle mass, it is likely that the levels of IL-6 seen in AICAR and
metformin treatment are sufficient to induce cachexia. To further confirm that the effects of
AICAR are specific to the interaction between inflammation and muscle, and not due to indirect
effects on the tumor or circulating cytokine levels, we conducted wasting evaluations in mice that
were intramuscularly injected with the inflammatory cytokines IFNy/TNFa. We have previously
shown that this tumor-free model can induce muscle wasting (Di Marco et al., 2012; Di Marco et
al., 2005; Ma et al., 2017). Importantly, because the cytokines are administered directly to the
muscle tissue, it is not possible for AICAR treatment to affect the initial inflammatory stimulus in
this system. In this model, AICAR treatment had no effect on total body weight changes, but
prevented muscle mass loss (Fig. 2.15). Therefore, it is likely that AICAR treatment can prevent
muscle wasting, at least in part, by affecting the response to inflammation at the site of muscle

tissue.
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Figure 2.15: AICAR treatment prevents muscle wasting induced by intramuscular cytokine
injection.

C57BI/6 mice were intramuscularly injected with either IFNy (7,500 U) and TNFa (3 pg) or an
equivalent volume of saline in the right posterior thigh muscles daily for 5 days. Mice were also
intraperitoneally injected with either AICAR (350 mg/kg/day) or an equivalent volume of saline.
On the fifth day, mice were euthanized and tissue samples were collected.

(A, B) Body weight (A) and tibialis anterior muscle weight (B) analysis of saline (n = 8), IFNy/TNFa
(n =8), AICAR (n = 3), and IFNy/TNFa + AICAR (n = 7) cohorts.

Data information: Error bars represent the SEM. Significance between means was first
determined using ANOVA. Significance P-values were calculated using Fisher's LSD. *P < 0.05; **P
< 0.01 from saline controls. NS, not significant.
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2.4.7 AICAR, but not metformin, prevents muscle atrophy in a murine model of septic
cachexia

To further assess the efficacy of AICAR in models of inflammation-associated muscle wasting, we
next assessed a model of septic cachexia. Intraperitoneal injection of LPS has been shown to
induce a septic-like state in mice. While the immune response to LPS in mice does not completely
reflect that seen in humans, it does induce the expression of TNFa and IL-6 in mice, and has
previously been shown to induce muscle loss and the expression of the atrophic muscle E3
ligases, similar to human sepsis-associated cachexia, within 24h (Braun et al., 2013; Callahan and
Supinski, 2009; Copeland et al., 2005; Doyle et al., 2011; Jin and Li, 2007). Therefore, we co-
injected mice with LPS and either AICAR or metformin and assessed the effect on muscle wasting.
It has previously been reported that LPS injected mice have significantly reduced food
consumption rates (Braun et al., 2013). Therefore, we pair-fed our controls (PF) and our LPS and
AICAR or metformin co-treated cohorts to the LPS cohort consumption rate in order to account
for any variation that might have arisen from differences in food consumption. We observed that
LPS mice have a significant reduction in body weight following LPS injection (Table 2.2). However,
this body weight loss was largely accounted for by the decrease in food consumption, as observed
by the fact that the PF cohort showed similar body weight loss (Table 2.2). Unlike in the C26
model, this acute model of inflammation did not significantly affect the weight of adipose tissue
(Table 2.2). However, there was a significant loss of muscle mass in both the gastrocnemius and
tibialis anterior in LPS treated mice when compared to PF controls, which was completely
prevented by AICAR, but not metformin, treatment (Table 2.2). The effects on muscle atrophy
were further confirmed by cross-sectional area analysis of the gastrocnemius muscle. As for the
muscle weights, we observed that LPS injected mice had significantly reduced average muscle
fiber CSA, which was completely abrogated by AICAR treatment and unaffected by metformin
treatment (Fig. 2.16A). Furthermore, AICAR treatment, but not metformin, was able to prevent
the increased expression of both Atrogin-1/MAFbx and MuRF1 in the skeletal muscle of LPS
injected mice (Fig. 2.16B and C). Treatment with AICAR or metformin alone did not significantly
affect body weight change, muscle mass, or E3 ligase expression, though there was a non-
statistically significant trend toward decreased MuRF1 expression in the metformin control
cohort (Fig. 2.17). However, in the LPS and metformin co-treated cohort, this reduction was not
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observed (Fig. 2.16C). Thus, as in our other models, only AICAR prevented muscle wasting in a

model of septic cachexia.
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Table 2.2: AICAR, but not metformin, mitigates muscle atrophy in the LPS model of septic

cachexia.
' LPS LPS
Vehicle PF LPS + AICAR + Metformin
Body Weight | 1402*% 95+13 104507 65:1* -114+04
Change (%)

T'b'a"(smzr;ter'or 441%34 432408 383+15*F 422+09 392412*
GaStr("rTig‘;m'“S 156.5+4.8 1457+3.2 1363+3.6* 1448%29 1365t22*
F?:nsd 99.7+10.6 97.6+103 106.1+16.8 955+81  107.7+12.1

Values represent the mean + standard error of the mean. * p < 0.05, ** p < 0.01 compared to the pair-fed (PF) cohort.
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Figure 2.16: AICAR completely prevents muscle wasting in response to LPS injection.

(A) Cross-sectional analysis of the gastrocnemius muscle calculated from 250 fibers per mouse
from four mice per cohort (n = 4). Cross-sections were stained by H&E. Scale bars represent 100
um.

(B, C) RT—gPCR analysis of Atrogin-1/MAFbx (B) and MuRF1 (C) mRNA expression from the tibialis
anterior of four mice per cohort (n = 4).

Data information: Error bars represent the SEM. Significance between means was first
determined using ANOVA. Significance P-values were calculated using Fisher's LSD. *P < 0.05; **P
< 0.01 from PF controls.
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Figure 2.17: Single doses of AICAR or metformin alone do not affect body weight or muscle
mass.

C57BI/6 mice were intraperitoneally injected with either AICAR (500mg kg-1), metformin (250mg
kg-1), or an equivalent volume of saline. All cohorts were pair-fed (PF) to the food consumption
rate of LPS injected mice. Tissue samples were collected 18h later.

(A) Percent body weight change.
(B) Gastrocnemius muscle weights.

(C-D) RT-qPCR analysis of Atrogin-1/MAFbx (C) and MuRF1 (D) mRNA expression from the tibialis
anterior.

Data information: Results are derived from four mice per cohort (n = 4) and error bars represent
the SEM. Significance between means was first determined using ANOVA. Significance p-values
were calculated using Fisher’s LSD. NS, not significant.
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Taken together, the results from these animal studies show that AICAR can mitigate or prevent
muscle atrophy in a variety of inflammatory disease contexts, including both chronic (cancer) and
acute (sepsis, cytokine injection) conditions. This suggests that AMPK agonists that do not affect
mitochondrial function could be used as novel therapies, in conjunction with other treatments,

to prevent the loss of muscle mass in patients with chronic or acute inflammatory conditions.
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2.5 Discussion

While AMPK has been associated with the progression of cachexia, its anti-inflammatory
properties suggest that AMPK activation could be anti-cachectic, since inflammation is the
primary driver of cachectic muscle wasting (Tisdale, 2009). To understand whether AMPK
activation could prevent inflammation driven atrophy, we tested the effects of drug-induced
AMPK activation in models of inflammatory muscle wasting. Interestingly, we found that the
AMP-mimic AICAR, but not the mitochondrial inhibitor metformin, prevented inflammation-
associated atrophy in both in vitro and in vivo models, despite both being commonly used as
AMPK activators (Figs. 2.1, 2.12, 2.14, 2.16) (Grahame Hardie, 2016). Prevention of atrophy
correlated with restoration of oxidative metabolism and anabolic signaling, as well as impairment
of one of the known effectors of muscle wasting, the iNOS/NO pathway (Figs. 2.3-2.5). Inhibition
of AMPK activation with Compound C was found to block the protective effects of AICAR (Fig.
2.8). In addition, a more specific AMPK activator, A-769662, which activates AMPK through the
beta subunit, was found to replicate the effects of AICAR (Fig. 2.9). AICAR and A-769662 were
also found to be able to act synergistically to prevent atrophy in myotubes (Fig. 2.10). These
results suggest that the beneficial effects of AICAR in cytokine-driven atrophy are likely to be
AMPK-dependent. However, we also found that AMPK was activated by cytokines alone and
metformin treatment. In these conditions, AMPK activation was instead associated with
mitochondrial dysfunction, as well as impairment of mTOR and anabolism, in keeping with
previous reports (White et al., 2011b; White et al., 2013) (Fig. 2.4, Fig. 2.6). Together, these
observations indicate that the role of AMPK in inflammatory driven muscle atrophy is complex

and likely context dependent.

The different outcomes of AMPK activation observed in our study are likely linked to the nature
and timing of the activation. Our results indicate that cytokine-associated muscle wasting is
accompanied by an elevation in the glycolytic rate and severely impaired mitochondrial oxidative
respiration (Fig. 2.3). Importantly, metformin treatment alone had many of the same effects as
inflammatory cytokine treatment. This is not surprising, as metformin has been shown to directly
inhibit complex | in the electron transport chain (Andrzejewski et al., 2014; Bridges et al., 2014).

Indeed, the activation of AMPK by metformin is believed to be an indirect consequence of the

113



metabolic stress induced by inhibition of oxidative phosphorylation and the resulting increase in
cytoplasmic AMP levels (Grahame Hardie, 2016). Likely, this is also the mechanism behind the
activation of AMPK during cytokine treatment alone. Importantly, we observed that both low and
high doses of metformin induced wasting similar to cytokine treatment in C2C12 myotubes (Fig.
2.1C, 2.6). We also observed a reduction in both muscle mass (non-significant, Table 2.1) and CSA
(significant, Fig. 2.12C) in the C26 and metformin co-treated cohort when compared to the C26
treated cohort. Therefore, it would appear that the mitochondrial toxicity of metformin
supersedes any potential beneficial effects of the activation of AMPK in the context of
inflammation associated atrophy, and it is possible that metformin treatment during
inflammatory disease may even be detrimental to muscle mass, to an extent. From this, we
conclude that AMPK activation during or after the induction of mitochondrial dysfunction, as is
the case in cytokine and metformin treatment, but not AICAR, does not prevent muscle atrophy
and likely contributes to the suppression of anabolic signaling through mTOR, as has previously
been suggested (White et al., 2013). This activation, then, is likely to represent a later stage of
inflammatory atrophic signaling. Consistent with this, we observed that AMPK is activated in the
later stages of inflammatory signaling in muscle, both in vitro and in vivo (Fig. 2.1A, 2.2, 2.12B).
This observation is corroborated by a previous study in the ApcM™* colon cancer model that
showed that AMPK activation occurs in the later stages of cachectic progression (White et al.,
2011b). In contrast, ZMP, the active form of AICAR, and A-769662 both activate AMPK directly by
binding to the gamma and beta subunits, respectively, and are not dependent on the energetic
and metabolic status of the cell (Grahame Hardie, 2016). As a result, we observed that AICAR
treatment was able to induce AMPK activation much earlier than cytokine treatment (Fig. 2.2).
This early activation of AMPK by AICAR and/or A-769662, before the induction of metabolic
stress, was associated with both a protection of metabolic function (Fig. 2.3) and the prevention
of both myotube and muscle wasting (Fig. 2.1, 2.9, 2.10, 2.12, 2.16). Therefore, we propose that
the activation of AMPK before the induction of metabolic stress, as is the case with AICAR and A-
769662, can protect muscle from inflammation-induced atrophy, but that, induction of AMPK
activity by metabolic stress, as is the case with metformin and cytokines, instead contributes to

the suppression of anabolism.
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One apparent contradiction that arises from this duality of AMPK function in inflammatory
muscle wasting is the apparent ability for AMPK activation to be associated with both the
suppression and recovery of anabolic signaling through mTOR and protein synthesis. Indeed, we
observed that activation of AMPK during cytokine and metformin treatment was associated with
a hypo-phosphorylation of both S6 kinase and S6 and a decreased rate of protein synthesis (Fig.
2.4, 2.6). As described above, this suppression has been linked to AMPK activity (White et al.,
2011b; White et al., 2013). However, treatment with AICAR and/or A-769662 recovered S6K and
S6 phosphorylation and protein translation, despite the fact that AMPK activity is known to inhibit
mTOR (Inoki et al., 2012). Importantly, the doses of AICAR and A-769662 used in our studies were
not associated with significant or persistent suppression of anabolic signaling when used alone
(Fig. 2.4 and Fig. 2.9). Thus, we do not believe that AICAR or A-769662 induced AMPK activation
directly affects mTOR signaling in our model, but rather indirectly restores it by inhibiting the
upstream inflammatory events that eventually lead to anabolic repression. This suggests, again,
that the context of AMPK activation during cachexia is likely to be critical, and that a therapeutic
window exists for the use of AMPK agonists in cachexia. It is likely that activating AMPK would
only be effective at the onset or early stages of cachexia development, before the induction of
metabolic stress or anabolic signaling suppression. In contrast, in later stages of cachexia, AMPK

inhibition might prove to be more therapeutically beneficial.

In addition to effects on metabolism and anabolic signaling, we found that the ability of the
different AMPK activators to prevent, or not, the progression of muscle wasting correlated with
inhibition of the expression of the pro-cachectic gene iNOS. We and others have previously
shown that this enzyme plays a very important role as a downstream effector of inflammation
driven wasting (Buck and Chojkier, 1996; Di Marco et al., 2012; Di Marco et al., 2005; Hall et al.,
2011; Ma et al., 2017; Ramamoorthy et al., 2009). Also, we have previously shown that drugs that
inhibit this enzyme can prevent cachexia, further highlighting the therapeutic relevancy of
inhibiting iINOS expression (Di Marco et al.,, 2012; Di Marco et al., 2005; Ma et al., 2017).
Therefore, it is likely that inhibition of iINOS is a key mechanism by which AMPK activation can

prevent inflammation-driven muscle wasting.
A possible alternative explanation for the observations in this study is that the effects of AICAR
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arise from an off-target pathway and are AMPK independent. Indeed AICAR treatment is known
to activate AMPK-independent pathways (Quan et al., 2015; Rao et al., 2016). However, we found
that the effects of AICAR treatment on atrophy, metabolism, mTOR signaling, and iNOS
expression were all prevented by treatment with the AMPK inhibitor Compound C (Fig. 2.8).
Importantly, Compound C has been described to inhibit inflammatory signaling independent of
AMPK inhibition (Kim et al., 2011; Rao et al., 2016). If this effect was dominant in our model,
Compound C treatment would be expected to enhance AICAR-mediated inhibition of the
inflammatory phenotype. However, we observed the opposite effect, and found that Compound
Cimpaired the anti-inflammatory effects of AICAR. Given this, it is likely that the observed effects
of Compound C are dependent on the inhibition of AMPK activity. To further confirm that the
effects of AICAR were AMPK dependent, we also tested A-769662, a more specific AMPK
activating compound (Cool et al., 2006; Goransson et al., 2007; Sanders et al., 2007; Scott et al.,
2008). We found that A-769662 had the same effects as AICAR in our models (Fig. 2.9).
Importantly, A-769962 and the AICAR derivative ZMP have distinct chemical structures and bind
to different subunits of AMPK heterotrimers (Grahame Hardie, 2016). In fact, A-769662 and
AICAR have been shown to be able to activate AMPK synergistically (Ducommun et al., 2014).
Consistent with this, our data show that co-treatments of sub-optimal doses of both AICAR and
A-769662 were able to reverse the effects of cytokine treatment on myotubes (Fig. 2.10). Thus,
given their chemical dissimilarity and the fact that co-treatment of the two compounds
synergistically inhibits cytokine-induced myotube atrophy, it seems unlikely that the effects
observed in our study can be explained by the convergence of separate off-target effects of these
compounds. Therefore, there is strong evidence to suggest that the effects of AICAR and A-
769662 treatment on inflammation-induced muscle wasting are through their ability to activate

AMPK.

We found that AICAR administration was effective at preventing muscle atrophy in a variety of
mouse models of cachexia. In the C26 model of cancer cachexia (Table 2.1, Fig. 2.12) and the LPS
model of septic cachexia (Table 2.2, Fig. 2.16), as well as a model of cytokine-induced atrophy
(Fig. 2.15), we found that AICAR, but not metformin prevented muscle loss. However, we did not

see any effects on adipose tissue wasting, another important characteristic of cachectic wasting,
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despite a previous study that found that an AMPK stabilizing peptide was effective at preventing
adipose tissue wasting in cachexia (Table 2.1) (Rohm et al., 2016). This discrepancy is most likely
due to the fact that AMPK protein levels are significantly depleted in cachectic adipose tissue,
but not in skeletal muscle (Fig. 2.12) (Rohm et al., 2016). Therefore, administration of an AMPK
agonist alone would be insufficient to recover adipose mass, as there would be no molecular
target in said tissue. This suggests that the dual administration of an AMPK stabilizer and an
AMPK agonist may effectively recover both lean muscle and adipose tissue mass during cachectic

wasting.

