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Abstract – English 

Cachexia syndrome is a co-morbidity that can arise in several late-stage diseases 

such as cancer, chronic heart failure, and chronic obstructive pulmonary disease. This 

syndrome is characterized by the severe, excessive loss of mass due, in part, to the 

wasting of skeletal muscle. Although the syndrome is a major contribution to patient 

frailty and mortality, there are no effective treatments for this condition. In recent 

decades, our understanding of the etiology and pathology of cachexia has advanced 

significantly. Numerous targets involved in the initiation and progression of this condition 

have been identified. However, due to the overlapping function of these targets and the 

complex nature of the condition, previous attempts to cure cachexia have been 

unsuccessful. Therefore, a new approach to cachexia treatment is needed. In this thesis 

I have studied the therapeutic potential of targeting the function of two proteins, 

inducible nitric oxide synthase (iNOS) inhibition and eukaryotic initiation factor-4A 

(eIF4A) as treatment options for cachexia-induced muscle wasting. In Chapter 2, I 

focused on iNOS which is a main downstream effector of cachexia. In this work, I 

showed that genetic ablation of iNOS or direct inhibition of iNOS with a drug named 

GW274150 (GW), which was previously used in Phase 2 clinical trials for the treatment 

of migraines and rheumatoid arthritis, protects against atrophy in preclinical models of 

cachexia. Furthermore, I demonstrated that iNOS promotes wasting by disrupting 

cellular metabolism in cachectic skeletal muscle by impairing mitochondrial processes. I 

also show that these metabolic disturbances can be reversed by inhibition of iNOS. This 

work demonstrated mechanistically how iNOS promotes muscle wasting and provides a 

proof of principle for the repurposing of the iNOS inhibitor GW for the treatment of 



12 
 

cachexia-induced muscle loss. Work from our lab has also shown that perturbation of 

iNOS expression is also a potential therapeutic strategy to prevent cachexia-induced 

muscle wasting. Notably, one of these studies demonstrated that pateamine A, an 

eIF4A inhibitor, prevented muscle wasting by blocking the translation of the iNOS 

mRNA. In Chapter 3, I provided additional proof demonstrating that targeting eIF4A can 

be envisioned as a therapeutic strategy to prevent muscle wasting. We demonstrate 

that the compound hippuristanol, which inhibits eIF4A with a distinct mechanism of 

action from pateamine, prevents muscle wasting. Furthermore, I showed that 

hippuristanol can inhibit the translation of other pro-cachectic factors such as the key 

pro-cachectic transcription factor, Signal Transducer and Activator of Transcription 3 

(STAT3), thereby perturbing the activation of the STAT3 pathway and expression of 

pro-cachectic STAT3-gene targets including Interleukin-6. Taken together this thesis 

proposes two promising treatment options against cachexia and offers mechanistic 

insight into how these drugs prevent muscle wasting through their modulation of key 

metabolic processes and inflammatory signaling. 
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Abstract – French 

Le syndrome de la cachexie est une comorbidité qui peut surgir dans plusieurs 

maladies de niveaux avancés, tel que le cancer, l’insuffisance cardiaque chronique, et 

la maladie pulmonaire obstructive chronique. Ce syndrome est caractérisé par une 

perte sévère de masse excessive, partiellement due à la fonte de muscles 

squelettiques. Quoique ce syndrome contribue de façon majeure à la fragilité et la 

mortalité des patients, il n’existe pas de traitements efficaces pour cette condition. 

Durant les récentes décennies, notre compréhension de l’étiologie et la pathologie de 

cette condition ont significativement avancé. De nombreuses cibles impliquées dans 

l’initiation et la progression de cette condition ont été identifiées. Cependant, due au 

recoupement des fonctions de ces cibles, et la nature complexe de cette condition, les 

tentatives précédentes pour guérir la cachexie ont échoué. Ainsi, une nouvelle 

approche est nécessaire pour le traitement de la cachexie. Dans cette thèse, j’ai étudié 

le potentiel thérapeutique de cibler la fonction de deux protéines, la synthétase d’oxide 

nitrique inductible (iNOS) et le facteur d’initiation eucaryotique 4A (eIF4A), comme étant 

une option de traitement pour la fonte musculaire induite par la cachexie. Dans le 

chapitre 2, je me suis concentré sur iNOS, qui est un effecteur principal en aval de la 

cachexie. Dans ce travail, je montre que l’ablation génétique de iNOS ou l’inhibition 

directe de iNOS à l’aide d’un médicament nommé GW274150 (GW), qui a 

précédemment été utilisé dans des essais cliniques de Phase 2 pour le traitement de 

migraine et de la polyarthrite rhumatoïde, protège contre l’atrophie dans des modèles 

précliniques de la cachexie. De plus, je démontre que iNOS promeut la fonte 

musculaire en perturbant le métabolisme cellulaire des muscles squelettiques 
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cachectiques en altérant des procès mitochondriaux. Également, je montre que ces 

perturbations métaboliques peuvent être inversées par l’inhibition de iNOS. Ce travail 

démontre le mécanisme par lequel iNOS promeut la fonte musculaire et fournit une 

preuve de principe pour la réaffectation de l’inhibiteur de iNOS GW au traitement de la 

perte musculaire induite par la cachexie. D’autres travaux de notre laboratoire ont 

montré que la perturbation de l’expression de iNOS est une autre stratégie 

thérapeutique potentielle pour empêcher la fonte musculaire induite par la cachexie. 

Notamment, une de ces études démontre que pateamine A, un inhibiteur de eIF4A, a 

empêché la fonte musculaire en bloquant la traduction de l’ARNm de iNOS. Dans le 

chapitre 3, j’ai fourni des preuves additionnelles qui démontrent que cibler eIF4A peut-

être envisagé comme étant une stratégie thérapeutique pour empêcher la fonte 

musculaire. Nous démontrons que le composé hippuristanol, qui inhibe eIF4A à l’aide 

d’un mécanisme d’action distinct de celui de pateamine A, empêche la fonte 

musculaire. De plus, je démontre que l’hippuristanol peut inhiber la traduction d’autres 

facteurs pro-cachectiques tel que le facteur de transcription pro-cachectique principal, 

capteur de signal et activateur de transcription 3 (STAT3), perturbant ainsi l’activation 

de la voie de STAT3 et l’expression de gènes pro-cachectiques cibles de STAT3, 

incluant l’interleukine-6. En somme, cette thèse propose deux options de traitements 

prometteurs contre la cachexie et offre un aperçu mécanistique de comment ces 

médicaments peuvent empêcher la fonte musculaire en modulant des procès 

métaboliques et les signalements inflammatoires principaux.  
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1 Literature Review and Introduction 

1.1 Relevance of Cachexia 

1.1.1 What is cachexia and what is its clinical impact? 

Cachexia is a severe wasting syndrome which develops as a result of multiple 

chronic, pro-inflammatory conditions (Baracos et al, 2018; Evans et al, 2008; Peixoto da 

Silva et al, 2020; Scherbakov & Doehner, 2018; Springer et al, 2006). These conditions 

include cancer, infections (e.g., sepsis, tuberculosis, and AIDS), chronic organ diseases 

(e.g., heart, lung, and kidney), and auto-immune conditions (e.g., rheumatoid arthritis) 

(Baracos et al., 2018; Evans et al., 2008; Peixoto da Silva et al., 2020; Scherbakov & 

Doehner, 2018; Springer et al., 2006). The prevalence of cachexia accompanying these 

diseases is variable, most frequently arising in later stages of disease progression 

(Baracos et al., 2018; Peixoto da Silva et al., 2020; Scherbakov & Doehner, 2018; von 

Haehling et al, 2016). Furthermore, the occurrence of cachexia in disease is often 

imprecisely estimated due to inconsistencies in defining the syndrome which are 

highlighted in the following section (Springer et al., 2006). Considering this discrepancy 

in diagnosis, estimates on the prevalence of cachexia in these chronic diseases range 

from 5 to 90% depending on the condition (Scherbakov & Doehner, 2018; von Haehling 

et al., 2016). Within cancers themselves, the prevalence varies widely, with pancreatic 

cancers having the highest prevalence and prostate cancers having the lowest (Baracos 

et al., 2018).  

Cachexia causes a variety of symptoms which contribute to important clinical 

outcomes including increased frailty, lower quality of life, and decreased 

survival(Baracos et al., 2018; Peixoto da Silva et al., 2020). Cachectic patients have 
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significantly increased mortality rates compared to non-cachectic counterparts suffering 

from similar diseases. For example, cachexia increases 18-month mortality rates of 

heart failure patients from 17% to 50%(Anker et al, 1997; Springer et al., 2006). In 

advanced cancer, weight stable patients also had significantly higher median survival 

compared to cachectic patients that experienced severe weight loss (Martin et al, 2015). 

A very significant symptom contributing to lower survival is the irreversible and 

involuntary loss of muscle and, in many cases, adipose tissue that results in extreme 

weight loss (Baracos et al., 2018; Kazemi-Bajestani et al, 2016; Scherbakov & Doehner, 

2018). A defining characteristic of cachectic weight loss is that it cannot be reversed by 

nutritional supplementation which distinguishes it from other wasting conditions such as 

malnutrition(Evans et al., 2008; Fearon et al, 2011). In patients suffering from late-stage 

disease, this loss of mass can be a primary contributor to mortality for several reasons. 

Decreased mass can lower patient tolerance to treatments against their primary disease 

(Kazemi-Bajestani et al., 2016). This has a dual effect in that it increases drug toxicity or 

decreases tolerance to surgical intervention, and it allows the primary condition to 

progress leading to negative patient outcomes (Kazemi-Bajestani et al., 2016). 

Alternatively, decreased mass and impaired function of critical muscles (i.e., heart and 

diaphragm) can also lead to death (Kalantar-Zadeh et al, 2013). Indeed, cachexia has 

been associated with cardiac dysfunction, heart failure and sudden cardiac death 

(Kalantar-Zadeh et al., 2013). Furthermore, decreased diaphragm function contributes 

to respiratory difficulties (Kalantar-Zadeh et al., 2013). Reduced skeletal muscle mass 

can also lead to significant reduction in overall physical performance in cachectic 

patients (Scherbakov & Doehner, 2018). This is commonly manifested in lower activity 
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levels and strength in cachectic patients compared to non-cachectic counterparts, which 

lead to further functional deconditioning and deterioration (Argilés et al, 2017; Evans et 

al., 2008; Fearon et al., 2011; Muscaritoli et al, 2010). 

In addition to wasting, nutritional deficiencies are prominent in cachectic patients who 

frequently display loss of appetite and malabsorption (Evans et al., 2008; Fearon et al., 

2011; Peixoto da Silva et al., 2020). Cachectic patients often suffer from secondary 

anorexia, which is the loss of appetite resulting from chronic inflammatory responses, 

due to the high levels of inflammation driving the cachectic process (Peixoto da Silva et 

al., 2020). In patients suffering from anorexia and cachexia, the normal function of 

neuronal pathways that regulate satiety and feeding responses are disrupted leading to 

suppression of appetite (Nicolini et al, 2013; Peixoto da Silva et al., 2020). To 

compound the caloric deficit inflicted by anorexia, inflammation-mediated reduction in 

gut barrier function and alteration of gut microbiota can further reduce macronutrient 

absorption and energy levels in cachectic patients (Kalantar-Zadeh et al., 2013; Peixoto 

da Silva et al., 2020). Although not being solely responsible for the wasting observed in 

cachexia, nutritional deficiencies cannot be neglected. They have pervasive and 

multifactorial effects on quality of life and mental health and are associated with patient 

mortality.  

The large body of work characterizing the signs and symptoms of cachexia is crucial 

in defining and diagnosing this deadly syndrome. Understanding the contribution of 

various manifestations of the cachexia syndrome is key in identifying targets for therapy. 

Due to the diversity of the causes and the symptomology of the condition, it is important 
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to develop an internationally standardized method of diagnosis to advance the 

treatment of the condition. 

1.1.2 Clinical Definition of Cachexia and Diagnostic Criteria 

A widely agreed upon step in combating and developing new therapeutics against 

cachexia is the formation of a consensus clinical definition and an effective classification 

system to grade the syndrome (Argilés et al, 2011; Blum et al, 2014; Evans et al., 2008; 

Fearon et al., 2011; Garcia et al, 2022; Martin et al., 2015; Vigano et al, 2017; Zhou et 

al, 2018). Establishing a uniform system that can be used to classify/grade the 

syndrome will enable future clinical trials to have consistent inclusion criteria. It will also 

allow regulatory agencies to better assess the efficacy of candidate drugs (Argilés et al., 

2011; Baracos et al., 2018; Blum et al., 2014; Evans et al., 2008; Fearon et al., 2011; 

Garcia et al., 2022). Although the definition of cachexia is generally agreed upon, the 

criteria in diagnosing cachexia, especially cancer cachexia, are debated with various 

scoring systems in place. The generally accepted unifying definition of cachexia was 

developed during the “Cachexia Consensus Conference” in 2006 (Evans et al., 2008). 

Leaders in the field agreed on the following base definition: ‘‘Cachexia is a complex 

metabolic syndrome associated with underlying illness and characterized by loss of 

muscle with or without loss of fat mass. The prominent clinical feature of cachexia is 

weight loss in adults (corrected for fluid retention) or growth failure in children (excluding 

endocrine disorders). Anorexia, inflammation, insulin resistance, and increased muscle 

protein breakdown are frequently associated with cachexia. Cachexia is distinct from 

starvation, age-related loss of muscle mass, primary depression, malabsorption, and 

hyperthyroidism, and is associated with increased morbidity (Evans et al., 2008).” This 
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initial system designated patients as cachectic when they exhibited weight loss of at 

least 5% in 12 months or less in the presence of underlying illness, in addition to three 

of the following symptoms: decreased muscle strength, fatigue, anorexia, low fat-free 

mass index, and abnormal biochemistry (increased inflammatory markers (e.g., the 

acute phase reactant protein C reactive protein (CRP), interleukin-6), anemia, low 

serum albumin) (Evans et al., 2008). Although these experts came to a consensus on 

defining and diagnosing the syndrome, the application of these metrics was refined for 

the diagnosis of cancer cachexia. 

Between the development of the consensus definition of cachexia in 2006 to the 

present, several additional classification systems have been proposed to score the 

presence and severity of cancer cachexia. These systems have focused on scoring the 

stage of cachexia progression and its severity. In 2011, Fearon et al. published an 

international consensus on the definition and classification of cancer cachexia that 

expanded upon the 2006 consensus by proposing 3 stages of cachexia: precachexia, 

cachexia, and refractory cachexia (Fearon et al., 2011). This cancer cachexia-focused 

consensus suggested clinical characteristics on how to stratify and treat patients in each 

stage (Figure 1.1). Importantly, it provided a framework to facilitate the design of clinical 

trials, new treatment regiments based on stage, and routine clinical management 

(Fearon et al., 2011).  
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Figure 1.1: Stages of cancer cachexia and management algorithm for cancer 

cachexia. 

(A) Cachexia represents a spectrum through which not all patients will progress. At 

present there are no robust biomarkers to identify those precachectic patients who are 

likely to progress further or the rate at which they will do so. Refractory cachexia is 

defined essentially on the basis of the patient's clinical characteristics and 

circumstances. BMI=body-mass index. (B) Patients should be screened for cachexia, 

then undergo detailed assessment. All patients require optimum oncological and 

general medical management. Once patients with cachexia have been phenotyped, a 

detailed multimodal management plan (including nutrition, exercise, anti-inflammatory 

strategies, and other adjuncts) can be established. BMI=body-mass index. Reprinted 

from Fearon K, Strasser F, Anker SD, Bosaeus I, Bruera E, Fainsinger RL, Jatoi A, 

Loprinzi C, MacDonald N, Mantovani G (2011) Definition and classification of cancer 

cachexia: an international consensus. The lancet oncology 12: 489-495 with permission 

from Elsevier.   



26 
 

In 2014 a validation study of the consensus framework was published, which 

stratified the cachexia stages by weight loss and BMI (Blum et al., 2014). They were 

able to distinguish between cachectic and non-cachectic patients, but ultimately more 

parameters were needed to discriminate precachectic patients from non-cachectic 

patients (Blum et al., 2014). Additional assessment of CRP levels and appetite loss for 

identification of precachexia resolved this issue highlighting the benefit of adding 

biomarkers in classification systems (Blum et al., 2014). In line with this, studies by 

Vigano in 2012 and 2017 evaluated the relevance of the four stages of cachexia and 

proposed added criteria to apply them to clinical practice (Vigano et al, 2012; Vigano et 

al., 2017). However, these criteria were unable to demarcate precachectic and 

cachectic patients suggesting that more work is needed to define supporting criteria to 

weight loss (Vigano et al., 2012; Vigano et al., 2017). 