Cachexia is a multifactorial disease, requiring a multimodal therapeutic approach. Our study
strongly suggests that AMPK activators could represent a novel therapeutic development space
for the treatment of a variety of cachectic conditions. Indeed, the therapeutic potential of AMPK
activation is further unscored by the fact that AMPK activation can protect muscle in mdx mice
and in Angiotensin Il driven muscle atrophy (Pauly et al., 2012; Tabony et al., 2011). However,
our findings, as discussed above, also indicate that there is likely a therapeutic window early on
in the cachectic molecular pathophysiology during which AMPK activation is effective. In
contrast, in the later stages of disease, AMPK inhibition might prove to be more beneficial, as has
previously been suggested (White et al., 2013). It is clear that the role of AMPK in muscle related
disease is complex, and more studies are needed to further understand how and when AMPK
can be beneficial or detrimental, and when it is activation or inhibition could be used
therapeutically. Greater understanding in this area could then lead to the development of novel
therapeutics that could be used in concert with other treatments to combat the deadly cachexia

syndrome.
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2.6 Materials and Methods

Reagents and antibodies
IFNy and TNFa were purchased from R&D Systems. AICAR and metformin were obtained from

Toronto Research Chemicals (TRC) and Sigma-Aldrich, respectively. A-769662 and Compound C
were obtained from TOCRIS Bioscience. Antibodies against pThr172-AMPKa (#2535), AMPKa
(#2603), pSer79-ACC (#3661), ACC (#3662), pThr389-pS6K (#9205), S6K (#2708), pSer235/236-S6
(#2211), and S6 (#2317) were obtained from Cell Signaling Technology. Anti-iNOS antibody
(#610431) was obtained from BD Transduction Laboratories. The anti-tubulin antibody (DSHB
Hybridoma Product 6G7; deposited by Halfter, W.M.) and the anti-myosin heavy-chain antibody
(DSHB Hybridoma Product MF20; deposited by Fischman, D.A.) were obtained from the
Developmental Studies Hybridoma Bank, created by the NICHD of the NIH and maintained at The
University of lowa, Department of Biology, lowa City, IA 52242. Anti-myoglobin antibody
(ab77232) was obtained from Abcam.

Cell culture and treatment

C2C12 myoblast cells (ATCC, Manassas, VA, USA) were grown and maintained in Dulbecco's
modified Eagle's medium (DMEM; Invitrogen) containing 20% fetal bovine serum (Sigma) and 1%
penicillin/streptomycin (P/S) antibiotics (Invitrogen). Cells were routinely monitored for
mycoplasma infection by DAPI staining. To differentiate, C2C12 cells were allowed to reach 90—
100% confluence on plastic coated with a 0.1% gelatin solution and were then switched to DMEM
containing 2% horse serum (Invitrogen) and 1% P/S. On the third or fourth day following
induction of differentiation, myotubes were treated or not with IFNy (100 U/ml) and TNFa (20
ng/ml; (Di Marco et al., 2012; Di Marco et al., 2005; Ma et al., 2017)). At the same time, cells were
treated or not with either AICAR (0.5 mM), metformin (MET; 0.5 mM), or A-769662 (100 uM;
(Goransson et al., 2007; Zhou et al., 2001)).

Animal models

All animal experiments were carried out with approval from the McGill University Faculty of
Medicine Animal Care Committee and are in accordance with the guidelines set by the Canadian
Council of Animal Care. Animals were randomly assigned to each treatment group by cage at the

time of the experiment.
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Cancer cachexia model
Male BALB/C mice, age 4—6 weeks weighing on average 23 g, were obtained from the Jackson

Laboratory. Mice were injected subcutaneously in the right flank with either C26 colon cancer
cells at 1.0-1.5 x 106 cells per animal or an equal volume of saline solution. Tumor growth was
monitored by measuring tumor surface area every other day with calipers. On day 9 or day 12
post-injection, animals were injected intraperitoneally with either AICAR (500 mg/kg/day),
metformin (250 mg/kg/day), or an equal volume of saline. Mice were injected every day
thereafter at approximately the same time for the next 7 days. This dose of AICAR and metformin
equate to a human equivalent dose of approximately 40 mg/kg/day and 20 mg/kg/day when
accounting for surface area and are comparable to the doses reported in clinical trials using these
compounds for cancer treatment (Bost et al., 2016; Nair and Jacob, 2016). On day 19-21 post-
C26 cell injection, animals were euthanized by CO2 asphyxiation followed by cervical dislocation.
Immediately following death, mice were exsanguinated and serum was frozen at —-80°C. The
muscle tissue and fat pad of each animal were then dissected and weighed immediately. After,
muscles to be used for histological analysis were frozen in liquid nitrogen cooled isopentane
(Sigma) and stored at —-80°C. All other tissues were snap-frozen directly in liquid nitrogen.

LPS septic cachexia model

The LPS model of septic shock was performed on male C57BI/6 mice age 8-12 weeks, weighing
on average 26 g, obtained from Jackson Laboratory. LPS was prepared fresh the day of the
experiment in a solution of 0.5% bovine serum albumin (BSA) in phosphate-buffered saline (PBS).
LPS solution was then diluted with either additional saline for control cohorts or a PBS solution
of either AICAR or metformin. The final dose of LPS administered was 1 mg/kg, which as
previously been reported to induce muscle atrophy and muscle-specific E3 ligase expression
(Braun et al., 2013; Doyle et al., 2011; Jin and Li, 2007). The final dose of AICAR was 500 mg/kg,
and the final dose metformin was 250 mg/kg. Mice were injected intraperitoneally with the
appropriate combination of compounds at the beginning of the dark cycle, between 18:30 and
19:30. All mice were separated into individual cages (1 mouse per cage) to allow for pair-feeding
and food consumption monitoring. For pair-fed cohorts, mice were given the average food
consumed by a pilot cohort of LPS-injected mice. Mice were euthanized the following day,

approximately 18h after initial injection, as described above.
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Intramuscular cytokine injection mouse model of atrophy
For intramuscular cytokine injection experiments, male C57BI/6 mice age 4-6 weeks, weighing

approximately 23 g were obtained from the Jackson Laboratory. Every day for 5 days, mice were
intraperitoneally injected with either AICAR (350 mg/kg) or an equivalent volume of saline. One
hour after, mice were intramuscularly injected with a cocktail of IFNy/TNFa (7,500 U/mouse; 3
ug/mouse) or an equivalent volume of saline in the upper hind limb muscles. On the final day of
injection, 3—4 h after the final injection of cytokines, mice were euthanized and tissues were
weighed and collected as described in the C26 model of cancer cachexia.

Histological analysis of muscle cross-sectional area

Isopentane-frozen muscles were prepared for sectioning in a cryostat at —20°C to —30°C. Sections
of 8-10 um were obtained and stained using the hematoxylin and eosin (H&E) staining method.
Stained samples were subsequently imaged by light microscopy. Muscle cross-sectional area was
determined using Imagel software to manually trace the circumference of individual fibers
(Schneider et al., 2012).

Immunoblotting

Protein from C2C12 cells were extracted using a mammalian lysis buffer (50 mM HEPES pH 7.0,
150 mM NaCl, 10% glycerol, 1% Triton X-100, 10 mM sodium pyrophosphate, 100 mM NaF, 1 mM
EGTA, 1.5 mM MgCI2). Immunoblotting analyses were performed using soluble fraction of whole
protein lysates run on 7.5-12% acrylamide gels. Proteins were blotted on to nitrocellulose
membranes, blocked with either 10% skim milk or 5% BSA in TRIS-buffered saline, 0.1% Tween
(TBS-T) for 30-60 min, and probed with antibodies against iNOS (1:5,000 — 1:3,000), and pAMPK
(1:5,000 - 1:1,000), AMPK (1:5000 — 1:1,000), pACC (1:5000-1:1,000), ACC (1:1,000), pS6K
(1:2,000), S6K (1:5,000), pS6 (1:5,000), S6 (1:1,000), and a-tubulin (1:5,000). After washing with
TBS-T, blots were subsequently probed with the appropriate horseradish peroxidase-conjugated
secondary antibodies (1:5,000) and exposed to ECL reagent (Western Lightning Plus, Perkin
Elmer). Signal was determined by exposure to photosensitive films. Quantifications of Western
blot band signal density were performed using ImageJ software (Schneider et al., 2012).
Immunofluorescence and myotube diameter measurements

For immunofluorescence experiments, cells were first fixed in 3% paraformaldehyde for 30 min.

Cells were then permeabilized in a solution containing 0.1% Triton X-100 and 1% goat serum in
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phosphate-buffered saline. After washing with 1% goat serum phosphate-buffered saline, cells
were incubated with antibodies against myosin heavy chain (MF-20; 1:1,000) and myoglobin
(1:500) to visualize myotubes for 1 h at room temperature. Following further washing, cells were
then incubated with appropriately labeled Alexa Fluor® (Invitrogen) secondary antibodies (1:500)
for one hour at room temperature. Nuclei were visualized by DAPI staining (Miron et al., 2004).
Cells were visualized using a Zeiss Observer.Z1 microscope with a 40x oil objective, and images
were obtained using an AxioCam MRm digital camera. Myotube diameters were measured at 3
points along each cell using AxioVision Rel. 4.8 or Carl Zeiss Zen2 (blue) software.

Metabolic assays

Cellular glucose consumption and lactate production rates were determined by measuring media
concentrations of glucose and lactate with a Flux Bioanalyzer (NOVA Biomedical) as previously
described (Vincent et al., 2015). Extracellular flux rates were measured using the Seahorse
Bioscience XFe24 Analyzer (Seahorse Bioscience—Agilent Technologies). On the day of seeding,
the wells of an XF24 culture plate were coated with 1% gelatin for 30 min at room temperature.
Excess gelatin was removed and C2C12 myoblasts were seeded at 2 x 104 cells/well in 20% FBS,
1% penicillin, streptomycin supplemented DMEM. The next day, cells were switched to 2% HS,
1% penicillin/streptomycin supplemented DMEM to initiate differentiation. On day 3 or day 4 of
differentiation, cells were treated with IFNy (100 U/ml)/TNFa (20 ng/ml) and/or AICAR or
metformin (0.5 mM) in 2% HS, 1% pen./strep. media for 24 h. Approximately 1 h before beginning
the assay, cells were switched to Seahorse Assay Media (Agilent 102353-100) supplemented with
25 mM glucose (Sigma—G7528) and 2 mM glutamine (ThermoFisher—25030149), adjusted to
pH 7.4 at 37°C. Cells were subsequently incubated in a non-CO2 incubator for 1 h. The XF assay
consisted of an initial 3 cycles of mix (3 min), pause (2 min), measure (3 min) to establish basal
respiration. Oligomycin (final contraction 1 uM), FCCP (final concentration 1.5 uM), and rotenone
and antimycin A (final concentrations 1 uM) were injected sequentially, with two measurement
cycles (see above) following each injection. After the Seahorse assay was complete, cellular
protein content was measured using an SRB assay as described in (Vichai and Kirtikara, 2006). In
brief, cells were fixed in with trichloroacetic acid (TCA) at a final concentration of 3.3% (wt/vol)

for 1 h at 4°C. After fixation, cells were washed with running distilled water and dried at room
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temperature. Fixed cells were stained with a 1% acetic acid solution containing 0.057% SRB
(wt/vol) for 30 min. at room temperature, followed by four washes with 1% acetic acid. Staining
was solubilized by the addition of 10 mM Tris, pH 10.5, and absorbance at 510 nm was read using
a Synergy Mx MultiMode Plate Reader. Absorbance at 510 nm was then relativized to the average
absorbance for non-treated cells to determine the relative protein units (RPU). Extracellular flux
rates were then normalized to the RPU for each well.

De novo protein synthesis

Analysis of de novo protein synthesis rates was performed as previously described (Di Marco et
al.,, 2012). In brief, C2C12 myotubes were treated with IFNy/TNFa and AMPK agonists, as
described above. At the indicated time points, cells were incubated with EasyTag™ Express
Protein Labelling Mix (PerkinElmer) at approximately 27.5 uCi/ml radioactivity for 30 min at 37°C.
After, cells were lysed directly in SDS dye, resolved on a polyacrylamide gel, and stained with
Coomassie Blue. Radioactivity was visualized by exposing dried gels to photosensitive film.
RT—qPCR

Total RNA was extracted from differentiated C2C12 cells treated as described above using TRIzol®
(Invitrogen) according to the manufacturer's instructions. RNA quantity and quality were
determined by spectrophotometric analysis using a Thermofisher NanoDrop™ reader (ND-1000)
and by agarose gel electrophoresis. A reverse transcription reaction was performed using M-MLV
Reverse Transcriptase (New England Biolabs). A negative control lacking the reverse transcriptase
was also performed. Generated cDNA was then analyzed by qPCR using a Corbett RG-6000, and
levels were normalized to GAPDH and subsequently relativized to the non-treated control for all

experimental replicates. Primer sequences are given in Table 2.3.
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Table 2.3: gPCR Primer Sequences

Gene Protein Gene Forward Primer (5’-3') Reverse Primer (5’-3')
ID
Nos2 iNOS 18126 GTGCGCATGGCTCGGGATGT GGCTGTCAGAGCCTCGTGGC
Gapdh GAPDH 14433 AAGGTCATCCCAGAGCTGAA AGGAGACAACCTGGTCCTCA
M yodl MyoD 17927 CGACACCGCCTACTACAGTG TTCTGTGTCGCTTAGGGATG
Myog Myogenin 17928 CTACAGGCCTTGCTCAGCTC AGATTGTGGGCGTCTGTAGG
Fbxo3 Atrogin-1 67731 GACCGGCTACTGTGGAAGAG CCAGGAGAGAATGTGGCAGT
/MAFbx

Trimé63 MuRF1 433766 | GAGCAAGGCTTTGAGAACATGGACT GCGTCCAGAGCGTGTCTCACT

AMPK siRNA knockdown and overexpression
C2C12 myoblast cells were transfected using jetPEl (Polyplus Transfection) according to the

manufacturer's instructions. For myoblast knockdown experiments, cells were transfected at
~50% confluence with 50 nM of siRNA targeting the AMPKa1 subunit (Origene: #SR417172) or a
universal scrambled negative control siRNA (Origene: #SR30004). 24 h after transfection, cells
were treated with cytokines, as described above. 24 h after treatment, cells were collected and
protein extracts were collected. For myoblast AMPK overexpression experiments, myoblasts
were transfected as above with either a pcDNA3 vector expressing the cDNA sequence of the
human AMPKa1l subunit or an empty vector control.

Statistics and data processing

For non-animal studies, n values indicate the number of times the experiment was independently
replicated. For animal studies, n values indicate the number of animals per cohort. For animal
studies, sample sizes were based on previous studies and expertise, with a minimum of three
mice for any given statistical analysis. For in vitro studies, experimental replicates were excluded
if the negative (non-treated) and positive (cytokine-treated) samples did not show an appropriate
inflammatory response. For in vivo studies, mice were excluded if they developed complications
unrelated to the cachexia phenotype or if they developed humane-intervention end-point
complications early in the course of the study (e.g., ulceration of the tumor mass). Samples for

measuring myotube widths and muscle fiber cross-sectional areas were blinded before
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acquisition of images and during quantification. Graphs represent the mean, with error bars
showing either the standard error of the mean for biological replicates or the standard deviation
for technical replicates. Significance between means was first determined using ANOVA with
Brown-Forsythe and D'Agostino & Person tests for variance similarity and normal distribution,
respectively. Significance P-values were computed using Fisher's uncorrected LSD or the
Student's t-test in GraphPad Prism version 6 and 7 for Windows, GraphPad Software, La Jolla

California USA, http://www.graphpad. All P-values for main figures and tables and extended view

figures can be found in Appendix Tables S2-514 (online).
Data Availability
All relevant data pertaining to the studies conducted within this manuscript are available from

the authors upon request.
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Chapter 3 | Identification of iNOS as a Driver of Metabolic Dysfunction in
Cachexia
3.1 Preface

Our study on AMPK in cachexia found that protection of metabolic function correlated with
prevention of atrophy. We observed a dramatic inhibition of oxidative respiration during cytokine
treatment, consistent with several other reports showing impaired mitochondrial function and
loss of ETC complex activity in cachectic muscle (Der-Torossian et al., 2013; Fermoselle et al.,
2013; Julienne et al., 2012; MclLean et al., 2014; Padrao et al., 2013; Pin et al., 2019a; Puppa et
al., 2012). Direct activation of AMPK partially restored mitochondrial respiration and prevented
atrophy, whereas indirect activation through mitochondrial inhibition was associated with
atrophy. These findings suggest that mitochondrial dysfunction, specifically the impairment of
OXPHOS, may represent a critical component of cachexia. However, the molecular mechanisms
underlying this impairment are unknown. Therefore, we wished to investigate how cytokines
induce mitochondrial dysfunction. In our previous study, we also identified differential effects on
iNOS expression between direct and indirect AMPK activation. While we and others have
previously observed that iNOS can mediate cytokine-induced atrophy, the downstream effects
of iINOS expression are only partially understood (Hall et al., 2011). Interestingly, NO has been
demonstrated in other systems to inhibit the ETC (Brown, 2001; Brown and Borutaite, 2004). As
such, we hypothesized that iNOS activity might be the cause of mitochondrial dysfunction during
cytokine treatment. In this chapter, we investigated this possibility and assessed the efficacy of

iNOS inhibition in a pre-clinical model of cancer cachexia.

These findings and discussions are part of a manuscript currently in preparation for submission.