In 2011 an alternative cancer cachexia staging tool was proposed called the 

Cachexia Score or CASCO (Argilés et al., 2011). Unlike other classification systems 

(described above) this tool scored cachexia severity on a numerical scale based on 

body weight loss, lean body mass loss, various inflammation markers, markers of 

metabolic disruption, markers of immunosuppression, physical performance, anorexia, 

and quality of life assessments (Argilés et al., 2011). This study also proposed a 

tentative method of detecting precachexia in patients not presenting loss of body weight 

to address the growing attention to this stage (Argilés et al., 2011; Muscaritoli et al., 

2010). In 2017, CASCO’s ability to classify the severity of cachexia was validated and 

its parameters were simplified in the MiniCASCO (MCASCO) tool (Argilés et al., 2017). 

The ability of CASCO and MCASCO to predict patient survival was not tested though 
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and should be a critical aspect of future studies to prove its effectiveness over body 

composition focused scoring systems.  

Accounting for the wide range of BMI seen in cancer patients, an alternative 

classification system for cancer cachexia was developed and validated by Martin et al. 

(Martin et al., 2015). In this system, 5 grades of cachexia severity (0 – 4) were 

developed based on median survival of patients in relation to their % weight loss and 

BMI. A strong correlation between low BMI, high % weight loss, and low median survival 

time was identified without the use of other biochemical factors or lean muscle mass 

measurements emphasizing the utility of in-depth assessment of weight loss in cachexia 

diagnosis (Martin et al., 2015). 

Lastly, the cachexia staging score (CSS) published in 2018 addressed the limitations 

of the previously described diagnostic tools (Zhou et al., 2018). The CSS developed by 

Zhou et al. scored patients from 0 (no cachexia) to 12 (refractory cachexia) based off 

weight loss, performance status, appetite loss, and abnormal biochemistry markers. To 

simplify assessment, sarcopenia was assessed with a previously validated 

questionnaire replacing resource intensive methods such as CT imaging (Zhou et al., 

2018). CSS was able to discriminate the different stages of cachexia effectively based 

on clinical outcomes (e.g., quality of life and survival) (Zhou et al., 2018). Further 

validation of the CSS tool is needed on larger patient groups to apply this promising tool 

on an international scale. 

With several proposed diagnostic tools/classification systems in place, it is well 

understood within the cachexia research community that there is a need for robust and 

unified system in defining and diagnosing cachexia (Garcia et al., 2022). Furthermore, 
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leaders in the field recognize the need to bridge the gap between the research 

community and clinicians to apply advancements of cachexia classification and 

detection into clinical practice (Garcia et al., 2022). Expanding education and 

awareness of cachexia to clinicians, patients, and caregivers is essential to improving 

patient care in the future (Garcia et al., 2022). Moving towards standardizing 

assessment and management of cachexia internationally, current clinical practice 

guidelines from American Society of Clinical Oncology (ASCO) and European Society 

for Medical Oncology (ESMO) utilize principles of the 2011 cancer cachexia consensus 

definition in diagnosis (Arends et al, 2021; Garcia et al., 2022; Roeland et al, 2020). 

With our understanding of markers of cachexia evolving, international groups are 

actively revising the 2011 consensus definition which can further guide how cachexia is 

identified and managed (Garcia et al., 2022). 

1.1.3 Current management Options Against Cachexia 

At this time, there are no clinically approved, effective therapies that can completely 

reverse the debilitating effects associated to cachexia (Arends et al., 2021; Roeland et 

al., 2020). The primary method of reversing cachexia is curing the overlying disease 

(Solheim et al, 2018). This task is easier said than done as cachexia is often 

undiagnosed or detected in terminal stages of disease progression and cachexia 

complicates treating the overlying disease (Garcia et al., 2022; Kazemi-Bajestani et al., 

2016). Furthermore, in the case of cancer, therapies often contribute to cachexia 

(Garcia et al., 2022; Solheim et al., 2018). Clinicians are left with limited number of 

options to manage symptoms, which only delay the progression of these symptoms and 

do not improve patient survival (Arends et al., 2021; Roeland et al., 2020).  
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Figure 1.2 Invasiveness of interventions relative to expected survival. 

Reprinted from Arends J, Strasser F, Gonella S, Solheim T, Madeddu C, Ravasco P, 

Buonaccorso L, de van der Schueren M, Baldwin C, Chasen M (2021) Cancer cachexia 

in adult patients: ESMO Clinical Practice Guidelines☆. ESMO open 6 with permission 

from Elsevier. 

Current cachexia management strategies are highlighted in the ASCO and ESMO 

guideline on Cancer Cachexia  (Arends et al., 2021; Roeland et al., 2020). Initial clinical 

assessment of cachexia focuses on changes in nutritional status and body weight 

(Arends et al., 2021; Fearon et al., 2011; Roeland et al., 2020). The treatment 

guidelines focus on nutritional, psychosocial, pharmacologic as well as exercise 

interventions (Arends et al., 2021; Roeland et al., 2020). Due to the lack of 

pharmacological interventions to reverse cachexia, the ASCO and EMSO guidelines do 

not endorse any drugs to cure cachexia. However, they recommend short term 

treatments with progesterone analogs, most notably megestrol acetate, or a 

corticosteroid to increase appetite and promote weight gain primarily in adipose tissue 

despite a lack of effect on patient survival (Arends et al., 2021; Roeland et al., 2020). 

The EMSO guidelines also suggest the use of an antipsychotic drug called olanzapine 

to treat appetite and nausea thereby improving patient quality of life (Arends et al., 
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2021). Both guidelines advocate for development of multimodal interventions which 

combine nutritional support with exercise and other interventions although trials are still 

ongoing (Arends et al., 2021; Solheim et al., 2018). The above management strategies, 

although improving patient nutritional status and quality of life, do not definitively combat 

muscle wasting and the increased mortality associated with cachexia. Further work is 

needed to test the efficacy of exercise interventions and multimodal therapies, which 

include novel drug treatments, to potentially address the diverse symptomology of 

cachexia. 

1.2 Molecular Mechanisms and Biochemical Signatures of Cachexia-induced 

Muscle Wasting 

The initiation of cachexia is a complex, multifactorial process making treatment of this 

deadly condition challenging. In general, the loss of muscle mass, which is the primary 

cause of morbidity in cachexia patients, is believed to be associated with an increase in 

the inhibition of anabolic pathways (that promote the synthesis of proteins) and/or the 

activation of catabolic pathways (that decrease protein content in muscle). 

1.2.1 Cachexia-Induced Suppression of Muscle Protein Synthesis 

Translation-mediated protein synthesis is a highly regulated process that is controlled 

at multiple levels (i.e., initiation, elongation, termination, and recycling) (Dufner & 

Thomas, 1999; Hershey et al, 2012; Mamane et al, 2006). In cachectic muscle the 

synthesis of proteins (which helps mediate protein content) is generally decreased due 

to the inhibition of the initiation step of the translational process (Fearon et al, 2012; 

Hardee et al, 2017; Peixoto da Silva et al., 2020; Webster et al, 2020). Translation 

initiation is a critical step of the protein synthesis process that is regulated by several 
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signaling pathways. A focal point of this regulatory program is the mammalian target of 

rapamycin (mTOR) protein, which promotes protein synthesis when active (Dufner & 

Thomas, 1999; Hershey et al., 2012; Mamane et al., 2006). mTOR controls anabolic 

signaling through two primary mechanisms. mTOR promotes protein synthesis through 

the activation of the ribosomal protein S6 kinase (S6K) that subsequently activates 

ribosomal protein S6 (S6), and the inactivation of the 4E-binding protein 1 (4E-BP1) that 

is known to inhibit the eukaryotic initiation factor 4E (eIF4E) (Dufner & Thomas, 1999; 

Mamane et al., 2006).  

In muscle, the levels and availability of nutrients are key stimuli that control mTOR 

activation (Hardee et al., 2017; Mamane et al., 2006). Within muscle, notable regulators 

of mTOR include AKT and AMP-activated protein kinase (AMPK) that activate or 

repress mTOR activity, respectively (Hardee et al., 2017; Mamane et al., 2006). AKT 

and AMPK activity are both stimulated by their phosphorylation. AKT activation is 

normally promoted by anabolic growth factors such as Insulin-like Growth Factor 1 (IGF-

1) and it can also be induced by exercise (Mamane et al., 2006; Webster et al., 2020). 

On the other hand, AMPK is most notably activated during energetic crisis where 

energy must be preserved, which is marked by decreased ATP levels and accumulation 

of AMP (Hardee et al., 2017; Mamane et al., 2006).  

During cachexia, a decrease in anabolic pathways is known to occur due to inhibition 

of translation of proteins as a result of the impairment of mTOR activity (Ábrigo et al, 

2018; Hardee et al., 2017; White et al, 2013). This has been attributed to alterations of 

AKT and AMPK signaling as well as dysregulation of mTOR activation in response to 

nutrients and physical activity all of which promote anabolic resistance (Fearon et al., 
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2012; Hardee et al., 2017; Webster et al., 2020). In response to feeding, cachectic 

patients have been observed to mount significantly impaired anabolic responses 

supporting the presence of anabolic resistance (Hardee et al., 2017). Anorexia which 

often accompanies cachexia also likely contributes to the lower anabolic signaling in 

cachectic muscle through decreased food intake (Peixoto da Silva et al., 2020). 

Interestingly, high protein foods that are rich in specific amino acids such as leucine 

have been shown to improve anabolic responses (Hardee et al., 2017). However, these 

strategies have not yet been successfully employed to prevent cachectic muscle 

wasting in the long term likely since the activation of catabolic pathways (described 

below) supersedes protein production (Fearon et al., 2012). Regarding exercise 

responses, limited studies have shown positive benefits to improving protein synthesis; 

nonetheless, these responses appear to be disrupted by cachexia and need to be 

further explored (Hardee et al., 2017). In wasting muscle, AKT signaling can be 

repressed through decreased activity of growth factors and insulin resistance leading to 

anabolic resistance (Peixoto da Silva et al., 2020; Sakuma et al, 2017; Webster et al., 

2020). In addition, well established negative regulators of AKT phosphorylation, 

including the SMAD2/SMAD3 pathway (described in later sections),  that decrease AKT 

activation are induced in cachectic muscle(Sartori et al, 2009; Sartori et al, 2021). 

Further contributing to mTOR deactivation, AMPK phosphorylation is markedly 

increased during muscle wasting (Hall et al, 2018; Stana et al, 2017; White et al., 2013). 

This AMPK activation has been associated with disruption of energy production in 

cachectic muscle (Hall et al., 2018; Hardee et al., 2017; VanderVeen et al, 2017). 

Interestingly work from our lab has shown that correction of muscle energy metabolism 
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can restore anabolic signaling in cachectic muscle suggesting the importance of 

metabolic dysfunction in causing cachexia-induced anabolic defects (Figure 1.3) (Hall et 

al., 2018). Overall, these effects generally result in decreased phosphorylation of AKT, 

mTOR, S6, and 4E-BP1 in cachectic muscle leading to the inhibition of protein 

synthesis (Fearon et al., 2012; Hardee et al., 2017; Peixoto da Silva et al., 2020; 

Webster et al., 2020; White et al., 2013). Cachexia therefore causes an imbalance in 

protein homeostasis that is due, in part, to a decrease in anabolic pathways. 

 

 
Figure 1.3 Maintenance of Muscle Energy Metabolism Prevents Muscle Wasting. 

(Top) Pro-inflammatory cytokines IFNγ/TNFα, which are known inducers of cachectic 

muscle wasting (described below) as well as metformin impair mitochondrial oxidative 

respiration in muscle causing energetic stress. This leads to suppression of protein 

synthesis and muscle wasting. (Bottom) AMPK agonists such as AICAR restore 

mitochondrial function in cytokine treated muscle preventing energetic stress and 

allowing for maintenance of muscle mass. Adapted from Hall DT, Griss T, Ma JF, 

Sanchez BJ, Sadek J, Tremblay AMK, Mubaid S, Omer A, Ford RJ, Bedard N et al 

(2018) The AMPK agonist 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR), 

but not metformin, prevents inflammation-associated cachectic muscle wasting. EMBO 

Molecular Medicine 10: e8307 with permission from John Wiley and Sons.  
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1.2.2 Cachexia-Induced Catabolic Pathways 

Several studies have highlighted cachexia-induced protein degradation as a major 

contributor to muscle wasting by enacting a negative protein balance. Elevated protein 

degradation can be achieved through activation of the ubiquitin proteasome (UPP) and 

autophagy pathways. While the proteasome can process individual proteins (Lecker et 

al, 2006), autophagy complements this process by degrading macromolecules and 

whole organelles (Sandri, 2016). While the role of UPP in cachexia-induced muscle 

wasting has been the subject of a large body of work,  only recently has autophagy 

been appreciated as a major mechanism of cachexia-induced negative protein balance 

(Sakuma et al., 2017; Sandri, 2016). 

1.2.2.1 Proteasome-Mediated Degradation 

Proteasome-mediated degradation of proteins is a targeted process which is 

regulated at multiple levels (Lecker et al., 2006; Sandri, 2016). Proteins targeted for 

breakdown are marked by post-translational addition of poly-ubiquitin which is mediated 

by proteins named E1, E2, and E3. Upon polyubiquitination, targeted proteins are 

degraded into small peptides by the 26S proteasome, a multiprotein complex with 

protease activity that is responsible for the majority of protein degradation in the cell 

(Lecker et al., 2006; Sandri, 2016). The initial step in the degradation of proteins by the 

UPP involves the activation of ubiquitin by E1 which then facilitates its transfer to E2 

enzymes. E2 enzymes act as a carrier of ubiquitin to E3 ubiquitin ligases. E3 ligases 

then catalyze the transfer of ubiquitin from the E2 to the protein target. Specificity of 

protein targets is determined by pairs of E2 and E3 enzymes each having a unique set 

of targets. Since there is approximately 20 to 100 different E2 enzymes and up to 1000 
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different E3 ligases, there is a broad diversity of E2/3 combinations which can exist to 

mediate the selective degradation of proteins in different cells/tissues including muscle. 

Despite this, the muscle specific E3 ligases, Murf1 and atrogin-I, have been identified to 

play a prominent role in regulating UPP-mediated degradation of proteins during 

cachexia-induced muscle wasting  (Lecker et al., 2006; Sakuma et al., 2017; Sandri, 

2016). 

Several laboratories have shown that Murf1 and atrogin-I are strongly induced during 

cachexia-mediated muscle wasting. Importantly, while overexpression of atrogin-I has 

been shown to induce atrophy in vitro (Bodine et al, 2001) knockout of these E3 ligases 

in mice prevents muscle atrophy induced due to cachexia, denervation, glucocorticoid 

treatment, or starvation (Bodine et al., 2001; Cohen et al, 2015; Sandri, 2016). The 

central importance of these factors has been questioned though as knocking out these 

atrogenes only partially prevents wasting in animals (Sandri, 2016; Shyh-Chang, 2017). 

Furthermore, there is conflicting evidence on whether protein degradation by the UPP is 

elevated in cachexia, although this is likely attributed to the diverse etiology of cachexia 

from different stimuli (Porporato, 2016; Sakuma et al., 2017; Shyh-Chang, 2017).  

It is believed that the targeted degradation of specific key muscle factors, rather than 

a general increase in degradation, is responsible for the atrophic effects seen during 

cachexia (Cohen et al., 2015; Sandri, 2016; Tisdale, 2009). In line with this, Murf1 has 

been associated with the ubiquitination and degradation of sarcomeric and structural 

proteins such as myosin heavy chain (MyHC) and myosin light chains (Cohen et al., 

2015; Glass, 2010; Sandri, 2016; Tisdale, 2009). Atrogin-I has also been found to 

associate to sarcomere components such as myosin, although this interaction has not 
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been proven to result in degradation. Complimenting the breakdown of sarcomere 

factors, atrogin-I is linked to degradation of myogenic regulatory factors (MRF) that are 

involved in muscle growth and maintenance. To this end, studies have found that 

atrogin-I promotes breakdown of the MRF MyoD and the translation initiation factor 

eIF3-f, potentially exacerbating impairment of muscle repair and protein synthesis to 

allow for accumulation of muscle damage (Cohen et al., 2015; Glass, 2010; Sandri, 

2016; Tisdale, 2009). This differential targeting demonstrates the unique function of 

these atrogenes in causing wasting. Due to their role in impairing key muscle 

processes, targeting the function of E3 ligases could prove beneficial in cachexia 

treatment. A recent study has shown that impairment of Murf1 by small molecules 

partially protects against melanoma-induced cachexia (Adams et al, 2020). This partial 

effect can potentially be attributed to compensation by other E3 ligases, such as TRIM3, 

that can also target sarcomere proteins during wasting (Cohen et al., 2015). This 

compensatory effect, therefore, suggests that targeting multiple E2 enzymes and/or E3 

ligases may be required to produce an effective therapeutic against wasting. 

Additionally, identifying factors/pathways involved in the expression of components of 

the UPP can also prove fruitful as the level of several of these have been shown to 

increase in cachectic muscle (Sakuma et al., 2017; Sandri, 2016; Tisdale, 2009).  

1.2.2.2 Autophagy 

As described in the section detailing repression of protein synthesis, cachectic stimuli 

often impair AKT-mTOR signaling. This impairment can arise from changes in the 

extracellular signaling environment or from intracellular sensing of energy stress. AKT-

mTOR axis inhibition can promote catabolic signaling pathways as well through 
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induction of autophagy (Franco-Romero & Sandri, 2021). Autophagy is a multistep 

process (i.e., induction and activation, autophagosome formation, and lysosome fusion) 

(Franco-Romero & Sandri, 2021; Sartori et al., 2021) where damaged organelles, 

misfolded proteins, protein aggregates, or macromolecules that are marked for 

degradation are enveloped in cytoplasmic vesicles called autophagosomes that are 

subsequently fused into lysosomes to degrade their contents (Franco-Romero & Sandri, 

2021). Interestingly, under non-cachectic, normal conditions, skeletal muscle 

extensively utilizes the autophagy pathway to maintain muscle homeostasis. Alterations 

of autophagy flux in either direction is noted to have negative effects in muscle. 

Increases in autophagy have been linked to muscle fiber atrophy, while decreases in 

autophagy are associated with deterioration of muscle function due to accumulation of 

damage (Franco-Romero & Sandri, 2021; Penna et al, 2019a; Sartori et al., 2021). 

Several studies have reported an increase in the activation of autophagy in both animal 

models of cachexia as well as cachectic patients (Mofarrahi et al, 2012; Porporato, 

2016; Sandri, 2016; Stana et al., 2017). Overactivation of autophagy under these 

conditions was shown to exacerbates the pathological consequences associated to the 

onset of this condition (Penna et al., 2019a; Penna et al, 2019b). Interestingly, however, 

inhibition of autophagy does not appear to be a successful therapeutic strategy as it 

does not improve wasting or survival (Penna et al., 2019a; Penna et al., 2019b). It is 

suggested that autophagy might be a protective response in wasting to clear damaged 

organelles (Penna et al., 2019a). Therefore, maintaining a balance of autophagy in 

cachectic muscle appears to be necessary despite its pro-atrophic effects. 
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Of particular interest in cachexia is the subtype of autophagy termed mitophagy that 

targets mitochondria. During cachexia, mitochondria are damaged as a result of their 

extensive to oxidative stress (Fukawa et al, 2016; Owen et al, 2019). Under normal 

conditions, damaged mitochondria are removed by the mitophagic process. Under 

cachectic conditions the accumulation of dysfunctional mitochondria, due to impaired 

mitophagy, can contribute to decreased muscle performance and function (Franco-

Romero & Sandri, 2021). Indeed, this phenomenon has also been reported in age 

related muscle loss (Sakuma et al., 2017). Studies have shown that the accumulation of 

defective muscle mitochondria during cachexia and ageing can be addressed through 

overexpression of the key mitophagy factor Parkin that maintains muscle mitochondria 

(Gouspillou et al, 2018; Leduc-Gaudet et al, 2020; Leduc‑Gaudet et al, 2019). In these 

works, Parkin overexpression not only improved mitochondrial quality and contents, but 

also protected against sepsis-induced muscle wasting and age-related loss of muscle 

mass and strength(Leduc-Gaudet et al., 2020; Leduc‑Gaudet et al., 2019). Taken 

together, the evidence suggests that strategies which manipulate autophagy in 

cachectic muscle should improve mitochondrial quality and maintain normal 

mitochondrial levels. 

1.2.3 Metabolic Defect, Energetic Stress, and Oxidative Stress in Cachexia 

Cachexia-mediated metabolic dysfunction in target tissues is increasingly recognized 

as a key driver of atrophy. Skeletal muscle function is highly energy dependent utilizing 

vast reserves of energy for contraction and repair of damage from exercise and 

environmental pressures. Under cachectic conditions, cellular energy production is 

disrupted causing energetic stress through mechanisms described below. This 
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energetic stress, consequently, contributes to the induction of catabolic pathways 

leading to breakdown of muscle protein to bolster energy reserves. In order to preserve 

energy, this energetic stress also induces inhibition of anabolic pathways to prevent the 

energy intensive synthesis of proteins that is normally required for the maintenance, 

function, and repair of skeletal muscle. These metabolic stresses thereby lead to loss of 

muscle mass and decreased muscle performance, two defining characteristics of 

cachectic muscle. The following section will highlight the progress made to characterize 

and understand the metabolic defects which promote these cachectic phenotypes. 
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Figure 1.4: Mitochondrial dysfunction in skeletal muscle negatively regulates 

muscle mass. 

Elevated levels of pro-inflammatory factors such as IL-6, TNF-α, and TGF-β during 

cancer cachexia disrupt mitochondrial homeostasis leading to dysfunction mitochondria. 

Dysfunctional mitochondria release aberrant amounts of reactive oxygen species (ROS) 

and decrease ATP production. This leads to chronic activation of AMPK to negatively 

regulate protein synthesis causing decreased muscle mass. The figure was made with 

Servier Medical Art (http://www.servier.com/Powerpoint-image-bank). Reprinted from 

VanderVeen BN, Fix DK, Carson JA (2017) Disrupted skeletal muscle mitochondrial 

dynamics, mitophagy, and biogenesis during cancer cachexia: a role for inflammation. 

Oxidative medicine and cellular longevity 2017 under the Creative Commons Attribution 

License. 

1.2.3.1 Metabolite Biomarkers of Cachexia 

Reviewed in (Cui et al, 2022), metabolomics is an increasingly recognized tool used 

in cachexia research to investigate cachexia biomarkers and metabolic defects within 

target tissues. Studies assessing metabolite biomarkers of cachexia have identified 

http://www.servier.com/Powerpoint-image-bank
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various candidate metabolic signatures associated with adipose wasting, energy 

metabolism, or muscle protein breakdown. Investigations on amino acid levels in serum 

and plasma have found classes of amino acids altered in cachectic subjects. In general, 

decreases in branched chain amino acids (BCAA) levels from cachectic animals and 

patients have been noted (Cala et al, 2018; Der-Torossian et al, 2013a; Ni et al, 2021; 

Pin et al, 2019a; Pötgens et al, 2021; QuanJun et al, 2015; Yang et al, 2018). A 

consistent pattern was also found in levels of 3-carbon glycogenic amino acids alanine 

and glycine that were shown to decrease and increase, respectively, in blood during 

cachexia, (Cala et al., 2018; Cui et al, 2019a; QuanJun et al., 2015; Yang et al., 2018). 

Studies evaluating the potential of urine amino acids and muscle breakdown products 

as biomarkers reported conflicting results as the collection of the altered metabolites 

was inconsistent between reports (Eisner et al, 2011; Stretch et al, 2012; Yang et al., 

2018). A similar challenge was faced by studies focusing on lipid profiles in serum and 

plasma that detected markers of lipid mobilization (e.g., lipolysis or hyperlipidemia), but 

no consensus on markers that can be utilized in cachexia detection (Cala et al., 2018; 

Cui et al., 2019a; Der-Torossian et al., 2013a; Miller et al, 2019; O’Connell et al, 2008; 

Pin et al., 2019a; Stretch et al., 2012). These discrepancies can potentially be attributed 

to variations in inclusion criteria, protocols for standardizing sample collection, and 

cachexia models used (Cui et al., 2022; Fujiwara et al, 2014). Nevertheless, decreases 

in serum and plasma BCAAs and alterations of 3-carbon glycogenic amino acids levels 

during cachexia were a common finding and warrant further assessment in larger 

studies to cement their importance.   
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1.2.3.2 Cachexia-Mediated Metabolome Derangement 

As highlighted above, the study of biomarker in urine and blood isolated from 

cachectic patients indicated cachexia-induced defects in amino acid and lipid 

metabolism. Although the breakdown of glucose by glycolysis and the tricarboxylic acid 

(TCA) cycle is a significant supplier of energy within cells, non-sugar metabolites (amino 

acids, lipids, and ketone bodies) can support these pathways through a process called 

anaplerosis that feeds these alternative energy sources into the TCA cycle for oxidation 

(Brunengraber & Roe, 2006; Vander Heiden et al, 2009). As cachexia is believed to 

impair energy production to cause energy deficit and wasting, a primary focus of 

metabolomics studies in target tissues was to elucidate the mechanisms responsible for 

this defect.  

Disruption of energy metabolism through dysregulation of glucose metabolism in 

cachectic muscle was suggested in a seminal metabolomics-based cachexia study. 

This study discovered alterations in the levels of glycolysis metabolites and TCA cycle 

intermediates reminiscent of the Warburg effect (Der-Torossian et al, 2013b). Notably, 

these defects were believed to be, in part, a result of oxidative stress in cachectic 

muscle. The Warburg effect in cachectic muscle could lead to energetic stress as it 

results in the decreased utilization of the glycolysis/oxidative phosphorylation 

(OXPHOS) process (which is more efficient for energy production) and increased 

dependence on anaerobic glycolysis (Der-Torossian et al., 2013b; Hall et al., 2018; 

Vander Heiden et al., 2009). The above observations have since been corroborated by 

other groups. Indeed, studies suggested increases in glycolysis in wasting muscle due 

to depletion of glucose, glycogen, and glycolysis intermediates (Cui et al., 2019a; Cui et 
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al, 2019b; QuanJun et al., 2015; Tseng et al, 2015). Within the TCA cycle, increases in 

α-ketoglutarate (AKG) and decreases in its downstream metabolite succinate have been 

reported suggesting a blockage in the TCA cycle (Chiocchetti et al, 2021; Cui et al., 

2019a; Pin et al., 2019a). These alterations to glycolysis and the TCA cycle were 

accompanied by energetic stress, decreases in anabolic signaling, and expression of 

atrogenes (described above in sections 1.2.1 and 1.2.2) supporting the notion that there 

is a lack of energy production (Cui et al., 2019b). Decreased levels of glycolytic and 

TCA cycle metabolites in serum and plasma of patients further supports the signature 

described above indicating a dysregulation of glucose metabolism in cachectic subjects 

(Lautaoja et al, 2019; Pin et al., 2019a; Pötgens et al., 2021). 

It is possible that cachectic muscles compensate for lower glucose-dependent energy 

production by enhancing oxidation of amino acids, lipids, and ketone bodies. Indeed, 

muscle proteolysis and increased levels of anapleurotic amino acids in wasting muscle 

have been identified to potentially supplement energy production. Hyperlipidemia in 

serum, signs of mobilization of lipids, increase of ketone bodies to enter the TCA cycle 

have also been reported in cachexia to support this. However, due to defects in TCA 

cycle and impaired energy production through OXPHOS in cachectic muscle, 

hyperlipidemia and accumulation of amino acids could be result of incomplete oxidation 

of these substrates (Cui et al., 2019b; Pin et al., 2019a).  

Increases in the levels of the cationic amino acids arginine and lysine which can feed 

into the TCA cycle through AKG and acetyl-CoA, respectively, have been consistently 

reported in cachectic muscle (Cui et al., 2019a; Cui et al., 2019b; Der-Torossian et al., 

2013b; Kunzke et al, 2020; Lautaoja et al., 2019). Arginine is catabolized for entry into 
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the TCA cycle through conversion to ornithine by arginase enzymes that can be further 

metabolized. Funneling of arginine into AKG has been shown to accelerate OXPHOS 

and benefit cellular energetics (Xu et al, 2016). Critical steps of arginine and lysine 

catabolism/anaplerosis occurs in the mitochondria, and their accumulation in cachectic 

muscle is suggested to be a result of decreased expression of their mitochondrial 

transporter cationic amino acid transporter 1 (CAT1) (Kunzke et al., 2020). The 

defective shuttling of cationic amino acids, in particular arginine, was therefore 

suggested to contribute to energy production deficits (Kunzke et al., 2020).  

Similar to cationic amino acids, BCAAs, lipids, and ketone bodies can feed into the 

TCA cycle through mitochondrial processes. These processes produce acetyl-CoA or 

succinyl-CoA which can enter the TCA cycle (Brunengraber & Roe, 2006; Ye et al, 

2020). Several studies have found that BCAAs accumulate in cachectic muscle likely 

due to muscle protein breakdown and are unsuccessfully directed to anapleurotic 

reactions (Chiocchetti et al., 2021; Cui et al., 2019a; Cui et al., 2019b; Lautaoja et al., 

2019; Tseng et al., 2015; Zhou et al, 2021). Similarly, ketone bodies are also reported to 

accumulate in cachectic muscle and their accumulation was attributed to decreased 

expression of key ketone body oxidation enzymes required for their anaplerosis 

(QuanJun et al., 2015; Zhou et al., 2021). Several studies have also investigated the 

catabolism of acyl-CoAs that are broken down to acetyl-CoA by β-oxidation. Long-chain 

acyl-CoAs enter the mitochondria through conversion to acylcarnitine species and are 

subsequently reconverted to acyl-CoAs after entry (Li et al, 2019). Once converted back 

to their CoA analog, fatty acids enter β-oxidation through long-chain Acyl-CoAs 

dehydrogenase (LCADH). The transport step is noted as the rate-limiting steps of β-
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oxidation and is mediated by two carnitine palmitoyltransferase (CPT) enzymes CPT1 

and CPT2. The levels of acylcarnitines, therefore, are used to gauge levels of β-

oxidation (Fukawa et al., 2016; Li et al., 2019). Acute exposure to cachectic conditions 

has also been shown to trigger mobilization of lipid stores into acylcarnitines to increase 

β-oxidation in human primary myotubes(Fukawa et al., 2016). This increase in β-

oxidation was noted to cause severe oxidative stress which triggers wasting (Fukawa et 

al., 2016). In contrast, this accumulation of acylcarnitines was not recapitulated in the 

C26 animal model of cancer cachexia although this may indicate that in chronic, late-

stage cachexia, lipid stores are exhausted (Pin et al., 2019a). Interestingly, saturated 

long-chain fatty acids are associated with inducing pro-inflammatory pathways (Ye et 

al., 2020). Therefore, accumulation of acylcarnitine species in early stages could 

indicate that although β-oxidation is increased, cachectic muscle mitochondria are 

overloaded leading to propagation of saturated fatty acid-induced inflammatory 

signaling and oxidative stress (Fukawa et al., 2016; Ye et al., 2020). 