Hall DT, Sadek J, Colalillo B, Tremblay AK, Di Marco S, and Gallouzi IE. “Inducible Nitric Oxide
Synthase Impairs Mitochondria Oxidative Phosphorylation in Cachexia” Manuscript in

preparation.
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3.2 Abstract

Cachexia syndrome develops in patients with chronic inflammatory diseases, such as cancer,
and is characterized by progressive muscle wasting. In addition, cachectic muscle has functional
and metabolic defects that occur before the onset of atrophy. This has been linked to impaired
mitochondrial function. However, the mechanisms driving mitochondrial dysfunction are
unknown. In this study, we identified inducible nitric oxide synthase (iNOS) as an inhibitor of
oxidative phosphorylation (OXPHOS) in cytokine-treated myotubes. We showed that inhibition
of iNOS restores OXPHOS in myotubes treated with the cachectic cytokines IFNy and TNFa. Also,
we identified impairment of Complex Il and Complex IV of the electron transport chain (ETC) as
a potential cause of reduced mitochondrial respiration. We show that inhibition of OXPHOS in
cytokine-treated cells reduces their bioenergetic capacity, leading to the onset of energetic
stress, activation of AMPK, suppression of mTOR, and, ultimately, atrophy. Importantly, these
effects were reversed by iNOS inhibition. We also demonstrate that the clinically developed iNOS
inhibitor GW274150 can prevent loss of strength, impaired ETC complex activities, and atrophy
in the C26 model of cancer cachexia. Together our data demonstrate a critical role for iNOS
activity in the onset of muscle wasting and provide a proof-of-principle for the repurposing of

iNOS inhibitors, such as GW274150, as novel therapeutics for the treatment of cachexia.
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3.3 Introduction

Cachexia is a debilitating wasting syndrome that arises in numerous conditions, such as cancer,
chronic obstructive pulmonary disorder (COPD), chronic heart failure (CHF), HIV infection, and
sepsis (Farkas et al., 2013). It is characterized by a dramatic, involuntary loss of both lean muscle
and adipose tissue mass (Blum et al., 2014; Fearon et al., 2011). Development of cachexia is
associated with a significant increase in morbidity and mortality in patients due to loss of skeletal
muscle function (Gannavarapu et al., 2018; Naito et al., 2017; Takayama et al., 2016; Vigano et
al., 2017; Zhou et al., 2018). However, despite its significant impact on patient quality of life and
chance for survival, there are currently no effective therapies for the treatment of cachexia. It is
well accepted that cachexia is triggered by chronic inflammation and the upregulation of pro-
cachectic inflammatory cytokines (Baracos et al., 2018; Fearon et al., 2012). However, efficacy
from monotherapies targeting various pro-inflammatory cytokines has been difficult to develop
due to the multifactorial nature of the condition (Jatoi et al., 2007; Jatoi et al., 2010; Wiedenmann
et al., 2008). This highlights the need to identify downstream inducers of cachexia within effected
tissues that integrate signals from multiple cytokines and which might be more effective targets
for therapy.

Inflammatory cytokines are believed to induce muscle atrophy by triggering a catabolic state in
muscle. Indeed, many cytokines induce the expression of the muscle-specific E3-ligases MuRF1
and Atrogin-1/MAFbx, which are well-established markers of atrophy during cachexia (Baracos
et al., 2018; Fearon et al., 2012). Reduced anabolic signaling and protein synthesis have also been
demonstrated in murine models of cachexia and human patients (Brown et al., 2018; Emery et
al., 1984a; Hall et al., 2018; Puppa et al., 2014a; Smith and Tisdale, 1993; White et al., 2011b;
White et al., 2013). Interestingly, recent observations have suggested that, in addition to
alterations in protein homeostasis, cachectic muscle has significant functional impairment due
to effects on metabolic function, primarily in mitochondria (Argiles et al., 2015a; Fearon et al.,
2012; Hall et al., 2018; Porporato, 2016). Numerous studies have shown that cachectic muscle
displays impaired oxidative phosphorylation (OXPHQOS) that is associated with reduced electron
transport chain (ETC) complex expression or activity (Brown et al., 2017; Der-Torossian et al.,

2013; Fermoselle et al., 2013; Hall et al., 2018; Julienne et al., 2012; McLean et al., 2014; Padrao
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et al., 2013; Pin et al., 2019a; Puppa et al., 2012; VanderVeen et al., 2018). In particular, reduced
cytochrome c oxidase (Complex IV), succinate dehydrogenase (Complex 1l), and NADH
dehydrogenase (Complex 1) activity has been observed in cachectic muscle (Fermoselle et al.,
2013; Julienne et al., 2012; Pin et al., 2019a; VanderVeen et al., 2018; White et al., 2012). In
addition, other mitochondrial defects, such as increased uncoupling, altered fission and/or
fusion, and abnormal morphology have been described (Antunes et al., 2014; Fontes-Oliveira et
al., 2013; Shum et al., 2012; Tzika et al., 2013; White et al., 2012). This loss of mitochondrial
function is correlated with a reduction in the rate of ATP production, suggesting that the energy
balance of muscle is negatively impacted (Antunes et al., 2014; Constantinou et al., 2011; Pin et
al., 2019a; Tzika et al., 2013). Many studies investigating metabolic impairment in cachectic
muscle have demonstrated that these changes are induced by proinflammatory cytokines, such
as TNFa and IL-6 (Der-Torossian et al., 2013; Fermoselle et al., 2013; White et al., 2012).
Furthermore, mitochondrial dysfunction has been linked to NF-kB activity, suggesting that
transcription of pro-inflammatory genes may be driving the affects on metabolic function (Der-
Torossian et al., 2013; Fermoselle et al.,, 2013). However, the gene targets that drive
inflammatory-mediated mitochondrial dysfunction in cachexia have yet to be identified.
Increased expression of inducible nitric oxide synthase (iNOS; NOS2) has previously been
demonstrated to be a transcriptional target for pro-cachectic signaling (Buck and Chojkier, 1996;
Di Marco et al., 2012; Di Marco et al., 2005; Hall et al., 2018; Hall et al., 2011; Ma et al., 2017;
Ramamoorthy et al., 2009). iNOS is one of three isoform of nitric oxide synthase, along with
endothelial (eNOS) and neuronal (nNOS), that produce nitric oxide (NO) from the breakdown of
L-arginine to L-citrulline (Strijdom et al., 2009). While eNOS and nNOS are associated with
physiological NO production and cellular signaling, iNOS expression and activity is strongly
induced by inflammation and is associated with excessive NO production (Strijdom et al., 2009).
The high levels of NO lead to the formation of peroxynitrite (ONOO-), a highly reactive species
that induces nitrosative and oxidative stress (Szabo et al., 2007; Wiseman and Thurmond, 2012).
Nitrosylation of proteins has been shown to be elevated in cachexia (Barreiro et al., 2005).
Furthermore, we and others have demonstrated that chemical inhibition of iINOS or iNOS

knockout can prevent TNFa or IFNy/TNFa driven muscle wasting (Buck and Chojkier, 1996; Di
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Marco et al., 2012; Di Marco et al., 2005; Hall et al., 2018; Ma et al., 2017). Importantly, in a
recent study we have reported that iNOS knockout mice are resistant to wasting induced by
intramuscular injection of IFNy/TNFa (Ma et al., 2017), despite still expressing the E3 ligase
MuRF1 (Di Marco et al., 2005). This suggests that iINOS drives atrophy independently from protein
degradation. However, the mechanisms by which iNOS induction contributes to cachexia are still
unknown.

In other systems NO and peroxynitrite have been shown to inhibit mitochondrial ETC activity
(Brown, 2001; Brown and Borutaite, 2004). However, it is unknown if this inhibition plays a role
in cachexia. Thus, we investigated if INOS could be a driver of metabolic dysfunction in cachexia.
Here, we show that cytokine treatment in C2C12 myotubes severely inhibits mitochondrial
respiration, leading to a shift to glycolysis. Impairment of mitochondrial respiration correlated
with the expression and activity of iNOS. Also, inhibition of iNOS with the clinically relevant iNOS
inhibitor GW274150 or the investigational inhibitor aminoguanidine reversed the inhibition of
mitochondrial respiration. Impaired mitochondrial activity was associated with a significant
reduction in bioenergetic capacity and reduced ATP levels, leading to activation of AMP activated
protein kinase (AMPK) and inhibition of mammalian target of rapamycin (mTOR). Importantly,
these effects were reversed by inhibiting iNOS. Furthermore, mice treated with GW274150 are
resistant to cancer cachexia-associated metabolic dysfunction and muscle wasting. These results
demonstrate that iNOS is a key inducer of mitochondrial dysfunction in murine models of
cachexia. They also show that inhibition of iNOS activity could represent a novel target to reduce

cachectic muscle atrophy and restore metabolic function.
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3.4 Results
3.4.1 Cytokine impairment of oxidative phosphorylation correlates with NO production
Several studies have shown that cachectic muscle has impaired mitochondrial function (Argiles
et al., 2015a; Fearon et al., 2012; Porporato, 2016). In keeping with this, we have previously
shown that C2C12 myotubes treated with the pro-cachectic cytokines IFNy and TNFa have
significantly reduced oxidative respiration, resulting in a shift to aerobic glycolysis (Hall et al.,
2018). However, the mechanisms by which oxidative respiration is supressed are unknown. To
determine how cytokine treatment impairs oxidative metabolism, we first assessed the timing of
inhibition over the first 24h of treatment using a Seahorse Extracellular Flux analyzer. As we had
previously seen, IFNy/TNFa dramatically reduced the mitochondrial oxygen consumption rate
(OCRmito) after 24h (Fig. 3.1A) (Hall et al., 2018). However, inhibition of OCRmito Was not observed
to occur until after 12 hours of treatment (Fig. 3.1A). This timing of inhibition was in keeping with
a transcriptional signal transduction, as induction of gene expression can take several hours,
whereas post-translational modification cascades, such as phosphorylation, typically occur
rapidly (Deribe et al., 2010). We and others have previously shown that inducible nitric oxide
synthase (iNOS) is a key mediator of cytokine driven atrophy that is transcriptionally induced
following inflammatory stimulation (Buck and Chojkier, 1996; Di Marco et al., 2012; Di Marco et
al., 2005; Hall et al., 2018; Ma et al., 2017; Ramamoorthy et al., 2009). In addition, NO has
previously been associated with inhibition of ETC activity (Brown, 2001; Brown and Borutaite,
2004). Therefore, we speculated that iNOS could be driving the metabolic dysfunction in our
model. We found that the timing of OCR inhibition coincided with a substantial increase in the
levels of media nitrite, a stable product formed from the oxidation of NO, and iNOS protein
expression, which were not detected until after 12h of treatment (Fig. 3.1B,C) . This correlation
suggests that iNOS derived NO could indeed be the inducer of inhibition of mitochondrial

respiration during cytokine treatment.
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Figure 3.1: iNOS expression correlates with inhibition of oxidative respiration.

C2C12 myotubes were treated with IFNy (100U/mL) and TNFa (20ng/mL) and assessed over 24h.
(A) Mitochondrial oxygen consumption rate (OCRmito) Wwas measured with a Seahorse XF analyzer.
(B) Media nitrite levels determined with GRIESS reagent.

(C) Western analysis of iNOS and Tubulin protein expression.

Data information: Results are a representative example of two independent experiments (n = 2).
Error bars represent the standard deviation of technical triplicates.
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3.4.2 Inhibition of iNOS activity restores oxidative metabolism

To test if INOS mediates cytokine-driven impairment of mitochondrial respiration, we inhibited
iNOS activity with the clinically developed iNOS inhibitor GW274150 (GW) and with the
irreversible iNOS inhibitor aminoguanidine (AMG). GW is a highly specific inhibitor for iNOS over
eNOS and nNOS and has been shown to have minimal toxicity (Vitecek et al., 2012). AMG is also
a specific inhibitor of iNOS, but it is not under clinical development (Thornalley, 2003). Inhibition
of iNOS with GW or with AMG reversed the effects of IFNy/TNFa on OCR and the extracellular
acidification rate (ECAR) (Fig. 3.2, Fig. 3.3). Using the methodology outlined by Mookerjee et al.,
we determined the theoretical basal and maximal rates of oxidative and glycolytic ATP
production (J-ATP) from the OCR and ECAR and assessed the bioenergetic profile of the cells
(Mookerjee et al., 2017, 2018). Determination of the initial J-ATP rates, when the cells are
primarily consuming exogenous glucose, allows for the assessment of the cells basal energetic
state (J-ATPiwtal), as well as preferences for either glycolytic ATP production (J-ATPgycolytic) or
mitochondrial oxidative phosphorylation ATP production (J-ATPoxidative). By assessing the
production rates following FCCP and monensin treatment, the theoretical maximal J-ATPoxidative
and J-ATPgyycolytic rates, respectively, can be determined. When plotted on perpendicular axes, the
area defined by these maximal rates represent the bioenergetic profile, with the intersection of
these two rates defining the maximal bioenergetic capacity of the cell (Mookerjee et al., 2017,
2018). Our analysis revealed that while control C2C12 cells have a highly oxidative metabolism,
IFNY/TNFa caused a dramatic shift in both basal and maximal metabolic activity towards
glycolysis (Fig. 3.4A-B, Fig. 3.5A-B,). This shift was prevented by treatment with GW in a dose
dependent manner and by treatment with AMG (Fig. 3.4A-B, Fig. 3.5A-B). These changes were
reflected in the glycolytic index, a measure of how much of the total basal ATP production comes
from glycolytic activity. In IFNy/TNFa treated cells, the glycolytic index was 60%-95%, a dramatic
increase from the approximately 10% index observed in control untreated cells (Fig. 3.4C, Fig.
3.5C). Treatment with GW or AMG had no significant effects on the glycolytic index in untreated
cells but reduced the glycolytic index in cytokine treated cells (Fig. 3.4C, Fig. 3.5C). Importantly,
control cells had a large capacity for oxidative respiration, which was dramatically reduced by

cytokine treatment (Fig. 3.4A, Fig. 3.5A). While cytokines did increase the glycolytic capacity, it
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was not sufficient to compensate for the loss of oxidative capacity. As a result, the total
bioenergetic capacity in cytokine treated cells was significantly reduced (Fig. 3.4D, Fig. 3.5D). In
addition, the basal rate of J-ATP production decreased in cytokine treated cells by 25-30% when
compared to their control counterparts (Fig. 3.4B, Fig. 3.5B). However, treatment with GW, in
addition to reverting the metabolism profile back to a more oxidative state, was able to partially
recover the bioenergetic capacity and restore the basal ATP production rate (Fig. 3.4B,D).
Treatment with AMG was also able to restore basal ATP production, but did not have as robust
an affect on bioenergetic capacity (Fig. 3.5B,D). Nevertheless, the overall trend indicates that
inhibition of iINOS prevents the shift towards glycolytic metabolism and loss of bioenergetic
capacity induced by cytokines. Importantly, the extent of recovery of oxidative metabolism in
GW treated and AMG treated cells correlated with the reduction of media nitrite levels (Fig. 3.4E,
3.5E). Indeed, when comparing the individual technical replicates of all IFNy/TNFa, IFNy/TNFa +
GW 10uM, and IFNy/TNFa + GW 100uM samples across all experimental replicates, there was a
strong negative correlation between the media nitrite levels and the J-ATPoxidative rate (Fig. 3.4F).
Therefore, our results indicate that nitric oxide production is the primary driver of cytokine-

mediated oxidative respiration inhibition in our model.
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Figure 3.2: GW274150 reverses IFNy/TNFa-induced suppression of OCR and elevation of ECAR.

C2C12 myotubes were treated with or without IFNy (100U/mL) and TNFa (20ng/mL) and the
indicated doses of GW274150 (GW). Extracellular flux was measured after 24h with a Seahorse
XF Analyzer. Sequential injections of oligomycin (O, 1uM), FCCP (F, 1.5uM), Rotenone + Antimycin
A (RA, 1uM), and monensin (M, 20uM) were performed to assess the bioenergetic profile.

(A) Oxygen consumption rate (OCR).
(B) Extracellular acidification rate (ECAR).

Data Information: Results are a representative example of three independent experiments (n =
3). Error bars represent the standard deviation of technical triplicates.

135



Control
O F RA M
100+ : ; : ;i
—~ 1 i : b -~ NT
S 8o -~ IFNy/TNFo.
5 ]
a <4
X o 4
o = ]
O 0]
5 ]
= ]
£ ]
& -
0 T 1§ 'I - T 1
0 20 40 60 80 100
Time (m)
Control
8
-o- NT
-0~ |FNy/TNFo.

ECAR
(mpH min" ug protein’™)
E

0 20 40 60 80 100
Time (m)

OCR
(pmol min” ug protein'1)

ECAR
(mpH min™" pg protein™)

100+

; .I T 1 1
20 40 60 80 100
Time (m)

-~ AMG 400uM
-o- IFNy/TNFo + AMG 400uM

-~ AMG 400uM
-~ IFNy/TNFo. + AMG 400uM

Figure 3.3: Aminoguanidine reverses IFNy/TNFa-induced suppression of OCR and elevation of

ECAR.