Although not directly related to energy production pathways, inefficient utilization of 

amino acids freed from muscle protein breakdown can also contribute to energetic 

stress. During energetic crisis, amino acids released from muscle proteolysis can be 

shunted to the liver for gluconeogenesis to bolster systemic glucose metabolism in what 

is called the Cori cycle. Indeed, decreases in 3-carbon glucogenic amino acids in 

cachectic muscle with concurrent elevation in livers have been reported suggesting the 

mobilization of these amino acids to the liver (Cui et al., 2019a; Cui et al., 2019b; Der-

Torossian et al., 2013b; Lautaoja et al., 2019; Pötgens et al., 2021). However, hepatic 

function of these amino acids during cachexia may not be glucogenic, as key 
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gluconeogenic enzymes are reportedly downregulated in cachectic livers (Pötgens et 

al., 2021). Pötgens et al. suggested that these amino acids are instead directed to acute 

phase response (APR) protein production (Pötgens et al., 2021). Elevated APR protein 

production has been previously reported in cachectic muscle and liver (Bonetto et al, 

2012; Bonetto et al, 2011; Zimmers et al, 2016). Rerouting of amino acids from muscle 

proteins to APR proteins is inefficient due to amino acid mismatch between the protein 

types requiring high proportions of muscle to supply low yields of APR proteins 

(Pötgens et al., 2021; Stephens et al, 2008). Therefore, this inefficient protein 

conversion adds to the negative protein balance in cachectic muscle. 
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Table 1.1: Summary of muscle metabolites altered in cachectic muscle 

Metabolites Function 
Alteration in 

Cachexia 
Cause of shift and effect 

on muscle wasting 
Reference 

Glucose and 
glycolysis 

intermediates 
Glycolysis Decrease 

Cause: increased glycolysis 
to compensate for 
decreased OXPHOS 
 
Effect: insufficient energy 
production in muscle 

(Cui et al., 2019a; 
Cui et al., 2019b; 
Der-Torossian et 
al., 2013b; 
QuanJun et al., 
2015; Tseng et al., 
2015) 

AKG TCA cycle Increase 

Cause: disruption of TCA 
cycle flux 
 
Effect: decreased aerobic 
energy production 

(Chiocchetti et al., 
2021; Cui et al., 
2019a; Pin et al., 
2019a) 

Succinate TCA cycle Decreased 

Cause: disruption of TCA 
cycle flux 
 
Effect: decreased aerobic 
energy production 

(Chiocchetti et al., 
2021; Cui et al., 
2019a; Pin et al., 
2019a) 

Cationic amino 
acids  

(arginine, lysine) 

Protein 
synthesis, 
TCA cycle 

anapleurosis, 
NO generation 

(arginine) 

Increased 

Cause: increased muscle 
protein breakdown and 
impaired mitochondrial 
shuttling 
 
Effect: decreased 
anapleurosis into TCA 
cycle  

(Cui et al., 2019a; 
Cui et al., 2019b; 
Der-Torossian et 
al., 2013b; Kunzke 
et al., 2020; 
Lautaoja et al., 
2019) 

BCAAs  
(leucine, 

isoleucine, 
valine) 

Protein 
synthesis, 
TCA cycle 

anapleurosis, 

Increased 

Cause: increased muscle 
protein breakdown and 
impaired mitochondrial 
shuttling 
 
Effect: decreased 
anapleurosis into TCA 
cycle 

Cui, 2019 
#166;Cui, 2019 
#153;Cui, 2019 
#166;Zhou, 2021 
#170;Lautaoja, 
2019 
#161;Chiocchetti, 
2021 #169;Tseng, 
2015 #165;Tseng, 
2015 #165} 

Ketone bodies 
TCA cycle 

anapleurosis 
Increased 

Cause: decreased levels of 
processing enzymes 
 
Effect: decreased 
anapleurosis into TCA 
cycle 

(QuanJun et al., 
2015; Zhou et al., 
2021) 

Acylcarnitine 

Transport of 
acyl-CoA into 
mitochondria, 
β-oxidation 

Increased 
(acute) 

Decreased 
(chronic) 

Cause: increased 
mobilization of lipid stores 
 
Effect: increased oxidative 
stress and damage in 
muscle 

(Fukawa et al., 
2016; Pin et al., 
2019a) 

Serine, glycine, 
alanine 

Protein 
synthesis, 

gluconeogenesis 
Decrease 

Cause: secretion from 
muscle to either enter Cori 
cycle or support synthesis 
of APR proteins  
 
Effect: inefficient utilization 
of amino acids leading to 
negative protein balance 

(Cui et al., 2019a; 
Cui et al., 2019b; 
Der-Torossian et 
al., 2013b; 
Lautaoja et al., 
2019; Pötgens et 
al., 2021) 
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1.2.3.3 Impairment of Energy Production and Downstream Effects of Energy 

Crisis 

Metabolomics studies have offered much insight into the metabolic pathways affected 

by cachectic conditions which culminate in diminished energy production. These 

metabolic outcomes are achieved through alterations to expression and/or activity of 

proteins required for the function of energy production pathways. As highlighted above, 

a prominent defect is the altered flux of metabolites into the TCA cycle from glycolysis 

and other energy reserves. Normally in differentiated tissue, glycolysis converts glucose 

into pyruvate, which is converted to acetyl-CoA in the mitochondria and can then feed 

into the TCA cycle (Vander Heiden et al., 2009). However, during cachexia glucose 

metabolism for OXPHOS-based energy production in muscle appears to be hindered, 

due to a Warburg-like shift.  

A contributing factor to the observed Warburg-like shift is the blockade of pyruvate 

conversion to acetyl-CoA (Pin et al, 2019b). The conversion of pyruvate to acetyl-CoA is 

catalyzed by the pyruvate dehydrogenase (PDH) complex, which can be negatively 

regulated by PDH kinases (PDK) (Zhang et al, 2014). Cachectic conditions increase 

PDK4 expression in muscle, leading to decreased PDH activity and energetic defects, 

which could be prevented by PDK4 blockade (Constantinou et al, 2011; Pin et al., 

2019b). Overexpression of PDK4 can cause wasting without the surrounding 

inflammatory signaling found in cachexia (Pin et al., 2019b). Together these data 

indicate the importance of glucose oxidation through the TCA cycle for energy status 

and muscle maintenance. (Pin et al., 2019b). Further contributing to impaired glucose 

oxidation in cachectic muscle is the reduced expression and/or activity of various TCA 
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cycle enzymes and electron transport chain (ETC) proteins including AKG 

dehydrogenase, aconitase, succinate dehydrogenase (SDH) (a component of complex 

II), and complex IV thereby preventing TCA cycle flux and OXPHOS-linked ATP 

generation (Brown et al, 2017; Cui et al., 2019a; Fontes-Oliveira et al, 2013; Owen et 

al., 2019; Penna et al., 2019b; Pin et al., 2019a; Pin et al, 2022; Pin et al., 2019b; 

Remels et al, 2010; Wyart et al, 2022). Due to impaired flux of glucose metabolism into 

the TCA cycle, wasting muscle is noted to increase glycolysis rates to compensate for 

lower energy production, albeit unsuccessfully (Hall et al., 2018; Pin et al., 2019b). This 

has been demonstrated by metabolomic measurements of glycolysis intermediates and 

increased expression of hexokinase (HK) and phosphofructokinase (PFK), two of the 

major rate-limiting enzymes in glycolysis (Cui et al., 2019a; Remels et al., 2010). 

Furthermore, observed elevations of extracellular acidification and lactate release 

suggest increased glycolysis in cachectic muscle cells (Hall et al., 2018; Pin et al., 

2022). 

With many of these metabolic disruptions occurring in the mitochondria, cachexia’s 

effect on mitochondrial structure, dynamics, and damage have been the focus of many 

studies. Several structural defects appear in mitochondria of cachectic muscle (Fontes-

Oliveira et al., 2013; Owen et al., 2019; Shum et al, 2012). Notably, loss of cristae in the 

inner mitochondrial membrane (IMM), which is the site of oxidative phosphorylation, is 

likely a major contributor to diminished ETC complex function (Shum et al., 2012). This 

membrane disruption could be a result of oxidative damage as well as changes to 

mitochondrial phospholipid composition (Antunes et al, 2014; Fontes-Oliveira et al., 

2013). Cachexia-driven mitochondria swelling, loss of IMM function, and multiple 
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vesicle-like bodies suggest that cachexia negatively alters the balance of mitochondrial 

turnover (mitophagy versus biogenesis) and dynamics (fission versus fusion) (Mofarrahi 

et al., 2012; Romanello & Sandri, 2022; VanderVeen et al., 2017). Work in models of 

cachexia show that expression of mitochondrial biogenesis factors decreases with 

concomitant increases in mitophagy factor expression (Brown et al., 2017; Franco-

Romero & Sandri, 2021; Mofarrahi et al., 2012; Penna et al., 2019b; Pin et al., 2022; 

Remels et al., 2010; White et al, 2012). Furthermore, differential expression of fusion 

and fission factors is suggested to cause deleterious mitochondrial fragmentation 

(Brown et al., 2017; Franco-Romero & Sandri, 2021; VanderVeen et al., 2017; White et 

al., 2012). Taken together, the disruption of mitochondria and upregulation of glycolysis 

factors is unable to meet the energy needs of muscle thereby causing energetic crisis. A 

significant downstream outcome of cachexia-induced energy crisis is decreased 

functionality and strength (Murphy et al, 2012; Owen et al., 2019; VanderVeen et al, 

2019; VanderVeen et al, 2018; Wyart et al., 2022). Cachexia-mediated muscle 

dysfunction is therefore likely caused by inflammation- and energetic stress that, 

through the repression of anabolism and induction of catabolic pathways, leads to a 

decrease in muscle contractile protein content/quality and energy levels. This, 

consequently, results in the reduced function of muscles and their ability to sustain 

muscle contractions (which normally requires high energy demands and the expression 

of muscle contractile proteins). 
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Figure 1.5: Mitochondrial Fusion and Fission.  

Scheme representing the effects of unbalanced mitochondrial fusion and fission on the 

activation of signaling pathways controlling muscle mass. Dashed lines indicate 

mechanisms that needs more studies. KO: Knockout, KD: Knockdown. Figures were 

created with BioRender.com. Reprinted from Romanello V, Sandri M, 2022. Implications 

of mitochondrial fusion and fission in skeletal muscle mass and health, Seminars in Cell 

& Developmental Biology. Elsevier. with permission  from Elsevier. 
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1.3 Initiation of Cachexia: Systemic and Intracellular Factors 

Cachexia is recognized as a metabolic disorder driven by inflammatory responses 

(Evans et al., 2008; Fearon et al., 2011). Due to our incomplete understanding of the 

etiology of cachexia, the mechanisms behind metabolic dysfunction and the factors 

responsible for initiating cachexia remain unknown. Expanding our understanding of the 

multiple molecular mechanisms that cause cachexia can aid in the identification of drug 

targets for its prevention or treatment. This may involve the development of 

pharmacological or nonpharmacological therapeutics (Baracos et al., 2018; Peixoto da 

Silva et al., 2020). As muscle is the principal affected tissue, research into how pro-

cachectic signaling induces muscle wasting is crucial. 
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Figure 1.6: Signaling pathways leading to muscle atrophy.  

In diverse catabolic states, multiple intracellular signalling pathways stimulate the 

expression of atrogenes and thus protein degradation via the proteasome and 

autophagy. These catabolic effects in muscle are mediated by specific transcription 

factors, including forkhead box protein O (FOXO) proteins, nuclear factor-κB (NF-κB) 

and SMAD2 or SMAD3. The activation of these transcription factors results from 

extracellular stimuli and/or from a decrease in phosphoinositide 3-kinase (PI3K)–AKT–

mammalian target of rapamycin (mTOR) signalling. This reduction in PI3K–AKT 

signaling activity results in inhibition of mTOR and protein synthesis, and together with 

the accelerated proteolysis leads to muscle atrophy. The dashed line indicates that the 

evidence for NF-κB-mediated induction of atrogene expression is tentative. ActRIIB, 

activin A receptor, type IIB; ATGs, autophagy-related genes; IGF1, insulin-like growth 

factor 1; JUNB, transcription factor JunB; MURF1, muscle-specific RING-finger 1; 

PGC1α, peroxisome proliferator-activated receptor-γ coactivator 1α; SIRT1, NAD-

dependent protein deacetylase sirtuin 1; UPS, ubiquitin–proteasome system. Reprinted 

from Cohen S, Nathan JA, Goldberg AL (2015) Muscle wasting in disease: molecular 

mechanisms and promising therapies. Nature reviews Drug discovery 14: 58-74 with 

permission from Springer Nature. 
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1.3.1 Initiators of Pro-Cachectic Signaling  

1.3.1.1 Tumor Necrosis Factor Alpha and Interferon Gamma 

Tumor Necrosis Factor Alpha (TNFα) was one of the first discovered inflammatory 

factors to induce cachexia (Beutler & Cerami, 1986; Fearon et al., 2012). Originally 

identified in early reports in the 1980s as the secreted factor cachectin, TNFα  has been 

shown to drive lethal septic shock (which is associated to cachexia-induced muscle 

wasting) (Beutler & Cerami, 1986; Beutler et al, 1985). At pathologically high levels, 

TNFα is associated with weight loss, anorexia, activation of protein degradation by the 

proteasome, and dysregulation of lipid metabolism by lipoprotein lipase inhibition and 

induction of lipolysis (Beutler & Cerami, 1986; Patel & Patel, 2017; Tisdale, 1997, 2008). 

In muscle, several studies demonstrated that TNFα promoted negative protein balance 

by inducing activation of the UPP through upregulation of ubiquitin and E3 ligase 

expression and by, furthermore, impairing protein synthesis through repression of 

translation initiation (Fearon et al., 2012; Lang et al, 2002; Li et al, 2005; Llovera et al, 

1998; Tisdale, 2008). TNFα was also found to strongly dysregulate cellular energy 

production through impairment of oxidative metabolism (Remels et al., 2010). Contrary 

to its established role in myogenesis, high concentrations of TNFα additionally impaired 

the muscle differentiation process and regeneration (Chen et al, 2007; Guttridge et al, 

2000; Tisdale, 2008). Due to these pervasive pro-cachectic effects, it was believed that 

TNFα blockade could cure cachexia (Jatoi et al, 2010). Work in animal models of 

cachexia suggested the efficacy of TNFα impairment in cachexia prevention (Jatoi et al., 

2010). Despite past successes in preclinical models, clinical trials using infliximab, a 

monoclonal antibody that blocks TNFα, in non-small cell lung cancer (NSCLS) showed 
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that TNFα inhibition did not improve patient outcome, with no effects on patient weight 

or survival. Surprisingly, patients treated with infliximab experienced a worse quality of 

life and fatigue (Jatoi et al., 2010; Wiedenmann et al, 2008). Nevertheless, the role of 

TNFα in cachexia should not be discounted as cachexia is often described as a 

multifactorial condition with various inflammatory mediators contributing to its pathology. 

In patients suffering from chronic diseases that are known inducers of cachexia (i.e., 

chronic heart failure (CHF), chronic kidney disease (CKD), chronic obstructive 

pulmonary disorder (COPD), malaria, leishmaniasis, and AIDS), serum TNFα levels are 

often increased (Remels et al., 2010; Webster et al., 2020). However, circulating TNFα 

levels are not always increased in cancer patients and elevated TNFα levels does not 

always result in cachexia (Kayacan et al, 2006; Socher et al, 1988; Tisdale, 1997, 

2008). It remains possible that the inefficaciousness of TNFα blockade in humans is due 

to cooperation of TNFα with other cytokines and redundancy in cytokine function in 

cachectic patients. 

Often observed working in conjunction with TNFα, Interferon Gamma (IFNγ) is 

another prominent cytokine implicated in cachexia. In the context of cancer, studies 

have shown that IFNγ is able to induce severe cachexia (Matthys et al, 1991a). 

Interestingly in murine models of cachexia, IFNγ blockade was shown to prevent 

wasting and impair tumor growth(Matthys et al., 1991a; Matthys et al, 1991b). Despite 

its evident role in driving wasting in these models, it does not appear that IFNγ can 

cause cachexia alone and requires other tumor-derived factors such as TNFα to drive 

its effects (Matthys et al., 1991a; Tisdale, 1997). Indeed, several studies have shown 

that TNFα and IFNγ have synergistic effects on promoting wasting by decreasing the 
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expression of the muscle protein myosin heavy chain as well as the myogenic factor 

MyoD. It has also been shown to induce activation of the UPP (Acharyya et al, 2004; Di 

Marco et al, 2005; Guttridge et al., 2000; Ma et al, 2017; Peixoto da Silva et al., 2020). 

Due to the cooperative nature of pro-cachectic cytokines, elucidating the downstream 

targets of TNFα and IFNγ can unveil targets where inflammatory signals converge to 

promote wasting. 

1.3.1.2 Interleukin 6 and Leukemia Inhibitory Factor 

A large body of work suggests that interleukin 6 (IL-6) is a major promoter of 

cachexia (Carson & Baltgalvis, 2010). IL-6 has been proposed, in the animal models of 

cachexia, to promote wasting of both adipose tissue and skeletal muscle, as well as 

causing anorexia (Baltgalvis et al, 2008; Baltgalvis et al, 2009; Bonetto et al., 2011; Han 

et al, 2018; Petruzzelli et al, 2014; Siddiqui et al, 2020; Soda et al, 1995; Strassmann et 

al, 1992). IL-6 induces activation of the innate immune system’s APR, which is 

commonly observed in cancer cachexia patients and is linked to poor outcome (Bonetto 

et al., 2011; Stephens et al., 2008). In addition, IL-6 promotes muscle proteolysis by 

stimulating the expression of the E3 ubiquitin ligase atrogin-1 (Baltgalvis et al., 2009). 

IL-6, furthermore, promotes adipose wasting by inducing lipolysis causing the 

mobilization of triglycerides in the blood resulting in the browning of adipose tissues and 

an increase in energy expenditure (Han et al., 2018; Petruzzelli et al., 2014).  

IL-6 has been associated with disease progression in cancer patients correlating with 

reduced patient survival (Fearon et al., 2012; Ramsey et al, 2019). Due to its 

prominence in late-stage disease and ability to promote cachexia, IL-6 was studied as a 

target for therapy and diagnosis as a biomarker (Kayacan et al., 2006; Kuroda et al, 
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2007; Ramsey et al., 2019; Riccardi et al, 2020; Tisdale, 1997). Similar to TNFα, IL-6 

elevation has been noted in cachectic patients suffering from CHF, CKD, or COPD 

(Webster et al., 2020). However, the correlation between the induction of IL-6 and 

cachexia remains controversial as there are conflicting reports regarding its elevation in 

relation to weight loss and its use as a biomarker (Fearon et al., 2012; Kayacan et al., 

2006; Kuroda et al., 2007; Ramsey et al., 2019; Riccardi et al., 2020). Clinical trials 

using a humanized anti-IL-6 antibody in cachectic lung cancer patients suggested 

limited efficacy of IL-6 blockade in treating cachexia contrary to observations in animal 

models using similar strategies. Indeed, studies using prominent animal models of 

cancer cachexia, such as the colon-26 (C26) adenocarcinoma model and the APCMin/+ 

mouse model, demonstrated that  muscle wasting is driven by IL-6 elevation and activity 

(Baltgalvis et al., 2008; Baltgalvis et al., 2009; Bonetto et al, 2016; Carson & Baltgalvis, 

2010; Soda et al., 1995; Strassmann et al., 1992). Although impairment of IL-6 in clinical 

trials reversed symptoms such as anorexia, fatigue, and anemia, it did not prevent loss 

of lean body mass in clinic (in contrast to the animal models described above) 

(Baltgalvis et al., 2008; Bayliss et al, 2011; Carson & Baltgalvis, 2010; Strassmann et 

al., 1992). Nevertheless, the importance of IL-6 should not be ignored as other factors 

could have compensated for its activity in the IL-6 antibody treated patients (Bayliss et 

al., 2011). Indeed IL-6 is a member of a larger family of cytokines which are classified 

by their use of a common receptor subunit glycoprotein 130 (gp130) (Rose-John, 2018). 

Approaching IL-6 inhibition by blocking the receptor could prove more fruitful as it would 

also impair other family members which also have pro-cachectic functions such as 

Leukemia Inhibitory Factor (LIF) (Ando et al, 2013; Zhang et al, 2021). 
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Several recent studies have highlighted the role of LIF in driving cachexia and its 

ability to potentiate pro-cachectic mechanisms associated with IL-6 (Jorgensen & de la 

Puente, 2022; Zhang et al., 2021). Studies on LIF have focused on its role in promoting 

cachexia in mouse models (mainly the C26) of the syndrome (Zhang et al., 2021), 

(Arora et al, 2020; Arora et al, 2018; Kandarian et al, 2018; Seto et al, 2015). In the C26 

model, tumor-mediated elevation of LIF is involved in many cancer-driven cachectic 

effects. In vitro studies using conditioned media of C26 cells showed that LIF is a 

primary factor involved in promoting wasting of cultured myotubes (Seto et al., 2015). In 

addition, in vivo experiments using the C26 model demonstrated that LIF signaling is 

critical in the induction of systemic inflammation in these tumor bearing mice (Kandarian 

et al., 2018). Systemic LIF elevation, either released by the tumor or by injection of 

recombinant protein, was shown to cause atrophy of muscles, anorexia, and lipolysis 

that drives adipose tissue wasting (Arora et al., 2020; Arora et al., 2018; Kandarian et 

al., 2018). Interestingly, LIF was able to promote these effects in IL-6 knockout mice, 

suggesting its ability to compensate for IL-6 blockade (Arora et al., 2020). In these 

studies, methods to impair LIF activity were utilized and included LIF neutralizing 

antibodies (Arora et al., 2018; Kandarian et al., 2018; Seto et al., 2015), antibodies that 

neutralize the LIF receptor subunit gp130 (Arora et al., 2018), introduction of miRNA 

miR-29c (that downregulates LIF expression) (Xie et al, 2021), and inhibiting 

downstream LIF signaling with small molecules (Arora et al., 2020; Seto et al., 2015). 

Utilization of such strategies in future translational studies focused on cachexia in 

humans offer an interesting alternative to IL-6 blockade which has been shown to not be 

sufficient to reverse wasting and improve patient survival (Bayliss et al., 2011).  
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1.3.1.3 Interleukin 1 

A prominent factor in systemic inflammatory responses, interleukin 1 (IL-1) has been 

studied as a potential biomarker and driver of cachexia (McDonald et al, 2018; 

Porporato, 2016). Elevation of IL-1 has been associated with cancer cachexia as well as 

CHF-induced cachexia (Laird et al, 2021; Peixoto da Silva et al., 2020; Porporato, 2016; 

Sadeghi et al, 2018; Webster et al., 2020). IL-1 has two isoforms with mainly redundant 

functions, IL-1α and IL-1β, which both promote inflammation by stimulating the 

expression of various cytokines (Laird et al., 2021; McDonald et al., 2018). The 

expression of these isoforms is differentially regulated, with IL-1β being only expressed 

upon inflammation while IL-1α being constitutively expressed (although it’s expression 

can also upregulated with inflammation) (Voronov et al, 2013). IL-1 has been implicated 

in promoting tumor metastasis, which could contribute to its pro-cachectic effects as 

cancer cachexia is often associated with late-stage, metastatic disease (McDonald et 

al., 2018; Tomasin et al, 2019). IL-1 is believed to contribute to muscle wasting by also 

disrupting the ability of the central nervous system (CNS) to regulate systemic 

metabolism. Shown to have anorexigenic effects, IL-1 causes hypothalamic dysfunction 

through increases in systemic tryptophan and serotonin levels that trigger early satiety. 

In addition, IL-1 has been associated with stimulation of hypothalamic neuronal 

populations which initiate muscle proteolysis and adipose tissue lipolysis (Laird et al., 

2021; McDonald et al., 2018). Despite these pro-cachectic effects, the causative 

relationship between IL-1 and cachexia has been questioned as there are studies 

showing that IL-1 antagonism in animal models of cachexia is ineffective at reversing 

muscle wasting and that physiological doses of IL-1 do not affect food intake or weight 
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(Albrecht, 1996; Peixoto da Silva et al., 2020; Porporato, 2016; Tisdale, 1997). As the 

primary pro-cachectic effects of IL-1 target the CNS, these past attempts at deducing 

the role of IL-1 in the etiology of cachexia and treating the condition in animal models 

may have failed due to their inability to impair IL-1 that has crossed the blood-brain 

barrier. To offer a better chance of success, future studies assessing the therapeutic 

potential of IL-1 blockade should consider the limitations of many drugs which cannot 

enter the brain from circulation. 

1.3.1.4 Myostatin, Activin A, and Growth Differentiation Factor 11 

Myostatin, Activin A, and Growth Differentiation Factor 11 (GDF11) belong to the 

transforming growth factor-β (TGFβ) family of factors that maintain muscle function by 

regulating their development, growth, and differentiation (Egerman & Glass, 2014, 2019; 

Suh & Lee, 2020). These “myokines” limit muscle growth by negatively affecting muscle 

mass and signal through the Activin Type II B (ActRIIB) receptor (Elkina et al, 2011). 

Interestingly, genetic depletion of myostatin or inhibition of the ActRIIB receptor causes 

hypertrophy in animal models (Elkina et al., 2011; Lach-Trifilieff et al, 2014). Despite 

sharing redundant functions, these myokines are likely distinct in their roles. GDF11 and 

Activin A are believed to have higher potencies compared to myostatin (Egerman & 

Glass, 2019; Hammers et al, 2017; Suh & Lee, 2020). Furthermore, the expression of 

GDF11 and myostatin is differentially regulated throughout the lifespan of an organism 

as increase of GDF11 with age has been associated with sarcopenia despite the 

concurrent decrease of myostatin (Brun & Rudnicki, 2015; Egerman et al, 2015; 

Egerman & Glass, 2019). Due to their pervasive role as negative regulators of muscle 

growth and links to sarcopenia, these myokines therefore represent attractive subjects 
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of study in cachexia. Indeed, administration of excess levels of myostatin, Activin A, or 

GDF11 cause significant muscle atrophy and dysfunction (Chen et al, 2014; Hammers 

et al., 2017; Zimmers et al, 2002; Zimmers et al, 2017). Recombinant GDF11 

administration has also been shown to induce anorexia through its upregulation of the 

anorexigenic factor GDF15 (Jones et al, 2018). Despite these pro-cachectic effects, the 

clinical relevance of these myokines in causing cachexia is still under debate. It is 

unclear how the expression of these myokines is altered in cachectic patients. Activin A 

is reported to be elevated in inflammatory diseases which can cause cachexia (Fearon 

et al., 2012; Loumaye & Thissen, 2017). In line with this, limited reports in cancer 

patients suggest that Activin A is upregulated in cachectic patients and patients with 

poor prognosis, while myostatin levels are decreased (Loumaye et al, 2015; Loumaye et 

al, 2017; Loumaye & Thissen, 2017). Conversely, the expression of myostatin was 

shown to be increased in cachectic patients suffering from AIDS and COPD suggesting 

that each condition has a unique set of myokines responsible for promoting wasting 

(Argilés et al, 2012). Work in preclinical models support this notion and emphasize the 

importance of cachexia-induced alteration of the balance between myokines and 

negative regulators such as follistatin causing an overall increase in ActRIIB signaling to 

promote wasting (Argilés et al., 2012; Costelli et al, 2008; Fearon et al., 2012; Loumaye 

& Thissen, 2017). 

Studies using preclinical models of cachexia indicated that inhibition of these 

myokines either individually or through blockade of the ActRIIB receptor was a 

promising therapeutic strategy (Argilés et al., 2012; Busquets et al, 2012; Chen et al, 

2017; Gallot et al, 2014; Hatakeyama et al, 2016; Klimek et al, 2010; Lach-Trifilieff et al., 
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2014; Smith et al, 2015; Zhou et al, 2010). Antibody-mediated inhibition of the ActRIIB 

receptor was shown to prevent muscle wasting and improve survival of mice affected by 

cachexia inducing cancers (Busquets et al., 2012; Hatakeyama et al., 2016; Klimek et 

al., 2010; Zhou et al., 2010). With this body of evidence suggesting the efficacy of 

impairing ActRIIB signaling in curing cachectic muscle wasting, antibody therapies 

against myostatin (LY2495655, Landogrozumab) and ActRIIB (BYM338, Bimagrumab) 

were tested in clinic (Cohen et al., 2015; Golan et al, 2018; Nielsen et al, 2021; Smith et 

al., 2015). Despite the success of LY2495655 in preserving muscle mass and strength 

in C26 tumor-bearing mice, human trials in pancreatic cancer patients showed no 

clinical benefit to myostatin inhibition (Golan et al., 2018; Smith et al., 2015). Similarly, 

ActRIIB inhibition with BYM338 failed to prevent cachexia in patients with lung or 

pancreatic cancer (Nielsen et al., 2021; Shyh-Chang, 2017). Like the setbacks faced by 

TNFα and IL-6 blockade, myostatin and ActRIIB inhibition may potentially be 

compensated for by other factors which trigger similar downstream pathways that lead 

to wasting. 

1.3.2 Pro-Cachectic Transcription Factors 

As highlighted above, muscle wasting is associated with many pro-inflammatory 

cytokines whose primary function is to initiate various downstream signaling pathways 

in target tissues. The effects of activation of pro-cachectic signaling pathways are 

marked by transcriptional changes in muscle. These alterations in gene expression are 

driven by several key, pro-cachectic transcription factors, notably forkhead box protein 

O (FOXO) family proteins, SMAD2 and 3, Nuclear Factor kappa B (NF-κB), and Signal 
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Transducer and Activator of Transcription 3 (STAT3).  A description of each and their 

role during cachexia-induced muscle wasting is presented below. 

1.3.2.1 SMAD2, SMAD3, and FOXO 

Downstream signaling of the TGFβ family members myostatin, Activin A, and GDF11 

is primarily mediated by members of the Smad family of transcription factors, SMAD2 

and SMAD3 (Egerman & Glass, 2014; Elkina et al., 2011; Sartori et al., 2009). Similar to 

inhibition of myostatin and ActRIIB, inhibition of SMAD2/3 causes hypertrophy (Sartori 

et al., 2009). On the other hand, activation of SMAD2/3 signaling decreases protein 

synthesis (by inhibiting AKT phosphorylation) and increases protein degradation to 

block muscle growth (Chen et al., 2014; Cohen et al., 2015; Zhou et al., 2010). 

SMAD2/3 signaling promotes protein degradation by preventing AKT-mediated 

inhibition of FOXO transcription factors, which are key activators of muscle-specific 

protein degradation pathway (Chen et al., 2017; Chen et al., 2014; Cohen et al., 2015; 

Zhou et al., 2010). FOXO proteins are known to translocate to the nucleus and induce 

the expression of the E3 ligases Murf1 and atrogin-1, which promote proteasome 

degradation during muscle wasting. They have also been implicated in stimulating the 

expression of genes involved in autophagy (Fearon et al., 2012; Franco-Romero & 

Sandri, 2021). Some of the downstream effects of SMAD2/3 signaling in cachectic 

conditions, such as FOXO induction and atrogene expression, are not unique products 

of SMAD2/3 activity as several pro-cachectic stimuli have been noted to activate these 

factors (Baracos et al., 2018; Cohen et al., 2015; Egerman & Glass, 2014; Webster et 

al., 2020). Therefore, elucidating the points of convergence of the many pro-cachectic 

pathways can allow for the development of novel therapeutic strategies that target the 
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final executors of cachexia that drive muscle wasting, which have the advantage of 

avoiding upstream redundancies.  

1.3.2.2 NF-κB 

NF-κB is often described as a major regulator of inflammatory signaling, integrating 

the extracellular stimuli of cytokines including TNFα, IL-1, and proteolysis-inducing 

factor (PIF) and intracellular stimuli such as oxidative stress (Peixoto da Silva et al., 

2020; Tisdale, 2009; von Haehling et al, 2002). NF-κB activity is regulated through its 

sub-cellular localization. Under normal conditions, NF-κB is found in an inactive state in 

the cytoplasm due to its binding to the Inhibitor of κB (IκB) protein (Guttridge, 2004). 

During inflammatory conditions, however, activation of cells results in the 

phosphorylation of IκB by the IkB kinase (IKK) leading to its degradation. This thereby 

allows NF-κB to translocate from the cytoplasm to the nucleus where it can mediate the 

transcription of its target genes (Guttridge, 2004). NF-κB has been reported to 

contribute to the onset of cachexia through the induction of several, distinct 

mechanisms. The importance of this factor has been demonstrated in functional studies 

where NF-κB ablation prevented cachexia, while its overactivation induced wasting (Cai 

et al, 2004; Wysong et al, 2011). As a central node of inflammatory responses, NF-κB 

has been shown to promote the expression of TNFα and IL-6 during cachexia 

(Guttridge, 2004; Zhou et al, 2003). Interestingly, this function has been reported in 

other inflammatory contexts such as rheumatoid arthritis where NF-κB is associated 

with similar increases in TNFα, IL-6, and IL-1 expression (Liu et al, 2017; von Haehling 

et al., 2002). The regulation of cytokine transcription by NF-κB suggests the presence of 

a positive feedback loop where NF-κB promotes the expression of TNFα and IL-1 that, 
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in turn, act in an autocrine manner to further activate NF-κB (Guttridge, 2004; Zhou et 

al., 2003). Downstream of this pro-inflammatory effect, a well-documented mechanism 

in skeletal muscle by which NF-κB promotes wasting is through activation of FOXO, 

increased expression of muscle specific-E3 ligases, and increased expression of UPP 

factors to favor negative protein balance (Cai et al., 2004; Fearon et al., 2012; Webster 

et al., 2020; Wyke & Tisdale, 2005). Indeed, NF-κB-induced protein degradation has 

been shown to target key muscle proteins such as the myogenic protein myosin heavy 

chain (MyHC) (Acharyya et al., 2004; Fearon et al., 2012; Li & Reid, 2000; Wyke & 

Tisdale, 2005).  

NF-κB activity has also been implicated in disrupting the myogenic program that 

regulates the differentiation and maintenance of skeletal muscle (Di Marco et al., 2005; 

Guttridge et al., 2000). In vitro studies have shown that NF-κB is involved in 

downregulating the expression of several MRFs, including MyoD leading to muscle 

wasting (Di Marco et al., 2005; Guttridge et al., 2000). NF-κB-mediated increase in the 

expression of the transcription factor paired box 7 (Pax7) in muscle progenitor cells is 

another mechanism through which it affects the expression of MRFs (He et al, 2013). 

Pax7 regulates myogenesis at multiple levels and stimulates the proliferation and 

survival of muscle progenitor cells (Kuang et al, 2006). Pax7 depletion allows for the 

induction of the MRFs MyoD and myogenin, permitting proper determination and fusion 

of muscle progenitor cells into muscle fibers (He et al., 2013). The sustained elevation 

of Pax7 and impairment of MyoD and myogenin induction in cachectic muscle therefore 

disrupts muscle maintenance and allows for accumulation of muscle fiber damage 
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thereby enhancing wasting (He et al., 2013). Nevertheless, the NF-κB-dependent 

factors that sustain Pax7 elevation have not been identified. 