C2C12 myotubes were treated with or without IFNy (100U/mL) and TNFa (20ng/mL) and
aminoguanidine (AMG; 400uM). Extracellular flux was measured after 24h with a Seahorse XF
analyzer. Sequential injections of oligomycin (O, 1uM), FCCP (F, 1.5uM), Rotenone + Antimycin A
(RA, 1uM), and monensin (M, 20uM) were performed to assess the bioenergetic profile.

(A) Oxygen consumption rate (OCR).

(B) Extracellular acidification rate (ECAR).

Data Information: Results are a representative example of three independent experiments (n =
3). Error bars represent the standard deviation of technical triplicates.
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Figure 3.4: GW274150 prevents a cytokine-induced shift to aerobic glycolysis in C2C12.

C2C12 myotubes were treated with or without IFNy (100U/mL) and TNFa (20ng/mL) and the

indicated doses of GW274150 (GW). rates (J-ATP) from oxidative

phosphorylation (oxidative) and glycolysis (glycolytic) were determined from measurements of

extracellular flux 24h after treatment.
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(A) Bioenergetic profiles. Highlighted squares are defined by the theoretical maximal J-ATPoxidative
and J-ATPglycoiytic rates.



(B) (left) Basal J-ATPglycolytic and J-ATPoyidative rates. (right) Total basal J-ATP rate.

(C) Glycolytic index (% J-ATPglycolytic / J-ATProtal) Of basal metabolism.

(D) Total bioenergetic capacity (sum of maximal J-ATPgiycolytic and J-ATPoxidative rates).
(E) Media nitrite levels measured with standardized GRIESS reagent.

(F) Correlation analysis of replicate media nitrite levels to basal J-ATPoxidative.

Data information: Individual data points represent the average of technical replicates from three
independent experiments (n = 3). Error bars represent the standard deviation (SD) of the mean.
For statistical comparisons, A indicates the fold change of mean values and p-values were
calculated with an ANOVA followed by a Tukey’s post-hoc test for multiple comparisons.
Correlation was determined using linear regression and the p-value of the slope was determined
with an F-test.

138



J-ATPoyidative
(pmol ATP min™ g protein™)

J-ATP
(pmol ATP/min/ug protein)

400

350

SN @
a 9 a 8
3 & & 3
1 1 1 1

1004 i

@
S
1

03

Control Control

© FCCP

© Glucose

© Monensin

IFNY/TNFa.

o FCCP

B Glucose

O Monensin

0 50 100 150 200

J-ATPgycalytic

(pmol ATP min"! ug protein™)

150
100

50

0

Basal Metabolism

IFNy/TNFa:

Glycolytic Index
(% J-ATP g, /J-ATPyoia)

150+

o
o
1

50

- + - +
Control AMG
400pM

B J-ATPgycolytic
3 J-ATPoidative

Glycolytic Index

A=-70.9
p < 0.0001
A=83.1
4 p <0.0001

NT

AMG 400 M

3 Control
B IFNy/TNFa

J-ATPopa
(pmol ATP min™! ug protein'1)

Bioenergetic Capcity

J-ATPxidative
(pmol ATP min ! ug protein™) ‘

400
350 -
300 B

200 &

200

N

o

S
I

150—

100+

@
S
1

150—

100-
0]

&3}
(=}
1

AMG 400pM

AMG 400uM

© Glucose
© FCCP

O Monensin

IFNy/TNFa + AMG 40

0uM

B Glucose
o FCCP
O Monensin

u_:.l.m

J-ATPgiycolytic
(pmol ATP min™ ug protein™')

Basal J-ATPyqta

A=27.91
p = 0.0095

A=-9.29
=-31.04 p =0.6429

p -0.0054

AMG 400 uM

3 Control
B IFNy/TNFa

Bioenergetic Capacity

700— A=90.2
] p = 0.0065
e o 600 A=-2063
2 14=-2454 ;< 0.0001
© 500 p < 0.0001
(=7
()]
= 400
<
£ 300
I
< 200
2
5 100
o-
AMG 400 (M
3 Control
B IFNy/TNFa

Nitrite
(uM g protein'1)

Media Nitrite Levels

1.5

=)
1,

=
3
PR R

0.0-

A=-0.94
p <0.0001

NT  AMG 400 yM

=3 Control
B IFNy/TNFa

Figure 3.5: Aminoguanidine prevents a cytokine-induced shift to aerobic glycolysis in C2C12.

C2C12 myotubes were treated with or without IFNy (100U/mL) and TNFa (20ng/mL) and
aminoguanidine (AMG; 400uM). ATP production rates (J-ATP) from oxidative phosphorylation
(oxidative) and glycolysis (glycolytic) were determined from measurements of extracellular flux

24h after treatment.
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(A) Bioenergetic profiles. Highlighted squares are defined by the theoretical maximal J-ATPoxidative
and J'ATPglycolytic I’ateS.

(B) (left) Basal J-ATPglycolytic and J-ATPoyidative rates. (right) Total basal J-ATP rate.

(C) Glycolytic index (% J-ATPglycolytic / J-ATProtal) Of basal metabolism.

(D) Total bioenergetic capacity (sum of maximal J-ATPgiycolytic and J-ATPoxidative rates).
(E) Media nitrite levels measured with standardized GRIESS reagent.

Data Information: Results are a representative example of three independent experimental
replicates (n = 3). Individual data points are technical replicates from a representative
experiment. Error bars represent the standard deviation (SD) of the mean. For statistical
comparisons, A indicates the fold change of mean values and p-values were calculated with an
ANOVA followed by a Tukey’s post-hoc test for multiple comparisons.
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To determine how nitric oxide affects oxidative respiration, we assessed the integrity of the
ETC complexes. To do so, we performed a Western blot analysis probing for subunits of each
complex. We found that cytokine treatment significantly reduced the levels of MTCO1 and SDHB,
subunits of cytochrome c oxidase (COX; Complex IV) and succinate dehydrogenase (SDH;
Complex Il) by approximately 90% and 50% respectively (Fig. 3.6, Fig. 3.7). Expression of these
subunits was re-established by treatment with GW or AMG (Fig. 3.6, Fig. 3.7). This indicates that
the integrity of COX and SDH in the ETC is compromised during cytokine treatment in a NO-
dependent manner. Interestingly, GW 10uM did not significantly affect ETC complex subunit
expression (Fig. 3.6), despite partially restoring oxidative phosphorylation (Fig. 3.4). This suggests
that the activity of the complexes is likely inhibited even in the absence of effects on complex
subunit expression. Importantly, the expression levels of VDAC, an outer mitochondrial
membrane pore protein, as well as the other complex subunits, were relatively stable, indicating
that mitochondrial content was unaffected (Colombini et al., 1996). In keeping with this,
mitochondrial content and expression of PGC-1a, a promoter of mitochondrial biogenesis, were
not affected by cytokine treatment (Fig. 3.8). Therefore, the loss of oxidative phosphorylation
appears to arise, at least in part, from the specific loss of integrity of Complex IV and Complex Il

in the ETC, rather than depletion of total mitochondrial content.
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Figure 3.6: Cytokine-mediated loss of Complex Il and IV integrity are reversed with GW274150.

C2C12 myotubes were treated with or without IFNy (100U/mL) and TNFa (20ng/mL) and the
indicated doses of GW274150 (GW). Protein content was extracted 24h after treatment.

(A) Western blot analysis for ETC protein complex subunits.

(B-F) Quantification of protein expression of complex subunits normalized to VDAC (Outer
Mitochondrial Membrane; OMM) and relative to untreated control. (B) NDUFB8 (Complex I; Cl)
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(C) SDHB (Complex II; Cll) (D) UQCRC2 (Complex IlI; CllI) (E) MTCO1 (Complex IV; CIV) (F) ATP5A
(Complex V; CV).

Data information: Individual data points are from four independent experimental replicates (n =
4). Error bars represent the standard deviation (SD) of the mean. For statistical comparisons, A
indicates the difference of mean values and p-values were calculated with an ANOVA followed
by a Tukey’s post-hoc test for multiple comparisons. Data sets where no statistically significance
(p > 0.05) comparisons were observed are indicated as non-significant (ns).
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Figure 3.7: Cytokine-mediated loss of Complex Il and IV integrity are reversed with
aminoguanidine.

C2C12 myotubes were treated with or without IFNy (100U/mL) and TNFa (20ng/mL) and the
indicated doses of aminoguanidine (AMG). Protein content was extracted 24h after treatment.

(A) Western blot analysis for ETC protein complex subunits.
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(B-F) Quantification of protein expression of complex subunits normalized to VDAC (Outer
Mitochondrial Membrane; OMM) and relative to untreated control. (B) NDUFB8 (Complex I; Cl)
(C) SDHB (Complex II; Cll) (D) UQCRC2 (Complex llI; CllI) (E) MTCO1 (Complex IV; CIV) (F) ATP5A
(Complex V; CV).

Data information: Individual data points are from three independent experimental replicates (n
=3). Error bars represent the standard deviation (SD) of the mean. For statistical comparisons, A
indicates the difference of mean values and p-values were calculated with an ANOVA followed
by a Tukey’s post-hoc test for multiple comparisons. Data sets where no statistically significance
(p > 0.05) comparisons were observed are indicated as non-significant (ns).
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Figure 3.8: Mitochondrial content is unaffected by IFNy/TNFa.

C2C12 myotubes were treated with or without IFNy (100U/mL) and TNFa (20ng/mL) for 12h or
24h.

(A) Mitochondria content was assessed by MitoTracker™ Green FM staining (100nM).

(B) Confocal fluorescence microscopy images of MitoTracker™ Green FM (Green) and Hoechst
33342 (Blue) in cells treated for 24h.

(C) RT-gPCR analysis of Pgc1a mRNA expression in cells treated for 24h.

Data information: (A) Individual data points represent technical replicates. (B) Representative
image of two independent experiments (n = 2). (C) Individual data points represent values from
three independent experiments (n = 3). Error bars represent the standard deviation (SD) of the
mean. For statistical comparisons, A indicates the fold change of mean values and p-values were
calculated with either an ANOVA followed by a Tukey’s post-hoc test for multiple comparisons
(A) or a paired student’s t-test (B).
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3.4.3 Aerobic glycolysis during cytokine treatment is associated with energetic stress

The reduced ATP production rate observed in cytokine treated cells, as well as their overall
lower bioenergetic capacity, suggests that the altered metabolic state in cytokine-treated
myotubes might result in reduced ATP levels and energetic stress. In keeping with this, the
cellular ATP levels were reduced by approximately 35% in cytokine treated cells, which was
prevented by GW and AMG treatment (Fig. 3.9A-B). Depletion of ATP and subsequent
accumulation of AMP can lead to the activation of AMP activated protein kinase (AMPK), an
important regulator of energy homeostasis (Hardie et al., 2012). AMPK activation is dependent
on phosphorylation at Thr172 (pAMPK) (Stein et al., 2000). In addition, AMPK activation is often
highly correlated with phosphorylation of its downstream target ACC at Ser79 (Munday, 2002).
Therefore, we assessed if the altered energetics correlated with AMPK activity by assessing AMPK
and ACC phosphorylation. As we have previously shown, cytokine treatment induced AMPK
phosphorylation, as well as phosphorylation of its downstream target ACC (Fig. 3.9C-D) (Hall et
al.,, 2018). Induction of AMPK activity was reversed when cells were co-treated with GW, in
keeping with the observed restoration of cellular ATP content (Fig. 3.9). Therefore, iNOS
inhibition was able to prevent reduction of ATP content and the subsequent induction of

energetic stress signaling in cytokine-treated myotubes.
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Figure 3.9: iNOS inhibition recovers cellular ATP levels and reduces AMPK activation.

C2C12 myotubes were treated with or without IFNy (100U/mL) and TNFa (20ng/mL) and the
indicated doses of GW274150 (GW) or aminoguanidine (AMG) for 24h.

(A-B) Cellular ATP content in (A) GW treated and (B) AMG treated cells. Quantified as a
percentage of the corresponding control treatment ATP levels.
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(C) Western blot analysis for pThr172-AMPK (pAMPK), total AMPK (AMPK), pSer79-ACC (pACC),
and total ACC (ACC).

(D) Quantification of the (/eft) pPAMPK to AMPK ratio and the (right) pACC to ACC ratio. Ratios are
expressed relative to the corresponding control treatment ratios.

Data information: Individual data points are from three to four independent experimental
replicates (n = 3-4). Error bars represent the standard deviation (SD) of the mean. For statistical
comparisons, A indicates the difference of mean values and p-values were calculated with an
ANOVA followed by a Tukey’s post-hoc test for multiple comparisons.
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3.4.4 Inhibition of INOS recovers anabolic signaling through mTOR and prevents atrophy
One consequence of energetic stress is the inhibition of protein synthesis. mTOR is a central
regulator of protein translation that is sensitive to both growth factors and cellular energy levels
(Heberle et al., 2015). AMPK activation in cachexia has previously been linked to mTOR
suppression and reduced protein synthesis and we have previously demonstrated that mTOR is
heavily supressed in IFNy/TNFa treatment (Hall et al., 2018; White et al., 2013). Therefore, we
tested if suppression of mTOR could be reversed by iNOS inhibition by assessing phosphorylation
of the mTOR targets ribosomal protein S6 kinase (S6K) and its target, ribosomal protein S6 (S6).
We found that GW restored S6K and S6 phosphorylation in a dose dependent manner (Fig. 3.10).
To assess if this had an impact on atrophy induced by cytokines, we assessed myotube widths by
immunofluorescence staining for myosin heavy chain and myoglobin in cells treated with or
without cytokines and GW and found that GW was able to prevent atrophy (Fig. 3.11). Thus, the
restoration of metabolic function and prevention of energetic stress was also correlated with a

restoration of protein synthesis signaling and prevention of atrophy.
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Figure 3.10: iNOS inhibition restores mTOR signaling in cytokine-treated myotubes.

C2C12 myotubes were treated with or without IFNy (100U/mL) and TNFa (20ng/mL) and the
indicated doses of GW274150 (GW). Protein content was extracted 48h after treatment.

(A) Western blot analysis for pThr389-S6K (pS6K), total S6K (S6K), pSer235/236-56 (pS6), and total
S6 (S6).

(B) Quantification of the pS6K to S6K ratio. Ratios are expressed relative to the untreated control.
(C) Quantification of the pS6 to S6 ratio. Ratios are expressed relative to the untreated control.

Data information: Individual data points are from five independent experimental replicates (n =
5). Error bars represent the standard deviation (SD) of the mean. For statistical comparisons, A
indicates the difference of mean values and p-values were calculated with an ANOVA followed
by a Tukey’s post-hoc test for multiple comparisons.
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Figure 3.11: GW274150 treatment prevents cytokine-induced atrophy.

C2C12 myotubes were treated with or without IFNy (100U/mL) and TNFa (20ng/mL) and the
indicated doses of GW274150 (GW). Cells were fixed after 48h of treatment.

(A) Representative immunofluorescence imaging for myoglobin and myosin heavy chain (MyHC).
Nuclei were visualized with DAPI staining.

(B) Quantification of mean fiber widths. Individual fiber widths were measured at three points
along the fiber and averaged.

Data information: Individual data points are from four independent experimental replicates (n =
4). Error bars represent the standard deviation (SD) of the mean. For statistical comparisons, A
indicates the difference of mean values and p-values were calculated with an ANOVA followed
by a Tukey’s post-hoc test for multiple comparisons.
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3.4.5 GW274150 prevents muscle loss and metabolic dysfunction in a murine model of
cancer cachexia.

We next wished to assess if iNOS inhibition could recover muscle function in a pre-clinical
mouse model of cachexia. To do so, we tested the efficacy of GW treatment in the C26
adenocarcinoma model. Male BALB/C mice were injected with C26 colon cancer cells, which
induce a cachectic phenotype over the course of 14-19 days (Bonetto et al., 2016). First, we
confirmed that iNOS was induced in the muscle of C26-bearing mice (Fig. 3.12), as we have
previously seen in our culture model (Di Marco et al., 2012). Importantly, iNOS inhibition has
been shown to impair tumor growth (Garrido et al., 2017; Granados-Principal et al., 2015;
Kostourou et al., 2011). Therefore, we delayed treatment for 5 days to allow tumors to establish
before treating with GW. GW was administered at a dose of 5mg kg, which has previously been
shown to reduce collagen-induced arthritis symptoms in mice to an extent similar to that
observed in iNOS knockout mice (Cuzzocrea et al., 2002). Delay of GW treatment did not affect
tumor growth rates (Fig. 3.13). As such, final tumor burdens in C26 and C26 + GW cohorts were
equivalent (Fig. 3.14A). In addition, swelling of the spleen, a marker of general inflammation, was
equivalent in both cohorts (Fig. 3.14B). Therefore, tumor growth and general inflammation

appeared to be unaffected by GW treatment.
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Figure 3.12: iNOS expression is elevated in muscle in the C26 model.

Male BALB/C mice were injected subcutaneously with C26 cells (1.25x10° cells) or an equivalent
volume of saline. After 19 days, protein content was extracted from the gastrocnemius and
assessed by Western blot analysis for iNOS and Tubulin expression.
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Figure 3.13: Tumor growth regression during GW274150 treatment.

Male BALB/C mice were injected subcutaneously with C26 cells (1.25x108 cells). After 5 days and
everyday thereafter, mice were injected with either saline or GW 5mg kg™.

Data information: Data points represent the mean volumes of three mice in each cohort (n = 3).
Error bars represent the standard deviation (SD) of the mean.
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We next assessed the progression of cachexia in mice with normal tumor progression. In both
C26 and C26 + GW treated cohorts, significant body weight loss was observed, though there was
a trend towards increased weight in the C26 + GW (Fig. 3.14C). GW treatment did not affect
adipose tissue wasting, which likely contributes significantly to the overall body weight change
(Fig. 3.14D). However, in skeletal muscle tissue, GW treatment significantly improved mass.
Indeed, in both the tibialis anterior and gastrocnemius, muscle wasting was reduced by
approximately 50% (Fig. 3.14E-F). Thus, while overall body weight loss was unaffected, lean body

weight was preserved by GW treatment.
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Figure 3.14: GW274150 treatment reduces muscle wasting in the C26 model.

Male BALB/C mice were injected subcutaneously with C26 cells (1.25x10° cells) or an equivalent
volume of saline. After 5 days and everyday thereafter, mice were injected with either saline or
GW 5mg kg'. After 16 days, mice were euthanized and body weight tissue mass was assessed.

(A) Tumor weight.

(B) Spleen weight normalized to initial body weight.

(C) Percent body weight change from day 0.

(D) Inguinal fat pad weight normalized to initial body weight.
(E) Tibialis anterior weight normalized to initial body weight.
(F) Gastrocnemius weight normalized to initial body weight.

Data information: Individual data points represent values from individual mice, with a total of six
mice per cohort (n = 6). Error bars represent the standard deviation (SD) of the mean. For
statistical comparisons, A indicates the difference of mean values and p-values were calculated
with an ANOVA followed by a Tukey’s post-hoc test for multiple comparisons.
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In addition to wasting, cachexia is often associated with a functional deficit in muscle strength,
possibly due to metabolic impairment (Murphy et al., 2012). Therefore, we measured grip
strength changes in our model. As expected, C26 mice showed a substantial loss of grip strength
(-17.6%) over the course of the experiment (Fig. 3.15A). However, there was no substantial loss
of grip strength in GW treated mice, despite observable muscle mass wasting (Fig. 3.15A, 3.14E-
F). This would suggest that, while GW treatment only partially prevented atrophy, muscle
function was more significantly affected. To determine if GW treatment restored mitochondrial
function, as we had seen in our culture model, we assessed Complex Il and Complex IV activity in
the lysates extracted from extensor digitorum longus (EDL) muscle. In keeping with previous
reports of impaired Complex Il and Complex IV activity in models of cachexia (Fermoselle et al.,
2013; Julienne et al., 2012; Padrao et al.,, 2013; Pin et al., 2019a; VanderVeen et al., 2019;
VanderVeen et al., 2018), we observed trends towards decreased activity in both complexes,
though there was insufficient power in our experiment to detect statistical significance (achieved
power: 0.79 (Complex 1), 0.33 (Complex 1V); Fig. 3.15B-C). Treatment with GW significantly
increased Complex Il activity in C26-bearing mice and showed a trend towards increased Complex
IV activity, reflecting the recovery in metabolic function we had seen in our culture model (Fig.
3.15B-C). We also assessed ETC complex stability by assessing the protein levels of labile subunits
of each complex, as we had done in our culture model. Interestingly, unlike in our culture model,
we observed no changes in complex stability in the muscle of C26 mice (Fig. 3.16). This suggests
that metabolic dysfunction in mice is less severe than what we observed in culture. Nevertheless,
our results indicate that the C26 pre-clinical model is characterized by a loss of ETC function and
muscle strength, which is restored by inhibition of iNOS. This confirms, in an in vivo model, that

iNOS can drive metabolic dysfunction in cachexia.
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Figure 3.15: GW274150 treatment restores strength and metabolic function in the C26 model.

Male BALB/C mice were injected subcutaneously with C26 cells (1.25x10° cells) or an equivalent
volume of saline. After 5 days and everyday thereafter, mice were injected with either saline or
GW 5mg kg

(A) Change in grip strength from before tumor cell injection (day 0) and before endpoint
collection (day 16).

(B) Complex Il activity, normalized to protein content, measured in EDL muscle lysates collected
after endpoint (day 16).

(C) Complex IV activity, normalized to protein content, measured in EDL muscle lysates collected
after endpoint (day 16).

Data information: Individual data points represent values from individual mice, with a total of
two or six mice per cohort (n = 2, n = 6). Error bars represent the standard deviation (SD) of the
mean. For statistical comparisons, A indicates the difference of mean values and p-values were
calculated with an ANOVA followed by a Tukey’s post-hoc test for multiple comparisons.

158



c26 Complex | Complex Il
. 2.0 ns 1.5 ns
Saline C26 GW +GW E e ,
i i i o o
NDUFB8 == = e - e = == | (]| 2~ P
Y ! } IS S() 1.5 §2 T
SDHB [** == e e s e e | C| e £S 10 s
T T T o w o
UQCRC2|[== == = == — [ — == CIIl 82 o3
: : - w g 1.0 I3
] 7 I =
MTCO1 [#08 58 s s i 5w | CIV 8% B5 o
7 : ; € o £ 05
ATP5A|—-------|CV 290,5— %g
: = = T< T <=
VDAC [== == == == == == e = |OOM & o
1 2 3 4 5 6 7 8 0.0 0.0 . .
Saline GW Saline GW
5mg kg'1 5mg kg'1
3 Saline 3 Saline
B C26 B C26
Complex lll Complex IV Complex V
34 2.0 2.0
c ns
ke) g ns 5 ns
n B~ =
gﬁ_&(’ §% 1.5 ég 154
&S 27 s J S
§e . s Yo .
o QT 1.0 ° 104 ~
g8 | o8 £ g
- Ss < ®©
321- gg05- -ggos-
£2 E2 -
¢ & &
0- 0.0- 0.0~
Saline GW Saline GW ; Saline GW .
5mg kg'1 5mg kg 5mg kg™
O Saline 1 Saline O Saline
B C26 B C26 B C26

Figure 3.16: ETC complex integrity is not compromised in the C26 mouse model.

Male BALB/C mice were injected subcutaneously with C26 cells (1.25x10° cells) or an equivalent
volume of saline. After 5 days and everyday thereafter, mice were injected with either saline or
GW 5mg kg. After 16 days, mice were euthanized and protein content was extracted from the
quadriceps muscle.

(A) Western blot analysis for ETC protein complex subunits. Dashed lines indicate cropped
segments. All images for each protein were obtained on the same exposure.

(B-F) Quantification of complex subunits normalized to VDAC (Outer Mitochondrial Membrane;
OMM) and relative to untreated control. (B) NDUFB8 (Complex I; ClI) (C) SDHB (Complex II; Cll)
(D) UQCRC2 (Complex lllI; Clll) (E) MTCO1 (Complex IV; CIV) (F) ATP5A (Complex V; CV).

Data information: Individual data points represent values from individual mice, with a total of
two mice in C26-bearing cohorts or four mice in Saline control cohorts (n =2, n = 4). Error bars
represent the standard deviation (SD) of the mean. Statistical comparisons were performed using
an ANOVA, which found no statistically significant (p > 0.05) differences.
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3.5 Discussion

The importance of metabolic function in cachectic muscle has become more apparent in recent
years. In particular, mitochondrial dysfunction has been linked to impaired muscle function and
atrophy during cachexia (Argiles et al., 2015a; VanderVeen et al., 2017). While numerous studies
have demonstrated reduced activity of ETC complexes, the molecular origins of this dysfunction
are unknown (Fermoselle et al., 2013; Julienne et al., 2012; Padrao et al., 2013; Pin et al., 2019a;
VanderVeen et al., 2019; VanderVeen et al., 2018). Here, we identify iNOS as a potential inducer
of inflammatory-dependent mitochondrial dysfunction. We show that reduced OXPHOS in
IFNy/TNFa-treated myotubes correlates with and is dependent on iNOS activity (Fig. 3.1-5). Loss
of oxidative respiration is associated with a shift towards glycolysis, which has also been observed
in murine models of cachexia (Cui et al., 2019a; Der-Torossian et al., 2013). Our bioenergetic
analysis indicates that this shift towards glycolysis is not sufficient to maintain the basal ATP
production rate or bioenergetic capacity (Fig. 3.4-5). Diminished ATP production was confirmed
by a depletion of cellular ATP levels and activation of AMPK (Fig. 3.9). Reduced energy generation
in muscle can limit contractile function and anabolic metabolism, which are hallmarks of the
cachectic condition (Baker et al., 2010; Conley, 2016; Smiles et al., 2016). In keeping with this, we
observed a suppression of mTOR signaling and onset of atrophy that were reversed by inhibition
of iNOS (Fig. 3.10-11). Collectively, our study identifies iNOS as an inhibitor of mitochondrial

function in cachectic muscle, which promotes energetic stress and the onset of muscle atrophy.

In this study, we report that reduced oxidative phosphorylation in cytokine-treated myotubes
was associated with the loss of expression of SDHB and MTCO1, subunits of Complex Il and IV
respectively, indicating these complexes may be the primary targets of iNOS-derived NO (Fig. 3.6-
7). This is in keeping with other reports showing that Complex Il and Complex IV expression or
activity are reduced in models of cachexia (Brown et al., 2017; Der-Torossian et al., 2013;
Fermoselle et al., 2013; Julienne et al., 2012; McLean et al., 2014; Padrao et al., 2013; Pin et al.,
2019a; Puppa et al., 2012; VanderVeen et al., 2019; VanderVeen et al., 2018). NO is known to be
a reversible inhibitor of Complex IV, competing with oxygen binding (Taylor and Moncada, 2010).
In addition, our group has previously identified the formation of the highly reactive peroxynitrite,

formed from the reaction of superoxide with NO, as a driver of NO-mediated atrophy (Di Marco
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et al., 2005). As the ETC is a direct source of ROS production, which is elevated in cachexia, it is
possible that there is a higher local concentration of peroxynitrite near the ETC in mitochondria
(Murphy, 2009). In addition, peroxynitrite-mediated nitration of Complex Il and Complex IV has
been demonstrated to impair their activity (Cassina and Radi, 1996; Chen et al., 2008; Radi et al.,
1994; Sharpe and Cooper, 1998). Therefore, while our data does not reveal how NO inhibits
Complex Il and IV activity, it is possible that direct nitration of these complexes is involved.
However, this will need to be confirmed experimentally, as NO may also have indirect effects on
mitochondrial function. Importantly, we did not detect a loss of subunit expression in the muscle
of C26 mice, despite seeing a trend towards decreased activity of both Complex Il and Complex
IV, which was reversed by treatment with GW274150 (Fig. 3.15, 3.16). Our study was not
sufficiently powered to achieve statistical significance for these observed effects. However, the
extent of reduced complex activity observed in our C26 mice is consistent with previous studies
of Complex Il activity in the C26 model (Pin et al., 2019a) and Complex IV in other cancer cachexia
models (Fermoselle et al., 2013; Julienne et al., 2012; Padrao et al., 2013; VanderVeen et al.,
2018). Therefore, the loss of complex activity, despite lack of reduced subunit expression, is likely
a bona fide phenotype. This discrepancy may be due to differences in the severity of inhibition
between our culture and animal models. Indeed, complex activity was only observed to decrease
by approximately 20-25% in cachectic mice, whereas ETC activity in cytokine-treated myotubes
was almost completely lost (Fig. 3.15B-C, Fig. 3.4, Fig. 3.5). We have found that iNOS expression
and activity are extremely high in our culture model compared to in vivo (unpublished
observation). Therefore, the extent of nitrosative stress is likely more severe than one might
expect in vivo, manifesting a more extreme loss of ETC activity and loss of ETC protein expression.
Nevertheless, the molecular targets of NO signaling, namely Complex Il and Complex IV, appear

to be consistent between our culture and animal models.

iNOS inhibition recovered basal metabolic function in our study. However, there was only
limited recovery of maximal oxidative capacity, even when the activity of iNOS was almost
completely inhibited, as determined by media nitrite levels (Fig. 3.4, 3.5). This suggests that
other, iNOS-independent mechanisms may affect metabolic function. Total oxidative capacity is

dependent both on the function of the ETC and the ability of the cell to utilize substrates for the
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generation of reducing equivalents through the Tricarboxylic Acid (TCA) Cycle (Baker et al., 2010).
While iNOS inhibition clearly restores ETC activity, altered substrate utilization has also been
demonstrated in cachexia. Indeed, cachexia is associated with reduced pyruvate dehydrogenase
(PDH) activity, which catalyzes the formation of acetyl-CoA from pyruvate (Pin et al., 2019a). This
switch may be due to increased activity of pyruvate dehydrogenase kinase 4 (PDK4), which
inhibits PDH and limits the flow of carbohydrate-derived pyruvate into the TCA cycle (Pin et al.,
2019a; Pin et al., 2019b). Carbohydrate oxidation is a key source of energy generation during
exercises, and so the reduced capacity to utilize carbohydrates for oxidative phosphorylation may
limit muscle function during exercise (Melzer, 2011). While the restoration of ETC activity in our
culture model was sufficient to recover basal ATP production, these cells are not under the same
energetic demand of in vivo muscle during contraction. Therefore, combination therapies, such
as co-treatment with iNOS and PDK4 inhibitors, that restore both ETC activity and normal

substrate utilization, may be required to achieve full functional recovery in patients.

We and other have previously implicated iNOS as a potential target for therapeutic intervention
(Hall et al., 2011). In mouse models of elevated cytokine treatment, either through CHO cells
overexpressing TNFa or direct intramuscular injection of IFNy/TNFa, chemical inhibition or
genetic knockout of iINOS has been shown to prevent atrophy (Buck and Chojkier, 1996; Ma et
al., 2017). However, the mechanism of iINOS-induced atrophy is not well understood. Previous
evidence suggests that iINOS can negatively regulate myogenic gene expression by affecting
MyoD expression and Jun-D activity (Buck and Chojkier, 1996; Di Marco et al., 2005). Here, we
show that iINOS expression likely contributes to atrophy, at least in part, by impairing
mitochondrial oxidative phosphorylation and inducing energetic stress. Furthermore, we show
that iNOS inhibition can restore metabolic function and reduce muscle atrophy in the pre-clinical
C26 model of cancer cachexia (Fig. 3.14-15). This demonstrates, for the first time, that iNOS
inhibition has therapeutic potential in a disease-driven model of cachexia. Importantly, increased
iNOS expression has been shown in the skeletal muscle of cancer, AIDS, chronic heart failure, and
COPD cachexia patients, suggesting that iNOS may be involved in the onset of cachexia under a
variety of overlying conditions (Adams et al., 2003; Agusti et al., 2004; Ramamoorthy et al., 2009).

The inhibitor used in our studies, GW274150, has been developed clinically for other
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inflammatory conditions, such as asthma, arthritis, and migraines (Vitecek et al., 2012). While
efficacy in these diseases has been limited, the drug has been largely well tolerated, with good
pharmacokinetics and minimal adverse events (Vitecek et al., 2012). As such, drug repurposing
of GW274150, or other clinical iNOS inhibitors, may be warranted for the treatment of cachexia.
Use of iNOS inhibitors may be particularly effective in cancer cachexia, given the potential pro-
tumorigenic function of iINOS. Indeed, several studies have shown that iNOS inhibition can reduce
tumor growth and metastasis (Garrido et al., 2017; Granados-Principal et al., 2015; Kostourou et
al., 2011). More studies are warranted to firmly established the therapeutic potential of iNOS
inhibitors in cachexia, especially in cancer cachexia, where inhibition may play a dual role in the

treatment of both cancer and muscle wasting.
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3.6 Materials and Methods

Reagents and Antibodies
IFNy (485-MI) and TNFa (410-MT) were purchased from R&D systems. GW274150 (HY-12119)

was purchased from MedChemExpress. Aminoguanidine (396494), DAPI (10236276001),
oligomycin (75351), Rotenone (R8875), Antimycin A (A8674), and monensin (M5273) were
purchased from Sigma-Aldrich. Hoechst 33342 (62249) and MitoTracker™ Green FM (M7514)
were purchased from ThermoFisher Scientific. ECL Western Blotting Detection Reagent

(RPN2106) was purchased from GE Healthcare Life Sciences.

The iNOS antibody (610431) was purchased from BD Transduction Laboratories. The tubulin
antibody (DSHB Hybridoma Product 6G7; deposited by Halfter, W.M.) was obtained from the
Developmental Studies Hybridoma Bank (DSHB), created by the NICHD of the NIF and maintained
at The University of lowa, Department of Biology, lowa City, IA 52242, Total OXPHOS Rodent
Antibody Cocktail (ab110413) containing five antibodies, one against a subunit of each ETC
complex, was purchased from Abcam. VDAC (48665), pThr172-AMPKa (2535), total AMPKa
(2603), pSer79-ACC (3661), total ACC (3662), pThr389-S6K (9205), total S6K (2708), pSer235/236-
S6 (2211), and S6 (2317) antibodies were purchased from Cell Signaling Technology. The
myoglobin antibody (ab77232) was purchased from Abcam. The myosin heavy chain antibody
(DSHB Hybridoma Product MF20; deposited by Fischman, D.A.) was obtained from the DSHB.
Horseradish Peroxidase (HRP) conjugated goat secondary antibodies against mouse (315-035-
003) and rabbit (111-035-003) primary antibodies were obtained from Jackson ImmunoResearch
Laboratories. Alexa Fluor™ 488 conjugated goat anti-mouse secondary (A11029) and Alex
Fluor™ 594 conjugated goat anti-rabbit secondary (A11072) antibodies were purchased from
ThermokFisher Scientific.