1.3.2.3 STAT3 

STAT3 is a well-established downstream mediator of signaling from several pro-

cachectic cytokines including IL-6, IL-6 family member cytokines, and IFNγ. STAT3, 

over the years, has increasingly been recognized as a central factor in muscle wasting 

(Zimmers et al., 2016). Canonical STAT3 function is regulated through control of its 

dimerization. This regulatory switch is managed by Janus Kinase (JAK) mediated 

phosphorylation of STAT3 at the tyrosine residue Y705, which occurs when upstream 

receptors are activated and JAKs and STAT3 are recruited to them. Phosphorylation of 

Y705 allows for STAT3 to dimerize and amass in the nucleus where it can promote or 

negatively affect transcription of genes involved in inflammatory responses and several 

pro-tumorigenic functions in disease contexts (Zimmers et al., 2016). Other 

modifications of STAT3 have been reported, such as the phosphorylation of serine 

S727 that promotes STAT3 association with cofactors, but the importance of these 

modifications in cachectic muscle are not established (Ma et al., 2017; Zimmers et al., 

2016). Nevertheless, in mouse models of cancer cachexia, increased pY705-STAT3 

levels in muscle and increased pS727-STAT in liver and adipose tissue have been 

reported (Zimmers et al., 2016). 

With a wide range of functions in tissues (e.g., muscle, liver, tumor, adipose, and 

hypothalamus) linked in the complex etiology of cachexia, the contribution of STAT3 to 

wasting is multifaceted (Zimmers et al., 2016). Initial studies assessing the function of 

STAT3 in cachexia highlighted its role as a downstream effector of IL-6 in muscle and 
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liver. Activation of STAT3 in muscle caused wasting, while its inhibition prevented 

atrophy (Bonetto et al., 2012; Bonetto et al., 2011; Ma et al., 2017; Mubaid et al, 2019). 

This has been corroborated by recent studies which demonstrated that tumor-derived 

and macrophage-derived factors induce STAT3 activation in muscle to promote wasting 

(Hu et al, 2019; Shukla et al, 2020). Interestingly work from our lab has shown that 

STAT3 induction and activation in cachectic muscle is regulated post-transcriptionally 

by the RNA binding protein (RBP) Human antigen R (HuR) (Mubaid et al., 2019). In this 

study, HuR was found to bind the STAT3 mRNA and promote its translation by 

preventing miR-330-mediated translation inhibition (Mubaid et al., 2019). Our lab has 

also shown that STAT3 has IL-6 independent functions during cachexia and is 

responsive to TNFα and IFNγ (Ma et al., 2017). In characterizing these IL-6 

independent functions, our lab identified a novel function of STAT3 in that it formed a 

complex with NF-κB to promote transcription of the pro-cachectic effector such as 

inducible nitric oxide synthase (iNOS) (Ma et al., 2017). Impairment of this STAT3/NF-

κB-mediated function importantly had anti-cachectic effects (Ma et al., 2017). Another 

mechanism by which STAT3 promotes muscle loss is, in part, due to its activation of the 

UPP, which was postulated to supply amino acids for the production of APR proteins in 

both muscle and liver (Bonetto et al., 2012; Bonetto et al., 2011; Zimmers et al., 2016). 

As STAT3 is an essential factor in the induction of the APR, STAT3-mediated protein 

degradation can positively regulate this function (Zimmers et al., 2016). Indeed, work in 

animal models of cachexia associated STAT3 activation with increased expression of 

atrogenes in muscle and elevated levels of APR proteins in both skeletal muscle and 

liver (Bonetto et al., 2012; Bonetto et al., 2011; Zimmers et al., 2016). In cancer and 
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CKD-induced cachexia, STAT3-mediated expression of the CAAT/enhancer-binding 

protein δ (C/EBPδ) transcription factor has been shown to contribute to increased 

atrogene expression. C/EBPδ facilitates this function by inducing myostatin expression, 

promoting FOXO activity and muscle catabolism (Silva et al, 2015; Zhang et al, 2013). 

The above observations on STAT3-mediated activation of C/EBPδ and IL-6 

independent functions of STAT3 suggests that the crosstalk between pro-cachectic 

pathways can complicate the treatment of cachexia. Therapeutic strategies that target 

upstream factors can potentially be compensated for by redundant activation methods 

for master regulators of the syndrome. 

Recent studies have highlighted the role of STAT3 in intercellular communication 

between muscle, adipose tissue, and tumors through extracellular vesicles (EVs) to 

drive wasting in target tissues (Fan et al, 2022; Hu et al., 2019). With growing attention 

to the function of tumor derived EVs in cancer pathogenesis, assessing their role in 

cachexia could offer new insight into the etiology of the syndrome. In a series of studies, 

STAT3 was involved in not only the biogenesis of tumor derived EVs, but also the 

induction of atrogene expression in response to EV signals (Fan et al., 2022; Hu et al., 

2019). Another potential means through which STAT3-mediated EV communication 

could promote wasting is through dysregulation of myogenesis and cellular metabolism 

in target tissues (Pin et al., 2022).  

With its wide-ranging pro-cachectic functions, targeting STAT3 activity remains an 

attractive target in the prevention of cachexia. Studies in preclinical animal models have 

utilized both direct (C188-9) (Silva et al., 2015; Zhang et al., 2013) and indirect inhibitors 

(through either IL-6 signaling blockade (Miller et al, 2017) or JAK1/2 inhibition 
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(ruxolitinib) (Arora et al., 2020; Seto et al., 2015)) to successfully treat cachexia. These 

findings suggest that employment of these drugs in treating cachexia in clinical trials 

could be promising. Indeed, ruxolitinib was shown to increase survival and quality of life 

in patients with myelofibrosis by preventing the onset of cachexia (Mesa et al, 2015; 

Verstovsek et al, 2017). Despite this, the use of ruxolitinib has proven unsuccessful in 

improving patient survival of pancreatic cancer where cachexia is very prevalent 

(Hurwitz et al, 2018). It is likely that the efficacy of JAK/STAT blockade in prevention of 

cachexia in myelofibrosis is due to treatment of the overlying condition which ruxolitinib 

did not accomplish in pancreatic cancer trials. Furthermore, differential regulation of 

JAK/STAT pathway activation between myeloproliferative cancers to pancreatic cancer 

could potentially explain this difference in effectiveness (Hurwitz et al., 2018). Therefore, 

use of clinically viable STAT3 inhibitors may prove more efficacious to improve survival 

and alleviate cachexia in pancreatic cancer patients. 

1.3.3 Inducible Nitric Oxide Synthase and Cachexia 

An accumulating body of work from our group and others has shown that NF-

κB/STAT3-dependent iNOS induction is strongly correlated with cachectic muscle 

wasting (Adams et al, 2003; Agusti et al, 2004; Buck & Chojkier, 1996; Di Marco et al, 

2012; Di Marco et al., 2005; Ma et al., 2017). iNOS is one of three nitric oxide synthase 

(NOS) enzymes, distinguished by its robust induction during inflammation (Bogdan, 

2001). Indeed, all three NOS isoforms (i.e., iNOS, endothelial NOS (eNOS), and 

neuronal NOS (nNOS)) can be expressed in skeletal muscle, however, iNOS is more 

strongly induced in response to cachectic stimuli such as lipopolysaccharide (El-Dwairi 

et al, 1998; Hussain et al, 1997). NOS enzymes produce a bioactive gas named nitric 
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oxide (NO) from the breakdown of L-arginine to L-citrulline, but iNOS in particular 

produces very high levels of NO compared to other NOS enzymes and physiologically 

iNOS derived NO is utilized to fight infection (Bogdan, 2001). However, our current 

understanding of the mechanisms behind iNOS-driven cachectic effects remains limited.  

 
Figure 1.7: Active NF-κB pathway is required for the rapid translocation of pY-

STAT3 to the nucleus during IFNγ/TNFα-induced muscle wasting.  

Model depicting how STAT3 promotes cytokine-induced muscle wasting. The cytokines 

IFNγ and TNFα act synergistically by activating STAT3 via phosphorylation on its Y705 

residue. Following the degradation of IκBα (not shown here), pY-STAT3 translocates to 

the nucleus as a complex with NF-κB and upregulates the expression of iNOS, leading 

to the activation of the iNOS/NO pathway, which in turn promotes muscle wasting. 

Reprinted from Ma JF, Sanchez BJ, Hall DT, Tremblay AMK, Di Marco S, Gallouzi IE 

(2017) STAT 3 promotes IFN γ/TNF α‑induced muscle wasting in an NF‑κB‑dependent 

and IL‑6‑independent manner. EMBO molecular medicine 9: 622-637 with permission 

from John Wiley and Sons. 

In wasting muscle, pro-inflammatory cytokine-stimulated iNOS expression results in 

pathologically high levels of NO (Anavi & Tirosh, 2020; Hall et al, 2011; Powers et al, 
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2016). Work from our group and others has demonstrated that iNOS function is vital in 

driving cachexia-induced muscle wasting. Initial work on iNOS demonstrated that its 

induction by TNFα and associated NO production/oxidative stress caused wasting, and 

importantly iNOS inhibition prevented this effect (Buck & Chojkier, 1996). Following this 

study, our group demonstrated that the previously observed NF-κB-mediated decay of 

the MyoD mRNA during cachexia requires iNOS expression (Di Marco et al., 2005). 

Under these conditions, the increased expression of iNOS occurs due to the increased 

stability of the iNOS message as a result of the binding of HuR to an AU-rich element in 

the 3’untranslated region (UTR). (Di Marco et al., 2005). This work also demonstrated 

that the downregulated expression of MyoD is dependent on the production of the free 

radical peroxynitrite (ONOO-) which is formed from the reaction of NO with free oxygen 

radicals including superoxide (O2
-) (Di Marco et al., 2005). Noting the potential 

therapeutic benefit of iNOS impairment, further work by our group demonstrated that 

indirect means of iNOS impairment through inhibition of its expression prevented 

wasting both in in vitro and in vivo models of wasting (Di Marco et al., 2012; Hall et al., 

2018; Ma et al., 2017). The expression of iNOS has been shown to increase in several 

cachexia models and samples from heart failure, cancer, and COPD patients 

suggesting the pervasive action of iNOS in various types of cachexia (Adams et al., 

2003; Agusti et al., 2004; Arneson-Wissink & Doles, 2021; Buck & Chojkier, 1996; Di 

Marco et al., 2012; Di Marco et al., 2005; Hall et al., 2018; Ma et al., 2017; Powers et 

al., 2016; Ramamoorthy et al, 2009).  

Although not studied in cachexia models, iNOS has been associated with the 

pathogenesis of several metabolic diseases reviewed in (Anavi & Tirosh, 2020). 
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Interestingly, a study printed after the publication of work presented in Chapter 2 has 

also linked iNOS-driven metabolic defects in myoblasts to impaired differentiation likely 

explaining previously described NF-κB-mediated disruption of muscle repair in cancer 

models of cachexia (Arneson-Wissink & Doles, 2021; He et al., 2013). Therefore, with 

our current understanding of the metabolic dysfunctions occurring in cachexia, the 

importance of iNOS in cachexia progression, and the links between iNOS and metabolic 

disease, it is possible that iNOS disrupts differentiated skeletal muscle metabolism to 

cause muscle wasting.  

 
Figure 1.8: iNOS regulates glucose and lipids metabolism under inflammatory 

conditions.  

iNOS activation promotes hepatic glucose output which diminishes muscle and adipose 

tissue glucose uptake. Subsequently, adequate glucose supply is available for pro-

inflammatory immune cells utilization. Activation of iNOS further results in elevated 

blood fatty acids/triglycerides levels at least, in part, by stimulating adipose tissue 

lipolysis and/or hepatic VLDL secretion. FA, fatty acids; HGO, hepatic glucose output; L-

Arg, L-Arginine; iNOS, inducible nitric oxide synthase; OXPHOS, oxidative 

phosphorylation; TG, triglycerides; VLDL, very low-density lipoprotein. Reprinted from 

Anavi S, Tirosh O (2020) iNOS as a metabolic enzyme under stress conditions. Free 

Radical Biology and Medicine 146: 16-35 with permission from Elsevier. 
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As mentioned above, several studies have shown that iNOS impairment has anti-

cachectic effects in in vitro and in vivo models of cachexia (Arneson-Wissink & Doles, 

2021; Buck & Chojkier, 1996; Di Marco et al., 2012; Di Marco et al., 2005; Hall et al., 

2018; Hall et al., 2011; Ma et al., 2017). A group of these studies utilized direct small 

molecule inhibitors including aminoguanidine (AMG), nitro-L-arginine, or 1400W to 

inhibit iNOS (Arneson-Wissink & Doles, 2021; Buck & Chojkier, 1996; Di Marco et al., 

2005). Despite their utility in discerning the therapeutic potential of iNOS inhibition in 

treating cachectic muscle wasting these drugs have not successfully undergone clinical 

development. An iNOS inhibitor called GW274150 (GW) has been tested up to phase II 

clinical trials to treat migraines, rheumatoid arthritis, and asthma showing efficient iNOS 

inhibition in clinical settings without major side effects (Høivik et al, 2010; Seymour et al, 

2012; Víteček et al, 2012). Although the effectiveness of GW in treating these conditions 

was not an improvement compared to existing drugs (Høivik et al., 2010; Seymour et 

al., 2012; Víteček et al., 2012), clinically viable iNOS inhibitors could hold promise in 

treating cachexia which currently has no effective therapies.  

In addition to small molecule drugs targeting iNOS, indirect means of impairment 

have also been explored (Di Marco et al., 2012; Hall et al., 2018; Ma et al., 2017). Of 

particular interest to the data presented in Chapter 3 is previous work by our lab using a 

eukaryotic initiation factor-4A (eIF4A) inhibitor called Pateamine A (PatA) in treating 

cachectic muscle wasting (Di Marco et al., 2012). eIF4A is an ATP-dependent RNA 

helicase and is the most abundant member of the eIF4F complex that also contains 

eIF4G and eIF4E (Pelletier et al, 2015). eIF4A has two isoforms involved in mediating 

the initiation of translation which are nearly identical in humans and mice, eIF4AI and 
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eIF4AII (Chu & Pelletier, 2015; Pelletier et al., 2015). eIF4A unwinds secondary 

structure in the 5’UTR of mRNAs allowing for recruitment of the 43S preinitiation 

complex (Pelletier et al., 2015). PatA inhibits eIF4A by causing eIF4A to irreversibly 

clamp onto transcripts resulting in its depletion (Bordeleau et al, 2008). Our lab’s work 

demonstrated that PatA prevented iNOS translation to deplete iNOS levels thereby 

preventing TNF/IFN-induced loss of MyoD and myogenin mRNA expression (Di 

Marco et al., 2012). Interestingly, eIF4A inhibitors are known to have anti-inflammatory 

and anti-cancer effects due to their ability to inhibit the selective translation of groups of 

pro-tumorigenic/inflammatory transcripts with secondary structure in their 5’UTR, which 

makes them sensitive to eIF4A depletion/inhibition (Bordeleau et al., 2008; Chu & 

Pelletier, 2015; Romo et al, 2004; Singh et al, 2021; Zhang et al, 2020). Due to the 

irreversible nature of its mechanism of action, PatA is regarded as toxic therefore 

discouraging its use in clinical settings (Bordeleau et al., 2008; Chu & Pelletier, 2015). 

Other inhibitors of eIF4A were proposed as promising therapeutic agents to treat cancer 

as well as inflammation-induced conditions. These include steroids such as 

Hippuristanol (Hipp) and rocaglates such as Silvestrol derivatives (Chu & Pelletier, 

2015; Taroncher-Oldenburg et al, 2021). The rocaglate silvestrol has a similar 

mechanism of action to PatA where it depletes eIF4A by stimulating its association with 

mRNAs. This interaction is however reversible suggesting the potential of rocaglates as 

therapeutics to treat inflammatory induced conditions(Chu & Pelletier, 2015; Pelletier et 

al., 2015). Indeed, very recently the rocaglate Zotatifin (eFT226) entered Phase I trials 

as an antiviral and is in Phase 1-2 trials against solid tumor cancers (Taroncher-

Oldenburg et al., 2021). In contrast to PatA and rocaglates, the steroid Hipp 
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allosterically inhibits eIF4A by shifting eIF4A into an inactive conformation (Chu & 

Pelletier, 2015; Pelletier et al., 2015). Because of the high selectivity of Hipp for eIF4A 

compared to other related helicases and the more favorable therapeutic characteristics 

of Hipp compared to PatA, the use of this compound to treat cachexia-induced muscle 

wasting could prove fruitful (Chu & Pelletier, 2015). 