Cell Culture

C2C12 myoblast cells (ATCC, Manassas, VA, USA) were cultured as previously described (Hall et
al., 2018). Cells were grown on 0.1% gelatin coated culture dishes (purchased from Corning) in
DMEM (ThermoFisher 11995-065) supplemented with 20% fetal bovine serum (Sigma-Aldrich
F1051) and 1% penicillin/streptomycin (Sigma-Aldrich P0781). Cells were differentiated upon

reaching 90-100% confluence by switching to DMEM containing 2% horse serum (Invitrogen
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16050122) and 1% penicillin/streptomycin. After three to four days, when cells had formed
visible myotubes, cells were treated as described. Cells were monitored for mycoplasma infection
by DAPI staining.
Media Nitrite Levels

Media nitrite levels were measured using GRIESS reagent as previously described (Di Marco et
al., 2005). GRIESS reagent 1 (1% sulphanilamide, 5% phosphoric acid) and GRIESS reagent 2 (0.1%
N-(1-napthyl)-ethylenediamine dihydrochloride) were mixed in a 1:1 ratio to make GRIESS assay
reagent. A standard curve was generated using a serial dilution of sodium nitrite solution.
Standards and unknown media samples were mixed in a 1:1 ratio with GRIESS assay reagent and
left at room temperature for 5 minutes. Absorbance was subsequently measured at a wavelength
of 543 nm and the nitrite concentration of unknown samples was determined by comparison to
the standard curve.
Immunoblotting

Protein content was extracted from cells using a detergent lysis buffer (50mM HEPES pH 7.0,
150mM NaCl, 10% glycerol, 1% Triton® X-100, 10mM sodium pyrophosphate, 100mM NaF, 1mM
EGTA, 1.5mM MgCly). Protein content from muscle was extracted by homogenizing muscle in ice
cold muscle protein extraction buffer (PBS supplemented with 1% NP-40, 0.5% sodium
deoxycholate, 50mM NaF, 5mM NasP,07, and 0.1% SDS). The soluble protein fraction was

clarified by centrifugation at 12,000g for 5 minutes at 4°C. and diluted with laemmli loading dye.

Western blot analysis was performed with the Bio-Rad system. Proteins were resolved on
acrylamide gels and transferred to nitrocellulose membranes using the Trans-Blot® Turbo™
system according to the manufacturer’s instructions. Successful transfer was confirmed by
reversible Ponceau S staining. Membranes were blocked in 10% skim milk and washed three
times in TRIS-buffered saline containing 0.1% Tween (TBS-T). Membranes were incubated in
primary antibodies diluted in either 0.5% skim milk or 0.5% BSA containing TBS-T overnight. Total
OXPHOS Rodent antibody cocktail was diluted 1:1000. VDAC was diluted 1:5000. All other
antibodies were diluted as previously reported (Hall et al., 2018). Primary antibodies were
removed by washing three times in TBS-T. Membranes were then incubated in the appropriate

HRP conjugated secondary antibodies diluted 1:5000-1:10,000 in 0.5% skim milk, TBS-T for 1h at
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room temperature. Membranes were washed three times in TBS-T and exposed using ECL
reagent. Chemiluminescent signal was detected using either photosensitive film or a Bio-Rad
ChemiDoc™ imaging system. Densitometry quantification was performed using either Image)
software (Schneider et al., 2012) or Bio-Rad Image Lab™ software.
Extracellular Flux and Bioenergetics Analysis

OCR and ECAR were determined using an Agilent Seahorse XFe24 Analyzer. Cells were grown
and differentiated in XFe24 culture plates (1007777-004) as previously described (Hall et al.,
2018). One hour before assessment, cells were carefully switched to XF Base Medium (103575-
100) supplemented with 10mM D-glucose (Sigma G7528) and cultured in a CO,-free incubator at
37°C, as described by the manufacturer. A XFe24 sensor cartridge (102340-100), calibrated

overnight in a CO,-free 37°C incubator according to the manufacturer’s instructions, was loaded

with Oligomycin (final concentration 1uM), FCCP (final concentration 1.5uM), Rotenone (final
concentration 1uM) and Antimycin A (final concentration 1uM), and monensin (final
concentration 20uM). After calibration, basal extracellular flux was measured in three cycles.
Drugs were subsequently injected in the indicated order, with two measurement cycles between
each injection. Measurement cycles consisted of a 3 minute mix, a 2 minute wait, and a 3 minute
measurement. Media buffering capacity was determined at the time of the experiment using a
sequential injection of HCl in two wells and ranged from 0.061 to 0.065mpH pmol H* 1. Following
completion of the run, individual well protein content was determined as previously described
(Mookerjee et al., 2017). Cells were carefully washed three times in room temperature albumin-
free Krebs-Ringer phosphate HEPES (KRPH) medium (2mM HEPES, 136mM NaCl, 2mM NaH;POa,
3.7mM KCI, 1ImM MgCl,, 1.5mM CaCl;, pH 7.4). Cells were lysed by adding 25uL of RIPA lysis
buffer (150mM NaCl, 50 mM Tris, ImM EGTA, 1mM EDTA, 1% Triton® X-100, 0.5% sodium
deoxycholate, 0.1% SDS, pH 7.4) to each well. Plates were incubated on ice for 30 minutes and
then agitated on a plate shaker for 5 min. Plates were placed back on ice and well protein content
was determined using a BCA assay (ThermoFisher 23225) according to the manufacturer’s
instructions. Extracellular flux rates were normalized to protein content. Bioenergetic profiling

was determined as detailed by Mookerjee et al. (Mookerjee et al., 2017, 2018).
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RT-qPCR
RT-qPCR was performed as previously described (Hall et al., 2018). In brief, total RNA was

extracted using TRIzol® (ThermoFisher 15596018) according to the manufacturer’s instructions.
RNA quality and quantity were determined using a ThermoFisher NanoDrop™ reader (ND-1000)
and agarose gel electrophoresis. Following reverse transcription, cONA was analyzed by qPCR in
a Corbett RG-6000 with SsoFast™ Evagreen® Supermix (BioRad 1725200) using primers for Pgcla
(F: 5'-CAG GAA CAG CAG AGA CA-3’, R: 5'-GTT AGG CCT GCA GTT CCA GA-3’) and Gapdh (F: 5’-
AAG GTC ATC CCA GAG CTG AA-3’ R: 5’-AGG AGA CAA CCT GGT CCT CA-3’).
MitoTracker Staining

C2C12 cells were grown and differentiated in 0.1% gelatin-coated black wall, clear bottom 96
well plates (Corning C3603) and ibidi® p-Slides (80826) as described above. After 24h of
treatment with or without cytokines, cells were washed twice with warm PBS and incubated at

37°C in base DMEM media (ThermoFisher A14430-01) supplemented with 25mM D-glucose,

2mM glutamine, 100nM of MitoTracker™ Green FM, and 10uM Hoechst 33342 for 30 minutes.
After, cells were washed twice with warm PBS and refreshed with warm, supplemented DMEM
without MitoTracker™ Green FM. For quantification of fluorescence signal, fluorescence in the
96 well plate was measured using a BioTek™ Synergy™ Mx Monochromator-Based MultiMode
Reader. Signal was acquired using the bottom-read, auto-gain settings and 490/9 excitation and

516/9 emission filters. For imaging, cells in the ibidi® p-Slides were live imaged in a 37°C, 5% CO;

chamber using a Zeiss LSM710 Confocal Microscope.
ATP Content

Cellular ATP content was determined using the Invitrogen ATP Determination Kit (A22066) as
described by the manufacturer. To prepare cell lysates, media was removed from a few wells at
a time by manual pipetting to avoid drying. Wells were quickly washed once with room
temperature PBS and then cells were lysed in ATP Assay Lysis Buffer (25mM Tris-HCl, 2mM DTT,
2mM EDTA, 10% glycerol, 1% Triton® X-100). After lysis buffer was added to all wells, the plate
was agitated on a plate shaker for 5 minutes at room temperature. Plate was then placed on ice

and ATP content was determined.
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Immunofluorescence
Immunofluorescence was performed as previously described (Hall et al., 2018). In brief, cells

were fixed in 3% paraformaldehyde for 30 minutes, permeabilized and blocked in 0.1% Triton®
X-100, 1% goat serum (ThermoFisher 16210-064), incubated in primary antibodies against
myosin heavy chain (MF-20; 1:1,000) and myoglobin (1:500) for one hour and, after washing,
Alexa Fluor® secondary antibodies (1:500) for one hour, stained with DAPI, and mounted on
coverslips with VECTASHIELD® Antifade Mounting Medium (Vector Laboratories H-1000).
Samples were then blinded to the experimenter and cells were imaged with a Zeiss Observer 71
microscope and AxioCam MRm digital camera. Myotube diameters were measured at three
points along each cell using the Carl Zeiss Zen2 (blue) software.
Animal Models

Animal experiments were carried out with approval from the McGill University Faculty of
Medicine Animal Care Committee and are in accordance with the guidelines set by the Canadian
Council of Animal Care. Male BALB/C age 6-8 weeks were obtained from Jackson Laboratory.
Mice were randomly assigned by cage to each treatment group. C26 cancer cells (kindly provided
by Dr. Denis Guttridge) were thawed approximately 5 days before the planned injection day. Cells
were cultured in DMEM supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin. Cells were kept below 70% confluency and passed a minimal number of
times before injection (typically 1-2 times). C26 were prepared in chilled, sterile PBS at a
concentration of 1.25 x 107 cells mL™2. Cells were briefly warmed before injection and 100uL was
injected subcutaneously into the right flank (1.25 x 108 cells per mouse). For saline controls, an
equivalent volume of saline was injected. Tumor growth was monitored by manual measurement
with calipers. GW274150 was prepared ahead of time to a final concentration of 0.5mg mL? in

PBS under sterile conditions and stores in single-use aliquots at -20°C. Five days after C26

injection and every day thereafter, mice were intraperitoneally injected with 10mL kg™ of either
GW274150 (final dose: 5mg kg!) or PBS. On day 16 post-C26 injection, mice were anesthetised
with isoflurane gas and exsanguinated by cardiac puncture. Following cervical dislocation, tissues
were rapidly dissected, weighed, and snap frozen in liquid nitrogen. One mouse in the C26 + GW
cohort was excluded due to complete regression of the tumor during treatment. Two mice in the
C26 cohort and one mouse in the C26+GW cohort were not included in the analysis due to no
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detectable body weight change (non-cachectic) at the time of collection, despite normal tumor
growth. Two mice in the C26 + GW cohort were excluded from the analysis due to development
of complications determined to be independent from cachexia progression.
ETC Complex Activity Assays

The EDL muscle was rapidly removed from mice following euthanasia. Tendons were removed
and muscle tissue was homogenized on ice in SDH Assay Buffer obtained from the Sigma-Aldrich
Succinate Dehydrogenase Assay Kit (MAK197). Insoluble material was removed by centrifugation

at 12,000g for 5 minutes at 4°C. Succinate dehydrogenase (Complex Il) and cytochrome c oxidase

(Complex IV) activities were then determined using the Sigma-Aldrich Succinate Dehydrogenase
Assay Kit and the Cytochrome ¢ Oxidase Assay Kit (CYTOCOX1) according to the manufacturer’s
instructions. Protein content was determined using the BCA assay kit and enzyme activity was

normalized to protein concentration.
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Chapter 4 | General Discussion
4.1 Overview

The goal of this thesis was to further our understanding of the molecular mechanisms of
cachexia and to identify novel potential targets for therapeutic development. To this end, we
have uncovered a role for AMPK activation and iNOS in the regulation of metabolic function in
muscle during cachexia. In Chapter 2, we show that although AMPK is activated during the normal
progression of cachexia, direct AMPK activation, potentially before the onset of mitochondrial
dysfunction, can protect mitochondria and prevent atrophy. In contrast, activation of AMPK
following mitochondrial inhibition may contribute to muscle wasting. In Chapter 3, we
demonstrate that inhibition of mitochondrial OXPHOS is mediated, at least in part, by the activity
of iNOS. We also identify Complex Il and Complex IV as targets of nitric oxide signaling. In both
chapters, we observed that loss of mitochondrial energy generation was accompanied by an
increase in glycolytic fermentation. However, in Chapter 3, we show that this switch to glycolysis
is insufficient to maintain normal energy homeostasis, which is likely the underlying cause of
AMPK activation during normal cachectic progression. Our data also show that loss of energy
homeostasis leads to robust suppression of mTOR signaling and protein synthesis, culminating in
atrophy. To assess the therapeutic potential of these findings, we tested the ability of the AMPK
activator AICAR and the iNOS inhibitor GW274150 to prevent muscle atrophy in pre-clinical
murine models of cachexia. We found that both direct AMPK activation and iNOS inhibition can
prevent muscle atrophy in a cancer cachexia model. In addition, we show that AMPK activation
can prevent muscle wasting in a model of septic cachexia. Together, this work demonstrates that
restoring or protecting metabolic function, specifically in the mitochondria, can protect against
cachectic muscle wasting. In addition, we also provide proof-of-principle in support of the use of
AICAR-like drugs and the clinically tested compound GW274150 as novel tools to combat cancer-

induced muscle wasting.

Although these studies advance our understanding of the mechanisms of cachexia, several
unanswered questions remain. Of particular interest is dissecting the mechanisms underlying the
paradoxically beneficial effects of AMPK activation, despite the fact that AMPK is also involved in

promoting cachectic atrophy (White et al., 2013). Our work shows that direct AMPK activation
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protects mitochondrial function and inhibits iINOS expression. However, it is unclear why
metabolic dysfunction and iNOS expression are refractory to the AMPK activation that occurs
during inflammation. In order to understand this, it will be necessary to discover how direct
AMPK activation protects metabolic dysfunction and inhibits iNOS. Given that our results show
that iNOS inhibits mitochondrial OXPHQOS, it is possible that inhibition of iNOS might underly the
recovery of metabolic dysfunction, but other mechanisms may also be involved. Ultimately, while
our work provides proof-of-principle, future studies are needed to validate the therapeutic
potential of AMPK activation and iNOS inhibition. As well, our studies focused mainly on
mechanisms within mature muscle cells, but clinical cachexia involves complex interactions with
numerous organs throughout the body. In addition, both AMPK and iNOS have been shown to
affect muscle regeneration and satellite stem cell function (Fu et al., 2015; Rigamonti et al., 2013).
Therefore, investigations on how AMPK activation or iNOS inhibition will affect other

mechanisms of cachexia are needed.

4.2 How should AMPK be targeted for treatment of cachexia?

While our work suggests that AMPK activation can be beneficial for cachexia, others have
shown that AMPK inhibition can also be beneficial (White et al.,, 2013). Interestingly, this
paradoxical role for AMPK is not an uncommon paradigm, as AMPK activation has also been
shown to be both pro- and anti-tumorigenic depending on the context (Faubert et al., 2015). Our
current explanation for the dual role of AMPK in cachexia is that direct, early activation of AMPK
protects metabolic function and impairs inflammatory signaling, but activation of AMPK following
energetic stress promotes anabolic and catabolic pathways, contributing to atrophy. Both our
study and the study by White et al. used the AMPK inhibitor Compound C to establish causative
dependency on AMPK activation (White et al., 2013). However, Compound C is known to have
numerous non-specific targets (Dasgupta and Seibel, 2018). Although we also used a second,
more specific AMPK activator A-769662 to validate our results with AICAR and showed that these
two compounds can synergize, the possibility remains that non-specific drug off-target effects
might contribute to our findings (Cool et al., 2006; Ducommun et al., 2014). Thus, validation of
the two roles of AMPK in promoting or preventing cachexia using genetic based models of AMPK

depletion or activation may be necessary to firmly establish causality. To this end, we have begun
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developing and assessing models of AMPK knockout and dominant-active overexpression. A
preliminary pilot study of the LLC cancer cachexia model in muscle-specific AMPK knockout mice
(AMPK-MKO) has shown a trend towards reduced muscle atrophy in knockout mice, with no
apparent affects on tumor growth or spleen inflammation (Fig. 4.1) (O'Neill et al., 2011). We have
also established a transfection-based protocol to overexpress a dominant active mutant of the
AMPK a-subunit in C2C12 myotubes (Fig. 4.2) (Crute et al., 1998). We plan to use this system to
assess the impact of genetic AMPK activation on cytokine-induced metabolic dysfunction and
atrophy. Results from these studies will help to confirm the dual-role of AMPK in cachectic muscle

atrophy.
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Figure 4.1: AMPK-MKO mice may be resistant to cancer-cachexia.

Wild-type C57BL/6 (WT) and C57BL/6 mice with muscle-specific genetic depletion of both
subunits of the AMPK B-isoform (AMPK-MKO) were subcutaneously injected with 1.25 x 108 LLC
cells or an equivalent volume of saline. After 25 days, mice were euthanized, and muscle and
tissue samples were analyzed.

(A) Western blot analysis of pThr172-AMPK (pAMPK), total AMPK (AMPK), pSer79-ACC (pACC),
and total ACC (ACC) from quadriceps protein content.

(B-E) Tissue weights of the tumor (B), spleen (C), tibialis anterior (D), and gastrocnemius (E).