1.3.3.1 Role of Reactive Oxygen/Nitrogen Species in Impairing Energy 

Metabolism 

Highlighted in the previous sections above are a multitude of inflammatory and 

metabolic alterations that occur in cachexia. These pro-inflammatory and, importantly, 

metabolic insults are associated with oxidative stress causing dysfunction of key 

enzymes (e.g., ETC complexes, AKG dehydrogenase, aconitase) (Der-Torossian et al., 

2013b; Owen et al., 2019; Penna et al, 2020; Wyart et al., 2022). Oxidative stress and 

its subset nitrosative stress originate from two sources in cachectic muscle, reactive 

oxygen species (ROS) such as superoxide and reactive nitrogen species (RNS) such as 

NO and peroxynitrite (Hall et al., 2011; Owen et al., 2019). During inflammation, ROS 

can be produced through several means, including NADPH oxidase (Nox) activity and 

defective ETC complex activity, while NO is produced by iNOS (Ábrigo et al., 2018; 

Powers et al., 2016). ROS and RNS add post-translational modifications (PTM) to 

proteins leading to their dysfunction or degradation (Barreiro et al, 2005; Radi, 2018). 

ROS normally modify proteins through irreversible carbonylation, while NO mediates the 

S-nitrosylation of proteins producing labile nitrocysteine residues, and peroxynitrite 

irreversibly nitrates proteins on tyrosine residues producing 3-nitrotyrosine (3NT) 

(Agrawal et al, 2020; Barreiro et al., 2005; Owen et al., 2019). NO also can impair metal 
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centers (e.g., iron-sulfur (Fe-S) clusters) of proteins that are often essential for function 

(e.g., ETC complexes) (Radi, 2018). Regarding their role in cachexia, several studies 

have reported significant increases in total protein carbonylation and nitration in 

cachectic muscle, which are even able to persist in muscle after recovery from 

cachexia-causing illness for as long as 2-4 weeks causing long-term mitochondrial 

dysfunction and functional deficit (Barreiro et al., 2005; Owen et al., 2019; Wyart et al., 

2022). Furthermore, mitochondrial proteins specifically exhibit significant increases in 

carbonylation and nitration in cachectic muscle (Antunes et al., 2014; McLean et al, 

2014; Padrão et al, 2013). In line with this, a study on the role of NOS enzymes in 

muscle mitochondria found that endotoxemia led to increased production of 

mitochondrial NO, superoxide, and hydrogen peroxide which can lead to  dysfunction 

through increased peroxynitrite formation (Alvarez & Boveris, 2004). Interestingly, 

similar observations have been made in aged rat cardiac muscle samples subjected to 

proteomic studies where a wide array of nitrated mitochondrial and metabolic proteins 

were identified (Kanski et al, 2005).  
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Figure 1.9: Mechanisms of oxidative stress-induced muscle wasting.  

ROS/RNS imbalance, due to insufficient muscle cell adaptation, directly and indirectly 

generate distinct intracellular ‘‘Signals’’ that in turn activate ‘‘Effector’’ proteins/systems 

eventually leading to most of the alterations observed in cancer-induced muscle wasting 

(Outcome). NMJ, neuromuscular junction; OxPhos, oxidative phosphorylation; ox-

stress, oxidative stress; RNS, reactive nitrogen species; ROS, reactive oxygen species. 

Reprinted from Penna F, Ballaro R, Costelli P (2020) The redox balance: a target for 

interventions against muscle wasting in cancer cachexia? Antioxidants & Redox 

Signaling 33: 542-558 with permission from Mary Ann Liebert, Inc. 

In cachectic muscle, detrimental ETC complex function is suggested to be a major 

source of ROS associated with cytokine function (Powers et al., 2016). Indeed, 

OXPHOS dysfunction can appear as soon as 2 hours after exposure to cachectic stimuli 

and is correlated with significant increases in oxidative stress over extended periods 

(McLean et al., 2014). Drastic increases of β-oxidation in cachectic muscle can also 

contribute to early ROS production through a Complex III-mediated mechanism 

(Fukawa et al., 2016; Rosca et al, 2012; Seifert et al, 2010). Interestingly, work in other 

systems has shown that NO production can inhibit ETC function through a two-phase 
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mechanism (Radi, 2018). First, NO can reversibly inhibit complex IV by outcompeting 

oxygen binding to its heme group leading to electron leakage and superoxide 

production. Next, peroxynitrite is formed by a reaction between NO and newly 

generated mitochondrial superoxide and can irreversibly inhibit complexes I and II 

through nitration, which are further impaired through modification by ROS and NO 

(Radi, 2018). However, the functional relevance of these OXPHOS inhibiting 

mechanisms and the importance of iNOS in driving them in cachectic muscle has not 

been demonstrated.  

The iNOS/NO/ONOO- activity has also been shown to impair redox mechanisms in 

other systems (Radi, 2018). Under physiological conditions, superoxide is mainly 

processed by superoxide dismutase (SOD) enzymes to form hydrogen peroxide. SOD 

enzymes act in competition with NO though with basal levels of peroxynitrite being 

produced since the rate of reaction between NO and superoxide is much higher than 

superoxide and SODs (Radi, 2018). Under cachectic conditions where NO levels can 

drastically increase, NO likely outcompetes SOD enzymes allowing for accumulation of 

peroxynitrite and nitrosative stress. Interestingly, due to the kinetics of the reaction 

between NO or SODs with superoxide, induction of SOD expression cannot completely 

block peroxynitrite formation by NO as long as NO is continuously produced (Radi, 

2018). To further impair oxidant defense, peroxynitrite can modify and inhibit the 

mitochondrial antioxidant protein manganese SOD (MnSOD) through nitration of 

tyrosine-34 within the active site (Demicheli et al, 2016; MacMillan-Crow et al, 1996). 

Examining the presence of these iNOS/NO/ONOO--mediated mechanism in cachectic 

muscle can enrich our understanding of redox homeostasis under these conditions. 
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1.4 Rationale 

Cachexia is a deadly and debilitating syndrome that currently has no approved or 

effective treatments (Baracos et al., 2018). It arises in several chronic, inflammation-

mediated conditions such as cancer, COPD, HIV infection, and sepsis (Baracos et al., 

2018; Evans et al., 2008; Peixoto da Silva et al., 2020; Scherbakov & Doehner, 2018; 

Springer et al., 2006). It is characterized by a dramatic, involuntary loss of muscle which 

negatively influences patient outcomes (Anker et al., 1997; Baracos et al., 2018; 

Kazemi-Bajestani et al., 2016; Martin et al., 2015; Peixoto da Silva et al., 2020; 

Scherbakov & Doehner, 2018; Springer et al., 2006). With its significant impacts, there 

is a pressing need to develop novel therapeutic strategies to combat cachexia. An effort 

has been made to delineate the mechanisms responsible for the initiation of cachexia. 

Various attempts to treat this condition by targeting upstream initiators have proven 

unsuccessful, likely due to the multifactorial nature of the syndrome (Bayliss et al., 

2011; Fearon et al., 2012; Golan et al., 2018; Jatoi et al., 2010; Nielsen et al., 2021; 

Wiedenmann et al., 2008). Uncovering downstream effectors where pro-cachectic 

signaling converge, which are directly responsible for muscle atrophy may represent a 

more efficacious avenue for the development of therapies. 

Cachectic muscle wasting is thought to result from pro-inflammatory cytokine-

mediated alterations to both anabolic and catabolic pathways leading to muscle 

breakdown (Cohen et al., 2015; Fearon et al., 2012; Hardee et al., 2017). Work in 

animal models and human cachexia patients have shown that pro-inflammatory signals 

disrupt muscle anabolism through impairment of protein synthesis and activate protein 

degradation pathways (Fearon et al., 2012; Hall et al., 2018; Hardee et al., 2017; 
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Sandri, 2016; Tisdale, 2009; White et al., 2013). These cytokines, further, have been 

shown to mediate cachexia-induced metabolic dysfunction that promotes imbalance of 

muscle protein homeostasis (Cui et al., 2022; Hardee et al., 2017; Shyh-Chang, 2017). 

Inflammation-associated perturbation of muscle energy production leads to energetic 

crisis, which simultaneously promotes protein degradation and inhibits anabolic 

pathways (Hardee et al., 2017; VanderVeen et al., 2017; White et al., 2013). A 

suggested cause of this disruption of muscle energy metabolism is cachexia-induced 

mitochondrial dysfunction (Brown et al., 2017; Hall et al., 2018; Kunzke et al., 2020; 

VanderVeen et al., 2017; Wyart et al., 2022). 

Several pro-inflammatory cytokines have been implicated in causing these 

deleterious effects such as TNFα, IFNγ, and IL-6 (Fearon et al., 2012; Tisdale, 2009). 

These extracellular signaling factors subsequently activate pro-inflammatory 

transcription factors such as STAT3 and NF-κB which mediate the expression of pro-

cachectic effectors such as iNOS (Fearon et al., 2012; Tisdale, 2009). In various 

systems, iNOS has been shown to affect cellular processes by disrupting mitochondrial 

energy production due to its ability to generate reactive nitrogen species that can 

damage mitochondrial macromolecules and electron transport chain proteins (Anavi & 

Tirosh, 2020; Bailey et al, 2019; Li et al, 2020; Palmieri et al, 2020; Radi, 2018). iNOS 

has previously been shown to be a driver of muscle wasting, but the mechanisms 

behind its pro-cachectic function remain elusive (Adams et al., 2003; Agusti et al., 2004; 

Buck & Chojkier, 1996; Di Marco et al., 2012; Di Marco et al., 2005; Ma et al., 2017). My 

objective in Chapter 2 was to determine whether iNOS was a cause of metabolic defect 

in wasting muscle and whether iNOS inhibition is a viable therapeutic strategy to 
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prevent muscle loss in pre-clinical models of cachexia. To this end I showed that in 

cachectic muscle, iNOS is a trigger of energy crisis through mitochondrial dysfunction 

and that direct inhibition of iNOS protects against metabolic defects and atrophy. 

Earlier work by our lab has shown that a drug called PatA, which inhibits eIF4A, can 

alleviate cachexia by silencing iNOS mRNA translation (Di Marco et al., 2012). 

Interestingly, in other systems, eIF4A inhibition has been shown to have broader anti-

inflammatory effects which could be beneficial in cachexia (Bordeleau et al., 2008; Chu 

& Pelletier, 2015; Romo et al., 2004; Singh et al., 2021; Zhang et al., 2020). Therefore, 

in Chapter 3, I tested the effectiveness of several eIF4A inhibitors in preventing the 

expression of iNOS, the activation of the iNOS/NO pathway and, consequently, muscle 

wasting.  In doing so I aimed to confirm the anti-cachectic effects of eIF4A blockade 

and, furthermore, potentially identify other eIF4A sensitive pro-cachectic factors (in 

addition to iNOS). Here, I recapitulated previous observations where eIF4A inhibition 

effectively inhibited iNOS expression and protected against muscle wasting using Hipp, 

PatA, and Silvestrol which have distinct mechanisms of action against eIF4A. 

Furthermore, I showed that eIF4A inhibitors further interfered with cachectic signaling by 

preventing the translation of STAT3. Overall, this work presents the potential utility of 

direct iNOS inhibition and eIF4A inhibition in treating cachectic muscle wasting. In 

addition, this thesis reveals novel insight into how iNOS and eIF4A impair energy 

metabolism and inflammatory signaling, respectively. 
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2 Pharmacological or genetic inhibition of iNOS prevents cachexia-mediated 

muscle wasting and its associated metabolism defects 

2.1 Genetic deletion of the iNOS gene prevents inflammation-induced muscle 

wasting 

Induction of the pro-cachectic factor iNOS and pathological NO production has been 

associated with various metabolic disorders suggesting that it may have a role in 

cachexia-induced metabolic dysfunction (Anavi & Tirosh, 2020; Hall et al., 2018; Hall et 

al., 2011). To this end we assessed muscle loss and metabolic defects in mouse 

models of inflammation-induced muscle wasting.  

We first used a lipopolysaccharide (LPS)-induced model of septic cachexia to assess 

these cachectic phenotypes in male wildtype (WT) and iNOS knockout (KO) C57BL/6 

mice. Models of septic cachexia are capable of inducing muscle wasting over short 

periods of time (Leduc-Gaudet et al., 2020; Moarbes et al, 2019; Mofarrahi et al., 2012; 

Stana et al., 2017). WT and iNOS KO mice were injected intraperitoneally with either 

saline or a low dose of LPS shown to induce mild muscle wasting after 18 hours (Braun 

et al, 2013; Hall et al., 2018; Jin & Li, 2007). As LPS is known to significantly decrease 

food consumption in mice, we pair-fed the mice to match the food consumption of the 

LPS-treated WT mice accounting for variations resulting from different food intake 

(Braun et al., 2013; Hall et al., 2018). Skeletal muscle and tissues masses were 

normalized to the initial body weight to account for different starting sizes of mice as 

previously done in (Pin et al., 2019a; Pin et al., 2019b). 

As a first step we verified proper induction of the cachectic phenotype in our LPS 

treated mice. We confirmed that the WT mice, but not the iNOS KO mice, expressed 
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iNOS protein in response to LPS (Figure 2.1A). We then measured iNOS activity in 

these muscles by assessing levels of 3NT modified proteins (Ahsan, 2013; Chatterjee et 

al, 2003) and observed that 3NT levels only increased in LPS-treated WT but not iNOS 

KO mice (Figure 2.1B). We next assessed the effect of iNOS KO on LPS-induced loss 

of body weight and muscle mass. We observed that both saline treated WT and iNOS 

KO mice experienced a 10-12% decrease in body weight due to pair feeding, and that 

LPS treatment did not significantly affect this loss of body weight in both genetic 

backgrounds (Figure 2.2A). Regarding muscle mass, we observed LPS-induced 

wasting of tibialis anterior (TA), soleus, and quadriceps muscles that, importantly, iNOS 

KO protected against (Figure 2.1C-F). We did not observe wasting in the gastrocnemius 

muscle (Figure 2.2B). Measurement of the minimum feret diameter (Figure 2.1G) and 

cross-sectional area (CSA) (Figure 2.2C) of the muscle fibers from the tibialis anterior 

muscle confirmed LPS-induced muscle wasting was prevented by genetic ablation of 

iNOS. In addition, we assessed whether there were differences in muscle fiber type 

composition (i.e., Type I, Type IIA and TypeIIB/IIX fibers) in the TAs of these mice. 

Importantly, muscle fiber type strongly influences muscle metabolism with Type I fibers 

depending on OXPHOS-mediated oxidative metabolism and Type II fibers mainly 

depending on glycolysis. Furthermore, Type I fibers are noted to be protected from 

wasting (Janice Sánchez et al, 2019). In our assessment, we observed no appreciable 

differences in fiber type composition between the four groups (Figure 2.2D). In order to 

assess the effect of inflammation-induced muscle wasting on muscle strength we next 

quantified changes in grip strength caused by LPS treatment (Murphy et al., 2012). We 

observed that iNOS KO mice were protected from LPS-mediated loss of muscle 
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strength (Figure 2.1H). Together, these results demonstrate that genetic ablation of 

iNOS prevents LPS-induced muscle wasting. 
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Figure 2.1: iNOS knockout mice are resistant to LPS-driven muscle wasting. 

Male C57BL/6 wildtype (WT) and iNOS knockout (KO) mice were intraperitoneally 

injected with 1mg kg-1 LPS or an equivalent volume of carrier solution. Control WT, 

Control KO, and LPS-treated KO cohorts were pair-fed (PF) to the WT LPS-treated 

cohorts. After 18h, mice were euthanized, and tissue samples were analyzed.  

(A) Quadriceps from saline or LPS treated, WT or iNOS KO mice, were isolated and 

used for western blot analysis with anti-iNOS (n=4). Ponceau S was used for 

total protein staining. 
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(B) (left) Quadriceps from saline or LPS treated, WT or iNOS KO mice, were isolated 

and used for western blot with  anti-3NT (n=6). Total protein levels are also 

shown (right) Quantification of the 3NT to total protein ratio. Ratios are expressed 

relative to the saline treated controls. 

(C) Representative images of tibialis anterior muscles. Scale bars represent 0.5 cm. 

(D-F) Weight of tibialis anterior (D), quadricep (E) and soleus (F) muscle normalized    

.         to initial body weight (n=15). 

(G) (left) representative photomicrographs of H&E stained tibialis anterior muscle 

sections from control and iNOS KO mice injected with or without LPS. Scale 

bars = 100 μm. (right) frequency histogram showing the distribution of muscle 

fiber minimum feret diameter in the tibialis anterior muscles from saline or LPS 

treated (top) WT control and (bottom) iNOS KO mice (n = 4). A total of 300 fibers 

per muscle were used for the analysis. Statistical comparisons, mean, and 

standard deviation of the mean are shown in the histogram legend.  

(H) Change in grip strength between day of injection and endpoint of experiment. 

(WT saline n=12, WT LPS n=11, iNOS KO saline n=9, and iNOS KO LPS n=10). 