Data information: Data points represent individual mice. Three WT, saline-treated (n = 3), three
WT, LLC-treated (n = 3), and two AMPK-MKO, LLC-treated (n = 2) mice were analyzed. Error bars
represent the standard deviation of the mean.
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Figure 4.2: AMPK constitutively active mutant expression in C2C12 myotubes.

C2C12 myotubes were transiently transfected on day 0 of differentiation with a plasmid
containing a GST-tagged, constitutively active (CA) AMPKal isoform with a truncated C-terminus
(aa 1-312) or an empty vector control (GST). AMPK activity and expression were then assessed 5
days later by western blot analysis for pSer79-ACC (pACC), pThr172-AMPK (pAMPK), total AMPK
(AMPK), and tubulin.
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If the dual role of AMPK as a protector or mediator is confirmed, it raises the question of which
methodology, activation or inhibition, is the better strategy for the treatment of cachexia. One
important consideration will be the timing of treatment. Our study suggests that AMPK activation
is more beneficial the earlier the treatment begins. Indeed, we saw that in the C26 model, the
efficacy of AICAR was limited by delayed treatment and was not able to promote recovery,
though it did spare further wasting (Fig. 2.14). In contrast, AMPK activation during the normal
progression of cachexia appears to occur later in disease progression (White et al., 2011b).
Therefore, it is possible that AMPK activation will be beneficial during early stages of cachexia,
while AMPK inhibition may be beneficial during later stages. This presents several challenges.
Diagnosis of cachexia early is difficult, and clinical classification of pre-cachectic stages is still an
area of development (Blauwhoff-Buskermolen et al., 2014). Thus, it may be difficult to identify
patients at a time when they are responsive to AMPK agonist treatment. In later stages, cachectic
patients have difficulty tolerating drug therapy, potentially limiting the doses of anti-cachectic
agents that can be administered (Andreyev et al., 1998; Dewys et al., 1980; Prado et al., 2007).
Indeed, given the critical role of AMPK in metabolic homeostasis (Herzig and Shaw, 2018), AMPK
inhibitors may exacerbate metabolic crisis arising from metabolic dysfunction in later stages of
cachexia (Brown et al., 2017; White et al., 2011a). AMPK activators may also have toxicity issues
in late-stage cachexia due to promotion of catabolic signaling and inhibition of anabolic signaling
(Hardie, 2011). Thus, treatment timing and toxicity of AMPK activators and inhibitors will need

to be carefully considered.

Another important consideration is how AMPK activation or inhibition affects other aspects of
cachexia progression. Loss of AMPK expression in adipose tissue has been shown to promote
adipose tissue wasting in cachexia, which can be reversed with an AMPK stabilizing peptide
(Rohm et al., 2016). This suggests that AMPK inhibitors may exacerbate adipose tissue wasting,
which can in turn affect lean body mass (Das et al., 2011; Kir et al., 2016; Rohm et al., 2016).
However, AMPK activators can also promote fat tissue browning, which may contribute to a
negative energy balance in cachexia (Desjardins and Steinberg, 2018). AMPK signaling also
influences gut-barrier function, liver metabolic homeostasis, cardiac function, and hypothalamic

activity (Ronnett et al., 2009; Shirwany and Zou, 2010; Sun and Zhu, 2017; Viollet et al., 2006).
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Given our evolving understanding of how inter-organ crosstalk contributes to cachexia,
understanding the potential impact of AMPK inhibition or activation in other organs during

cachexia will be critical to developing an effective therapeutic strategy.

AMPK treatment strategies should also be tailored to the overlying condition driving cachexia.
In cancer cachexia, as mentioned above, AMPK activation can be both pro- and anti-tumorigenic
(Faubert et al., 2015; Zadra et al.,, 2015). Several mechanisms of AMPK oncogenic or tumor
suppressor activity have been proposed, and it seems likely that the role of AMPK in
tumorigenesis is highly context dependent. For example, AMPK activation or inhibition have both
been associated with promotion or inhibition of the epithelial-mesenchymal transition (EMT)
that facilitates invasion and metastasis (Chou et al., 2014; Saxena et al., 2018). In addition, AMPK
activation can impair cancer growth by inhibiting protein and lipid synthesis (Zadra et al., 2015),
but it can also confer a growth advantage to cancer cells experiencing nutrient deprivation
(Vincent et al., 2015). Therefore, in cancer cachexia patients, treatments targeting AMPK should
involve a precision medicine approach, accounting for the effects of AMPK activation on their
specific cancer subtype and level of progression. AMPK may also modulate the overlying
conditions in other forms of cachexia. In sepsis, AMPK activation has been shown to limit
inflammatory metabolism and protect against sepsis-induced organ damage (Escobar et al.,
2015; Fan et al., 2018; Huang et al., 2018). In CHF, AMPK activity is thought to reduce systolic
dysfunction and ventricular hypertrophy (Beauloye et al., 2011). AMPK has also been suggested
to be a therapeutic target for preventing lung damage in COPD (Zhang et al., 2018b). Thus, in
cancer and other chronic diseases, accounting for the effects of AMPK activation or inhibition on

the overlying condition will be critical to the success of treatment strategies.

Finally, the methodology of AMPK modulation needs to be considered. The primary focus of
AMPK drug development has been on activation (Kim et al., 2016; Steinberg and Carling, 2019).
As a result, there are numerous natural and synthetic compounds available to activate AMPK. In
addition, AMPK can be activated by exercise (Richter and Ruderman, 2009). Exercise has
consistently been shown to be beneficial for cachexia, and it is possible that AMPK activation
contributes to these positive effects (Baracos et al., 2018; Hardee et al.,, 2019). Therefore,

exercise may represent a viable alternative to AMPK drug therapy. However, in cachexia patients
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for whom compliance with an exercise program is difficult for physical or psychological reasons,
drug-therapy may be more effective (Wasley et al., 2018). Currently, the only AMPK inhibitor that
is widely available is Compound C, which is nonspecific (Dasgupta and Seibel, 2018). This lack of
inhibitors could be due to a lack of interest from pharmaceutical companies or may indicate
technical challenges in the development of AMPK specific inhibitors. Regardless, this lack of
viable chemical inhibitors poses a significant limitation to the idea of inhibiting AMPK in later
stages of cachexia. Thus, while there is evidence that both AMPK activation and inhibition could

be beneficial, AMPK activation is likely the more practical strategy.

4.3 The interactions between AMPK and iNOS: deciphering the signaling loop.

Our studies demonstrate that AMPK activation prevents muscle wasting during models of
inflammatory-driven atrophy. We link this protective effect to the ability of direct AMPK
activation to restore mitochondrial function and inhibit iINOS expression. However, the
underlying mechanisms behind these outcomes were not fully explored. In addition, it remains
to be determined why AMPK activation during the normal progression of cachexia does not
inhibit iINOS expression or protect metabolic function. In Chapter 3, we find that iNOS activity
inhibits OXPHOS and is upstream of the activation of AMPK during cytokine treatment. Given that
AMPK activation can impair iNOS expression, this would suggest the presence of a negative
feedback loop (Fig. 4.3A). However, it is clear that during cytokine treatment this potential
negative feedback loop is not engaged, as both iNOS expression and significant AMPK activation
occur simultaneously (Fig. 4.3B). In contrast, direct AMPK activation is able to reengage the
feedback loop during cytokine treatment, limiting iNOS expression (Fig. 4.3C). One possible
explanation for these differential outcomes is that metabolic dysfunction, through iNOS activity
or metformin treatment, activates a different AMPK isoform than direct AMPK activators (Fig.
4.3D). AMPK is composed of three subunits, with several different isoforms for each (Tobias et
al., 2018). AMPK complexes containing different isoforms have been shown to have different
sensitivities to activation and preferences for downstream substrates (Klaus et al.,, 2012;
Rajamohan et al., 2016; Ross et al., 2016; Schaffer et al., 2015). Therefore, it is possible that there
exists a “protective” AMPK isoform complex that restores metabolic function and inhibits iNOS

expression and an “atrophic” AMPK isoform that activates in response to energetic stress and
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promotes catabolism. The differential expression, regulation, and activity of AMPK isoforms in
muscle is complex, making speculation on the potential roles of different isoforms in our system
difficult (Thomson, 2018). However, A-769662 is known to preferentially activate B1-containing
complexes (Sanders et al., 2007). In addition, AICAR has been shown to preferentially activate
the a2-catalytic subunit in L-6 rat myotubes, whereas metformin preferentially activated the al1-
catalytic subunit (Bogachus and Turcotte, 2010). Thus, it is possible that preferential isoform

activation underlies our observations, but this will need to be investigated experimentally.

An alternative explanation is that the ability of AMPK activation to protect muscle during
cachexia is dependent on recovery or protection of mitochondrial function (Fig. 4.3E). AMPK
activation is known to regulate mitochondrial homeostasis by promoting mitophagy and
mitochondrial biogenesis, which helps to clear and replace damaged mitochondria (Herzig and
Shaw, 2018). Thus, direct AMPK activators, which can activate AMPK independent of metabolic
stress, may prime the cell to handle the mitochondrial dysfunction induced by cytokines. In
contrast, AMPK activation by cytokine treatment, which only occurs after the onset of metabolic
stress in our model, may be too late or insufficient to effectively recover mitochondrial activity.
In this model, metformin treatment would be ineffective, as it would also inhibit mitochondria,
effectively eliminating any potential benefit from AMPK activation. However, this model does not
explain the differential effects on iINOS expression. Interestingly, the inhibition of mitochondria
function has been associated with an increase in iNOS expression, suggesting that the iNOS-
mitochondrial axis represents a feed-forward mechanism that re-enforces iNOS expression
following cytokine simulation (Jeon et al., 2012). If true, direct AMPK activators may be indirectly
impairing iNOS expression by restoring mitochondrial function. One way to assess this would be
to delay treatment with AICAR and A-769662. If the effectiveness of AICAR and A-769662 is
dependent on pre-emptively preparing the cell to handle metabolic stress, then iNOS expression
should become refractory to AICAR and A-769662 treatment after metabolic dysfunction has
become firmly established. Ultimately, deciphering why direct activation of AMPK is beneficial
while indirect activation through energetic stress is not could facilitate the development of more

targeted therapeutics.
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Figure 4.3: Potential models of differential AMPK and iNOS interactions.

Results from our studies indicate that iNOS can activate AMPK and that AMPK activation can
inhibit iNOS, suggesting the presence of a negative feedback loop (A). However, in cytokine
treated myotubes, the activation of AMPK does not lead to the inhibition of iNOS (B).
Nevertheless, direct AMPK activators can still inhibit iNOS expression during cytokine treatment
(C). One possible explanation for this apparent discrepancy is that direct AMPK activators and
cytokine-induced iNOS expression activate different isoforms of AMPK with different
downstream effects (D). Alternatively, inhibition of iINOS expression may be dependent on
recovery of mitochondrial function. In cytokine treatment and metformin treatment, when
AMPK is activated downstream of induction of severe energetic stress, AMPK activation is not
sufficient to prevent dysfunction. In contrast, direct activation of AMPK primes the cell,
preventing mitochondrial dysfunction before it becomes refractory to AMPK activation (E).
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4.4 Understanding the mechanisms of the anti-cachectic effects of AMPK
activation

Determining the mechanisms of the differential effects of direct versus indirect AMPK
activation would be greatly facilitated by a better understanding of how AMPK activation inhibits
iNOS expression and protects metabolic function. As discussed above, since iNOS appears to be
involved in the inhibition of oxidative respiration, it is possible that AMPK restores metabolic
function by inhibiting iNOS expression. However, AMPK activation is known to regulate many
aspects of mitochondria activity and homeostasis, so it is likely that AMPK activation also affects
mitochondria independent of iINOS. Of particular interest, as described above, is the role of AMPK
in promoting mitophagy and mitochondrial biogenesis (Herzig and Shaw, 2018). Morphological
analysis of mitochondria in cachectic muscle has shown an accumulation of damaged
mitochondria (Fontes-Oliveira et al., 2013; Shum et al., 2012). In healthy tissue, damaged
mitochondria can be cleared through mitophagy (Um and Yun, 2017). However, evidence
suggests that mitophagy is impaired in cachectic muscle, despite a general increase in autophagy
(Aversa et al., 2016; Brown et al., 2017; Talbert et al., 2014; White et al., 2012). Cachexia has also
been associated with a deficit in PGC-1a expression, a master regulator of mitochondrial
biogenesis (Sandri et al., 2006; White et al., 2011a; White et al., 2012). Both mitophagy and PGC-
la activity can be stimulated by AMPK (Herzig and Shaw, 2018). Thus, these observations raise
the possibility that AMPK could help restore mitochondrial health in cachexia by increasing both

the turnover of damaged mitochondria and promoting mitochondrial biogenesis.

Several possible mechanisms of action exist for the inhibition of iINOS by AMPK activation in
cachectic muscle. AMPK is known to inhibit NF-kB and STAT3 activation, which transcriptionally
control the expression of iINOS (Ma et al., 2017; Mancini et al., 2017; Nerstedt et al., 2010;
Salminen et al.,, 2011). NF-kB and STAT3 do not appear to be direct targets of AMPK kinase
activity, but rather are inhibited indirectly by modulation of upstream pathways (Mancini et al.,
2017; Salminen et al., 2011). Interestingly, inhibition of STAT3 phosphorylation is more sensitive
to AICAR than metformin in liver cells, and the inhibition of STAT3 by metformin is likely
independent of AMPK activity (Lin et al., 2013; Nerstedt et al., 2010). Furthermore, studies

showing that metformin inhibits STAT3 and NF-kB activity used significantly higher doses than
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we used in our studies (Hattori et al., 2006; Nerstedt et al., 2010). Thus, it is possible that
differential regulation of NF-kB and STAT3 activity are responsible for the reduction of iNOS
expression in our system. We have begun to investigate this possibility by assessing NF-kB
localization and STAT3 activity. NF-kB has been shown to activate with a biphasic pattern in
myotubes treated with inflammatory cytokines (Ladner et al., 2003). Thus, we assessed NF-kB
nuclear localization at 30m (phase 1) and 24h (phase 2). We observed that AICAR but not
metformin prevented NF-kB localization only in the second phase (Fig. 4.4A). In contrast, we did
not see any changes in the phosphorylation of STAT3 over the first 24h of treatment with
IFNy/TNFa (Fig. 4.4B-E). In keeping with inhibition of the second phase of NF-kB activation, we
found that AICAR treatment did not affect the initial induction of iNOS mRNA expression, which
reached peak expression after 12h of treatment, but did reduce iNOS mRNA levels after 24h of
treatment (Fig. 4.4F). This preliminary data suggests that AICAR may inhibit the maintenance of
iNOS expression by inhibiting the second phase of NF-kB activation, but more work is needed to

validate these findings.
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Figure 4.4: AICAR, but not metformin, prevents secondary phase NF-kB localization and iNOS
expression without affecting STAT3 phosphorylation.

C2C12 myotubes were treated with IFNy (100U/mL) and TNFa (20ng/mL) and with or without
AICAR (0.5mM) or metformin (0.5mM).
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(A) NF-kB subunit p65 localization was determined by immunofluorescence. Scale bar: 20uM.
(B) Western blot analysis for pTyr705-STAT3 (pSTAT3) and total STAT3 (STAT3).
(C-E) Quantification of the pSTAT3/STAT3 ratio relative to the Oh control time point.

(F) gPCR analysis of Nos2 mRNA expression relative to the IFNy/TNFa 24h timepoint. Expression
was normalized to Gapdh mRNA.

(G) Western blot analysis of iNOS and tubulin protein expression.

Data Information: All panels except for F are results from one experiment (n = 1). Expression
values from panel F were determined from three independent experiments (n = 3). 24h
expression data in panel F was originally presented in Fig. 2.5B. Error bars represent the standard
deviation of the mean. For statistical comparison in panel F, data was analyzed by a two-way
ANOVA followed by a Tukey’s post-hoc test for multiple comparisons. * indicates a statistically
significant difference from the 24h IFNy/TNFa sample (A =-0.65, p = 0.0001).
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It is also likely that post-transcriptional mechanisms play a role in the regulation of iNOS
expression by AMPK. In our assessment of the kinetics of iINOS expression in cytokine-treated
myotubes, we noted that AICAR treatment reduced iNOS protein expression levels at 12h, a
timepoint when the mRNA levels are unaffected (Fig. 4.4F-G). This would suggest a
posttranscriptional regulation of iNOS mRNA translation. We have previously shown that iNOS
MRNA is regulated by HuR (Di Marco et al., 2005). In this study, we showed that HuR regulates
the stability of the iNOS transcript. However, it is possible that HUR may also regulate its
translation. Interestingly, we have previously seen that treatment of C2C12 myoblasts with 2mM
of AICAR (a relatively high dose compared to what was utilized in our cachexia studies) sequesters
HuR in the nucleus without affecting INOS mRNA steady-state levels (Di Marco et al., 2005). In
keeping with this, AMPK-mediated regulation of importin-1la has been shown to promote HuR
nuclear import and decrease association with target messages (Wang et al., 2002; Wang et al.,
2004). In addition to stability, HUR is known to promote nuclear export of messages and their
recruitment to polysomes (Brennan et al., 2000; Durie et al., 2011). Therefore, it is possible that
nuclear sequestration of HUR by AMPK activation limits either the export or recruitment of the
iNOS transcript in an HuR-dependant manner. Assessment of these possibilities is warranted to

better understand how AMPK activation might regulate the translation of iNOS mRNA.

Considering all the above discussion, | propose a two-staged regulation of iNOS expression that
is inhibited by AMPK activation through regulation of mitochondrial function and HuR (Fig. 4.5).
During the normal signal transduction of cytokine treatment, iNOS expression is initially induced
by the first phase activation of NF-kB and STAT3. This initial production of iNOS leads to
accumulation of nitric oxide and the impairment of mitochondrial respiration. Mitochondrial
respiratory inhibition subsequently promotes and reinforces the expression of iNOS. One
possible mechanism for this is the production of elevated ROS, which can activate NF-kB (Gloire
et al., 2006). This ROS to NF-kB signaling axis may drive the second phase of NF-«kB activation.
Throughout this two-step induction, the stability and translation of the iNOS transcript is also
regulated post-transcriptionally by HuR. Treatment with direct AMPK activators promotes
mitochondrial turnover and primes the muscle cells to combat mitochondrial inhibition induced

during the first phase of iNOS expression. In addition, nuclear sequestration of HuR by
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phosphorylation of importin-1a leads to reduced translation of the iNOS transcript during this
phase. Protection of mitochondria then prevents second phase activation of NF-kB, potentially
by limiting ROS protection. This leads to the collapse of iNOS mRNA steady-state levels due to
reduced transcription, further protecting the muscle mitochondria from nitrosative damage.
Likely, this proposed mechanism does not encompass the complete nature of iNOS and
mitochondrial regulation by AMPK. For example, AMPK may regulate NF-kB more directly
through other signalling pathways (Salminen et al., 2011). However, experimental investigations
into these potential mechanisms will help better our understanding of the crosstalk between

inflammatory gene signaling and metabolic function in cachexia.
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Figure 4.5: Proposed bi-phasic model of iNOS expression and potential mechanisms of AMPK
mediated inhibition.

Cytokine treatment may induce iNOS expression in two phases in skeletal muscle cells. In the first
phase, cytokine-mediated activation of STAT3 and NF-kB dramatically increases the transcription
of the INOS mRNA transcript, which is also stabilized by interaction with the RNA-binding protein
HuR. In the second phase, elevated expression of iNOS leads to accumulation of nitric oxide,
which subsequently inhibits oxidative phosphorylation (OXPHOS) in the mitochondria. Inhibition
of OXPHOS leads to the release of ROS, which then activates NF-kB and reinforces the expression
of iNOS. AMPK activation may inhibit iNOS expression by both sequestering HuR in the nucleus
and by restoring mitochondrial OXPHOS. In doing so, it inhibits iNOS expression in both phases.
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4.5 The potential of iNOS as a cachectic therapeutic target beyond metabolic
dysfunction

The focus our studies was on the role of iNOS in inducing metabolic dysfunction during
cachexia. However, targeting iNOS may have therapeutic benefits in cachexia beyond just
metabolic homeostasis in mature muscle fibers. Indeed, nitric oxide signaling is known to
regulate satellite cell function and muscle regeneration. Nitric oxide produced by nNOS is
believed to stimulate satellite stem cell proliferation and expansion, a critical first step of the
repair process (Anderson, 2000; Buono et al., 2012). General inhibition of NOS activity has been
shown to limit this expansion and reduce Pax7 expression, demonstrating that regenerative
signaling is sensitive to nitric oxide (Anderson, 2000; Buono et al., 2012; Filippin et al., 2011). In
cachexia, chronic inflammatory signaling through NF-kB is believed to cause a regenerative deficit
due to precocious activation of satellite cell expansion and chronic expression of Pax7, which
limits commitment to subsequent differentiation steps (He et al., 2013). Since NO signaling is
known to promote satellite cell expansion, one can speculate that elevation of iNOS, mediated
by NF-kB activation, in satellite cells might be a cause of the persistent expression of Pax7 during
cachexia. However, this will need to be investigated, as during injury-induced regeneration, iNOS
expression appears to be limited to infiltrating macrophages (Rigamonti et al., 2013). Thus, it
remains to be seen if satellite cells express iNOS in the context of chronic inflammation during
cachexia. Importantly, iNOS knockout during injury-induced regeneration limits recovery by
impairing the initial inflammatory response that plays a critical role in initiating myogenesis
(Rigamonti et al., 2013). Therefore, the ultimate effect of iNOS inhibition on regeneration during
cachexia will depend on the combination of its impact on the chronic inflammatory signaling that
drives dysfunction and the physiological pathways that mediate normal regeneration.
Regardless, it is likely that modulation of the muscle regenerative process will influence the

therapeutic potential of iNOS inhibitors.

Beyond muscle, iNOS inhibition will also impact other physiological systems in cachectic
patients. Most notably, iNOS plays a critical role in the inflammatory response, acting as a
cytotoxic agent and regulator of immune cell differentiation (reviewed in (Xue et al., 2018)). As a

result, INOS inhibitors are likely to limit immune function in cachectic patients, which may be

187



beneficial or detrimental depending on the overlying condition. In vulnerable populations, it may
also increase susceptibility to secondary infection. Nitric oxide signaling also plays an important
role in the brain, regulating many aspects of CNS function under normal and inflammatory
conditions (Calabrese et al.,, 2007). Indeed, iNOS expression is elevated in regions of the
hypothalamus in both cancer-bearing and LPS-treated mice (Wang et al., 2005; Wong et al.,
1996). Furthermore, treatment with an iNOS specific inhibitor reduced anorexia behavior in LPS-
treated mice, indicating that iNOS inhibition can protect against cachexia-associated anorexia
(Riediger et al., 2010). iNOS is also known to induce oxidative damage in liver hepatocytes under
a variety of conditions, but its involvement in liver dysfunction during cachexia has yet to be
determined (Iwakiri and Kim, 2015). In the heart of murine models of heart failure or
hypertension, the inhibition of iNOS reduces contractile dysfunction, oxidative stress, and
ventricular remodeling (Dias et al., 2010; Heusch et al., 2010; Liu et al., 2005). In addition,
myocardium-specific overexpression of iNOS induces heart dysfunction, failure, and sudden
cardiac death, indicating that chronic iNOS expression in cardiomyocytes is sufficient to induce
cardiac pathology (Mungrue et al., 2002). However, as with the liver, the contribution of iNOS
expression to cardiac dysfunction in cachexia is unknown. Finally, there is evidence that iNOS
expression in the gut may contribute to intestinal permeability during cachexia. iNOS knockout
mice exhibit resistance to bacterial translocation following ischemia-reperfusion injury and
endotoxin injection (Mishima et al., 1997; Suzuki et al., 2000). In cachexia, a proposed mechanism
for the role of iNOS in gut permeability is that elevated nitrate levels promote the growth of
pathological Enterobacteriaceae, specifically Klebsiella oxytoca, which subsequently impair gut-
barrier function (Potgens et al., 2018). Overall, the current evidence suggests that iNOS inhibition
could protect against other critical aspects of the cachexia syndrome, such as anorexia and
microbial dysbiosis. However, clinical development of iNOS inhibitors for cachexia should
carefully monitor for signs of immunodeficiency, especially in more vulnerable populations, such

as the elderly.

As for targeting AMPK, accounting for the impact of iNOS inhibition on the overlying conditions
that induce cachexia will be a key component of therapeutic development. As described above,

iNOS inhibition may limit immune function in response to septic infection. However, iNOS
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inhibition has also been shown to limit the damage induced by septic shock (Takatani et al., 2018;
Thiemermann, 1997). Thus, in patients with severe infection, co-administration of iINOS inhibitors
with antibiotics may allow for both clearance of the infection and reduction of septic shock-
associated cachexia. In CHF, iNOS inhibition or genetic depletion has been shown to prevent
symptoms of myocardial infraction, hypertension, and ventricular pacing induced cardiac
dysfunction (Dias et al., 2010; Heusch et al., 2010; Liu et al., 2005; Zhang et al., 2007). However,
others have shown that iNOS knockout mice are not resistant to severe myocardial infraction,
suggesting the efficacy of iNOS inhibition may depend on the severity of the CHF (Jones et al.,
2005). iNOS inhibition has also been shown to have some beneficial effects on kidney function in
high-fat diet induced CKD (Martin et al., 2018). In a model of smoking-induced COPD, iNOS
depletion or inhibition was shown to prevent pulmonary hypertension and emphysema (Seimetz
et al., 2011). Finally, INOS may play a role in tumorigenesis, though its role in cancer development
is complex. Indeed, it seems that, like AMPK, iINOS may serve both pro- or anti-tumorigenic
functions depending on the cancer-type and cellular context (Vannini et al., 2015). Thus,
accounting for the impact of iNOS inhibitors on cancer development will be important when using

them for the treatment of cancer cachexia.

Collectively, the evidence suggests that iNOS inhibition has the potential to affect many aspects
of cachexia beyond muscle metabolic dysfunction. As one of the greatest challenges for the
treatment of cachexia is its multifactorial nature, it is tempting to speculate that iNOS inhibitors
may therefore prove to be particularly effective. In addition, the fact that iNOS is upregulated in
cachectic muscle of human patients across a spectrum of overlying conditions suggests that iNOS
inhibition may be effective in a wide variety of cachexia subtypes (Adams et al., 2003; Agusti et
al., 2004; Ramamoorthy et al., 2009). Since clinical inhibitors of iINOS have already been
developed for other conditions, drug-repurposing may facilitate faster development of iNOS-
targeting therapies for cachexia (Vitecek et al., 2012). Thus, iNOS inhibitors are a promising

avenue of therapeutic development that warrants further investigation.
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4.6 Final thoughts and future directions

This work identifies two novel therapeutic targets, AMPK and iNOS, for the treatment of
cachexia, a devastating syndrome of body wasting that occurs in a variety of chronic diseases. In
addition, it provides insights into the connections between inflammatory signaling and metabolic
dysfunction that contribute to muscle weakness and atrophy in cachexia. While promising,
several mechanistic questions remain that, if investigated, may provide key information for the
development of the most effective therapies. For example, identification of a “protective” AMPK
isoform would inform development or selection of AMPK agonists for the treatment of cachexia.
However, a looming pitfall is if these strategies will translate from preclinical murine models to
clinical, human cachexia. Indeed, translation of scientific findings in mice to human trials is
notoriously difficult (Justice and Dhillon, 2016). This is likely to be particularly true in cachexia,
where our lack of understanding of the human condition limits both the development of

reflective mouse models and the proper design of clinical trials.

Although results from these studies provide mechanistic insight and efficacy proof-of-principle,
the model systems used potentially limit the translatability of the findings. In culture, C2C12
myotubes do not perfectly replicate the biochemical function of muscle fibers (Cheng et al., 2014;
Rodgers et al., 2014). In addition, a single application of cytokines does not reflect in vivo
conditions with active extracellular milieu circulation. This system could be improved by utilizing
primary myoblasts from mice or, ideally, humans, which may reflect the internal workings of
muscle cells in the body more accurately, though not perfectly. Also, use of a perfusion-based
culture system that allows for a constant stream of lower doses of inflammatory cytokines may
more accurately reproduce the cachectic environment in vitro. Alternatively, co-culturing of
primary myotubes with cancer cells is an efficient method of continuous cytokine delivery that
could also be considered (Jackman et al., 2017). In our mouse models, we primarily employed
subcutaneous injection of mature cancer cells into mice. While this model system is relatively
inexpensive, widely used, and shown to replicate some of the clinical findings of cachexia, it does
not accurately reflect normal disease progression (Bonetto et al., 2016). In essence, a non-
cachectic mouse is given a mature, pro-cachectic cancer, almost immediately transitioning it into

a cachectic or even refractory cachectic state. The lack of progressive development makes it
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difficult to assess the efficacy of treatments, especially ones that might be more effective in
earlier stages of disease development. Alternatively, development of genetically engineered
mouse models (GEMM), which spontaneously develop cancer or other pro-cachectic conditions
and progress through all stages of cachectic development, may more accurately reflect human
cachexia and allow for the testing of therapeutic strategies at all stages of cachexia (Lee et al.,
2016). Thus, while the tools used in this study have been widely used by us and others

successfully, future work should also attempt to develop more effective models of cachexia.

The final pitfall of cachexia model and therapeutic development is a lack of understanding of
the human cachexia condition. Indeed, cachexia diagnosis is complex and varies from region to
region, making collective assessment of cachexia patients difficult (discussed in Chapter 1).
Misclassification of pre-cachectic and refractory cachexia, in particular, could cause significant
variance in cachexia clinical studies, limiting effective investigations into underlying mechanisms,
biomarkers, or treatments. In addition to disease staging, another often over-looked
consideration is the potential for cachexia sub-types in human populations. Indeed, molecular
sub-typing of different cancers over the past several decades has revealed that physiologically
similar diseases often present with unique underlying molecular mechanisms that dramatically
influence patient outcome and response to therapy (Collisson et al., 2019; Dai et al., 2015). In
cancer cachexia trials, patients from different cancers are often pooled in order to achieve a
statistically relevant sampling size (Advani et al., 2018). However, it is likely that different
overlying conditions induce cachexia through unique mechanisms. Indeed, one could imagine
that induction of different profiles of cachectic cytokines through unique host-disease
interactions could lead to a wide-breadth of cachexia sub-types with distinct molecular etiology.
Determination of these potential cachexia-subtypes may help to identify patient populations that
are at particular risk or that may be more responsive to certain therapies. In addition, accurate
modeling of these different subtypes will help improve translatability of pre-clinical
investigations. Doing so will be challenging and costly, but it may be necessary for the
advancement of cachexia research and development of an effective treatment for this deadly

syndrome.
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Our understanding of cachexia has progressed rapidly over the past several decades, especially
considering the relative lack of progress since its historical identification several hundred years
ago. Experimental insights have provided new hope for patients suffering from the debilitating
impact of this syndrome, with a few new therapies beginning to show promise in clinical trials
(reviewed in (Advani et al., 2018)). However, there is still much to learn about how cachexia
develops and how the complex interactions between the primary disease, the host immune
system, and organs throughout the body drive a state of wasting. As the burden of chronic
disease continues to grow, development of a treatment for cachexia will become imperative. The
research presented here forms part of an emerging body of works looking into therapeutic
targets in the molecular mechanisms of the cachectic condition. Hopefully, in the coming years,
effective treatments for cachexia will become available and improve the lives of those suffering

with chronic disease.
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IGF-1 Insulin-like Growth Factor 1

IGFBP Insulin-like Growth Factor Binding Protein

IKK Inhibitor of kB Kinase

IL Interleukin

iNOS Inducible Nitric Oxide Synthase

JAK Janus Kinases

J-ATP ATP Production Rate

KSRP KH-type Splicing Regulatory Protein

LDH Lactate Dehydrogenase

LIF Leukemia Inhibitor Factor

LKB1 Liver Kinase B1

LLC Lewis Lung Carcinoma

LPS Lipopolysaccharide

MCASCO Mini-Cachexia Score

MTCO1 Mitochondrially Encoded Cytochrome C Oxidase |
mTOR Mammalian Target of Rapamycin

MuRF1 Muscle RING-Finger Protein 1

MUSA1 Muscle Ubiquitin Ligase of the SCF Complex in Atrophy-1
Myf5 Myogenic Factor 5

NDUFB8 NADH:ubiquinone Oxidoreductase Subunit B8
NF-kB Nuclear Factor k-light-chain-enhancer of Activated B Cells
nNOS Neuronal Nitric Oxide Synthase

NO Nitric Oxide

NSCLC Non-small-cell Lung Cancer

OCR Oxygen Consumption Rate

OSM Oncostatin M

OXPHOS Oxidative Phosphorylation

Pax7 Paired Box 7

PDH Pyruvate Dehydrogenase

PDK4 Pyruvate Dehydrogenase Kinase 4

PGC-1a Peroxisome Proliferator-Activated Receptor-y Coactivator 1a
PI3K Phosphoinositide 3-Kinases

PINK PTEN-induced Kinase

PTH Parathyroid Hormone

PTHR Parathyroid Hormone Receptor

PTHrP Parathyroid Hormone Related Protein

REE Resting Energy Expenditure

RNS Reactive Nitrogen Species

ROS Reactive Oxygen Species

S6 Ribosomal Protein S6
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S6K Ribosomal Protein S6 Kinase

SDHB Succinate Dehydrogenase Complex Iron Sulfur Subunit B
SH2 Src Homology 2

SIRT1 Sirtuin 1

STAT3 Signal Transducers and Activators of Transcription-3
TAK1 Transforming Growth Factor-B-Activated Kinase 1
TCA Tricarboxylic Acid

TGFB Transforming Growth Factor B

TNFa Tumor Necrosis Factor a

TPP Tristetraprolin

TRAF6 TNF Receptor Associated Factor 6

TSC2 Tuberous Sclerosis Complex 2

TWEAK Tumor Necrosis Factor-like Weak Inducer of Apoptosis
UcCp Uncoupling Protein

ULK1 Unc-51-like Autophagy Activating Kinase

UPP Ubiquitin-Proteasome Pathway

UQCRC2 Ubiquinol-cytochrome C Reductase Core Protein 2
UTR Untranslated Region

VDAC Voltage-dependent Anion Channel

WAT White Adipose Tissue
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