Data information: Individual data points represent values from individual mice. Error 

bars represent the standard deviation (SD) of the mean. (B) Statistical comparisons 

were made between saline treated controls and LPS treated mice of same genotype. 

Plotted data was relativized to saline controls of corresponding genotype. Δ indicates 

the difference of mean values and p-values were calculated with a Student’s T-test. (D-

F and H) For statistical comparisons, Δ indicates the difference of mean values and p-

values were calculated with an ANOVA followed by Fisher's LSD test. (G) p-values were 

calculated with a Kolmogorov-Smirnov test (***P < 0.001). Non statistically significant 

comparisons (P > 0.05) are indicated as non-significant (ns). 
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Figure 2.2: Characterization of the LPS-induced effects on muscle 

integrity/composition in WT and iNOS KO mice. 

Male C57BL/6 wildtype (WT) and iNOS knockout (KO) mice were intraperitoneally 

injected with 1mg kg-1 LPS or an equivalent volume of carrier solution. Control WT, 

Control KO, and LPS-treated KO cohorts were pair-fed (PF) to the WT LPS-treated 

cohorts. After 18h, mice were euthanized, and tissue samples were analyzed.  

(A) Percent body weight change from time of injection to endpoint of experiment. 

(n=15). 

(B) Gastrocnemius weight normalized to initial body weight. (n=15). 

(C) Frequency histogram showing the distribution of muscle fiber CSA in the tibialis 

anterior muscles from (left) WT control and (right) iNOS KO mice (n = 4). A total 

of 300 fibers per muscle were used for the CSA analysis. Statistical comparisons, 

mean, and standard deviation of the mean are shown in the histogram legend. 
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(D) (left) photomicrographs of immunofluorescence images of tibialis anterior muscle 

sections from WT control and iNOS KO mice injected with or without LPS. 

Sections were stained against MyHC I (Blue), MyHC IIa (Green), and Laminin 

(Red). Unstained fibers were classified as MyHC IIb/x.  Scale bars = 50 μm. 

(right) percentage of Type I, Type IIa, and Type IIb/IIx fibers in the whole tibialis 

anterior muscles from control and iNOS KO mice (n = 2). 

Data information: Individual data points represent values from individual mice. Error 

bars represent the standard deviation (SD) of the mean. (C) p-values were calculated 

with a Kolmogorov-Smirnov test (**P < 0.01). Non statistically significant comparisons 

(P > 0.05) are indicated as non-significant (ns). 
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In parallel to our phenotypic assessment of LPS-induced muscle wasting, we also 

evaluated the immune response of WT and iNOS KO mice. We first measured spleen 

enlargement (splenomegaly), splenic macrophage polarization, and macrophage levels 

in the spleen and skeletal muscle of the WT and iNOS KO mice. We found that LPS 

similarly altered the immune response in both WT and iNOS KO mice. Indeed, both 

mice had similar spleen enlargement (Figure 2.3A), increased M1 macrophages 

levels/decreased M2 macrophages levels in the spleen (Figure 2.3B-D), and increased 

levels of total muscle macrophages (Figure 2.3E). We then measure systemic levels of 

the pro-cachectic cytokines IL-1α, IL-1β, IL-6, and TNFα. We found that IL-1β and IL-1α 

were unaffected by LPS treatment (Figure 2.3F-G). However, although serum IL-6 and 

TNFα levels were increased in LPS-treated WT mice, the levels of these cytokines were 

significantly decreased iNOS KO (Figure 2.3H-I). Therefore, we show that iNOS affects 

the systemic secretion of the pro-inflammatory cytokines IL-6 and TNFα without 

affecting polarization or levels of macrophages.  
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Figure 2.3: Characterization of the LPS-induced immune response in WT and 

iNOS KO mice. 

Male C57BL/6 wildtype (WT) and iNOS knockout (KO) mice were intraperitoneally 

injected with 1mg kg-1 LPS or an equivalent volume of carrier solution. Control WT, 

Control KO, and LPS-treated KO cohorts were pair-fed (PF) to the WT LPS-treated 

cohorts. After 18h, mice were euthanized, and tissue samples were analyzed.  

(A) Spleen weight normalized to initial body weight. (n=15). 

(B) Gating strategy for flow cytometry analysis of spleen M1 and M2 macrophages. 

(C) Percentage of CD86+ M1 splenic macrophages relative to the total F4/80+Ly6C- 

macrophage population (WT saline n=6, WT LPS n=6, iNOS KO saline n=4, and 

iNOS KO LPS n=4). 
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(D) Percentage of CD206+ M2 splenic macrophages relative to the total 

F4/80+Ly6C- macrophage population (WT saline n=6, WT LPS n=6, iNOS KO 

saline n=4, and iNOS KO LPS n=4). 

(E) Quadriceps from saline or LPS treated, WT or iNOS KO mice, were isolated and 

used for RT-qPCR analysis for F4/80 mRNA expression. The - Δ Δ CT was 

plotted relative to the saline conditions of each background and normalized to 

GAPDH mRNA levels (n=5). 

(F-I)Serum from saline or LPS treated, WT or iNOS KO mice was collected. Fold  

change of IL-1α (F),  IL-1β (G), IL-6 (H) and TNF-α (I) levels in LPS-treated 

mice was plotted relative to saline condition (WT saline n=6, WT LPS n=6, 

iNOS KO saline n=4, and iNOS KO LPS n=4). 

Data information: Individual data points represent values from individual mice. Error 

bars represent the standard deviation (SD) of the mean. (A, C, D) For statistical 

comparisons, Δ indicates the difference of mean values and p-values were calculated 

with an ANOVA followed by Fisher's LSD test. (E-I) Statistical comparisons were made 

between saline treated controls and LPS treated mice of same genotype. Plotted 

concentration data was relativized to saline controls of corresponding genotype. Δ 

indicates the difference of mean values and p-values were calculated with a Student’s 

T-test.  
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2.2 Ablation of iNOS gene prevents sepsis-induced energy crisis 

To determine if iNOS is involved in cachexia-induced metabolism defects in muscle 

we performed LC-MS/MS, in TA muscles collected from WT and iNOS KO mice treated 

or not with LPS. This analysis detected 119 metabolites including amino acids, 

acylcarnitines, glycerophospholipids, and organic acids. The raw metabolomics data 

was analyzed using the MetaboAnalyst 4.0 software to detect global trends. Using the 

multivariate analysis approach of partial least squares discriminant analysis (PLS-DA), 

we show that WT mice have a distinct metabolic profile compared to iNOS KO mice and 

that LPS causes metabolomic shifts in both mouse backgrounds (Figure 2.4A). Further 

comparison of relativized metabolite concentrations confirmed these observations 

comparing WT and iNOS KO mice (Appendix Figure 2.1). Next, we conducted pathway 

analysis using the Mus musculus KEGG library comparing Saline controls to LPS 

treated mice in both backgrounds. We identified several pathways that were altered in 

WT mice in response to LPS such as glycolysis and TCA cycle, which were not altered 

by LPS in iNOS KO mice (Figure 2.4B). Due to significant alterations to TCA cycle 

metabolites, iNOS was also likely involved in impairing amino acid anapleurosis into the 

TCA cycle. Indeed, there was an iNOS dependent effects on glutamine and glutamate 

metabolism and pathways involving arginine (Figure 2.4B). Due to the alterations in 

energy production pathways in WT mice, but not iNOS KO mice, we assessed the 

energetic status of LPS treated mice to see if iNOS activation disrupted these 

processes. To this end we quantified by Western blot AMPK activation by assessing 

phosphorylation at Thr172 (pAMPK), which when active would suggest the presence of 

energetic crisis (increase in the AMP/ATP ratio) in wasting muscles (Hardie et al, 2012; 
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Stein et al, 2000). We showed that LPS activates AMPK in WT but not iNOS KO mice 

(Figure 2.4C). Taken with the above global analyses, these data suggest that iNOS 

induction in response to LPS disrupts energy production prompting energetic stress in 

cachectic muscle.  

To further understand how iNOS impairs energy production in wasting muscle, we 

analyzed the metabolite concentrations in glycolysis, the TCA cycle, anapleurotic and 

acylcarnitine metabolic pathways (Figure 2.4D, G). Most glycolysis and TCA cycle 

metabolites were altered by LPS treatment in WT mice, but not iNOS KO mice, 

suggesting that iNOS is responsible for these LPS-mediated alterations (Appendix 

Figure 2.2). Specifically, iNOS tended to increase glucose and decrease pyruvate, 

suggesting that glucose metabolism was reduced by iNOS (Figure 2.4D-E). 

Furthermore, iNOS caused increases in citrate with concurrent decreases in AKG and 

succinate suggesting that TCA cycle flux was impaired by iNOS (Figure 2.4D-E). iNOS 

activity also induced increases in arginine levels, the substrate of iNOS, which is also 

involved in anapleurosis (Figure 2.4F) (Kunzke et al., 2020; Xu et al., 2016). As 

acylcarnitine levels can be used to measure β-oxidation (Fukawa et al., 2016), we then 

assessed their concentrations and estimated the activity of key enzymes involved in β-

oxidation by calculating several ratios based on acylcarnitine levels as previously 

described (Li et al., 2019). iNOS activity in WT mice caused a decrease in long, even-

chained acylcarnitines suggesting an impairment of β-oxidation and associated 

enzymes (Appendix Figure 2.3). This was confirmed by our assessment of CPT1 and 

CPT2 activity where we found that iNOS tended to impair these enzymes that catalyze 

the rate limiting steps of β-oxidation (Figure 2.4H). These observations collectively 
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indicate that iNOS disrupts energy production through glycolysis and mitochondrial 

pathways in response to LPS. 

 
Figure 2.4: Genetic ablation of iNOS prevents LPS-driven deregulation of the TCA 

cycle and energy production. 

Male C57BL/6 wildtype (WT) and iNOS knockout (KO) mice were intraperitoneally 

injected with 1mg kg-1 LPS or an equivalent volume of carrier solution. Control WT, 

Control KO, and LPS-treated KO cohorts were pair-fed (PF) to the WT LPS-treated 
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cohorts. After 18h, mice were euthanized, and the metabolome of tibialis anterior 

muscles was analyzed through LC-MS/MS.   

(A) Scores scatter plot of partial least square discriminant analysis (PLS-DA) model 

of metabolites from WT and iNOS KO mice treated with or without LPS. 

Metabolomic data were range-scaled and mean-centered. 

(B) Pathway Analysis using MetaboAnalyst 4.0 Software comparing significantly 

altered pathways from WT saline to LPS as well as iNOS KO saline to LPS. 

Pathways are ranked by their significance and filtered based on a Pathway 

Impact Score >0.1. Metabolomic data were range-scaled and mean-centered. P-

values were obtained using GlobalTest and the -log(p-value) corresponding to a 

p-value of 0.05 is indicated by the red dashed line. 

(C) (left) Western blot analysis of pThr172-AMPK (pAMPK) and total AMPK (AMPK) 

in quadriceps muscle. (right) Quantification of the pAMPK to AMPK ratio. Ratios 

are expressed relative to the saline treated controls. 

(D) Schematic of Glycolysis and the TCA cycle. White boxes denote detected 

metabolites. Grey boxes denote undetected metabolites. Dashed arrows indicate 

presence of multiple reactions between metabolites. 

(E) Relative concentrations of metabolites involved in glycolysis and TCA cycle. 

(F) Relative concentration of arginine. 

(G) Schematic of acylcarnitine metabolism. Grey circles denote key enzymes 

involved in metabolic processes highlighted.  

(H) Relative estimated activity of CPT1, CPT2, LCADH, and -oxidation. 

Data information: Individual data points represent values from individual mice, with a 

total of six mice per cohort (n = 6). (B) P-values were obtained using GlobalTest. (C-H) 

Error bars represent the standard deviation (SD) of the mean. Statistical comparisons 

were made between saline treated controls and LPS treated mice of same genotype. 

Plotted concentration data was relativized to saline controls of corresponding genotype. 

p-values were calculated with a Student’s T-test (*P < 0.05; **P < 0.01). (C) Δ indicates 

the difference of mean values. 
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2.3 The iNOS inhibitor GW274150 prevents inflammation-induced muscle 

wasting 

The results above suggest that iNOS impairment could represent a viable therapeutic 

option to prevent cachectic muscle wasting. To investigate this possibility, we obtained 

a clinically tested iNOS inhibitor called GW274150 or GW that is efficient in an in vivo 

setting without having major side effects and is highly specific inhibitor for iNOS unlike 

other NOS enzymes. Using GW, we assessed the efficacy of this small molecule to 

directly inhibit iNOS to prevent inflammation-induced muscle wasting and associated 

metabolic defects.  

We first tested whether GW could recapitulate the effects of iNOS KO in our LPS 

model of muscle wasting. We compared our results using GW to the results in Figures 

2.1-2.3 from WT and iNOS KO mice treated with or without LPS. Indeed, this revealed 

that GW protected against LPS-induced muscle wasting similarly to what was observed 

in the  iNOS KO (Appendix Figure 2.4). With GW able to recapitulate the anti-cachectic 

effects of iNOS KO, we next evaluated whether GW could prevent muscle wasting in 

the murine C26 adenocarcinoma model of cancer cachexia. We injected male BALB/C 

mice with C26 colon cancer cells which induces muscle wasting over the course of 14-

19 days (Bonetto et al., 2016; Di Marco et al., 2012; Hall et al., 2018). In our model mice 

were then treated with or without GW 5 days post-injection once the tumors were 

palpable since inhibition of iNOS has been shown to impair tumor growth (Garrido et al, 

2017; Granados-Principal et al, 2015; Kostourou et al, 2011). 

As with our verification of the cachexia phenotype conducted in our LPS model, we 

first confirmed that iNOS was expressed in muscle of C26-injected mice (Figure 2.5A). 
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We then, furthermore, characterized the immune response of these mice. We observed, 

in the C26 mice, an enlargement of the spleen and increase in muscle macrophage 

levels, which were not impacted by iNOS inhibition with GW (Figure 2.5B-C). Serum IL-

6, TNFα and IL-1β increased in C26-injected mice, and GW treatment prevented the 

induction of these cytokines similar to what was observed in our LPS-treated iNOS KO 

(Figure 2.5E-G). As iNOS impairment could alter tumor growth, we measured final 

tumor weights and found no effect on final tumor burden (Figure 2.6A). To gauge the 

effectiveness of iNOS blockade by GW, we next measured 3NT levels in muscle as 

described above. C26-injection caused a significant increase in 3NT modification of 

proteins, which GW treatment reduced by approximately 50%, demonstrating that GW 

impaired iNOS activity in muscle (Figure 2.6B). We then assessed the effect of iNOS 

inhibition with GW on C26-mediated loss of body weight and tissue mass. We observed 

a C26-induced wasting of adipose tissue which was not affected by GW treatment 

(Figure 2.5H). However, C26-injection triggered significant body weight loss, which was 

slightly protected against with GW treatment (Figure 2.6C). We also found that GW 

partially protected against C26-induced wasting of the TA, gastrocnemius, quadriceps, 

and soleus (Figure 2.6D-G). As in the LPS model, these observations on muscle 

wasting were confirmed by analyses of muscle fiber minimum ferret diameter (Figure 

2.6H) and CSA (Figure 2.5I). Similarly, assessment of muscle fiber type distribution 

showed no alteration to muscle fiber type specification caused by C26 tumors or GW 

treatment (Figure 2.5J). Lastly, we observed that although muscle strength was reduced 

in C26-treated mice, this effect was partially negated by treatment with GW (Figure 

2.6I). Overall, these data suggest that GW-mediated inhibition of iNOS protects mice 
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from several cancer-induced effects including systemic inflammatory cytokine elevation, 

muscle atrophy, and loss of muscle function.  
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Figure 2.5: Effect of GW on the immune response as well as muscle 

integrity/composition in C26-tumor bearing mice. 

Male BALB/C mice were injected subcutaneously with C26 cells (1.25x106 cells) or an 

equivalent volume of saline. After 5 days, and everyday thereafter, saline and C26 

injected mice were treated with or without GW (5mg kg-1). After 16 days, mice were 

euthanized, and tissue samples were analyzed.  
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(A) iNOS and Tubulin (loading control) protein levels in the gastrocnemius muscle 

was assessed by Western blot (n=3).   

(B) Spleen weight normalized to initial body weight. 

(C) Quadriceps from control and C26 mice treated with or without GW were isolated 

and used for RT-qPCR analysis for F4/80 mRNA expression. The - Δ Δ CT is 

plotted relative to the saline condition and normalized to GAPDH mRNA levels 

(n=5). 

(D-G) Serum from saline and C26-tumor bearing mice treated with or without GW 

was  

collected.  Fold change of IL-1α (D), IL-1β (E), IL-6 (F) and TNF-α (G, n=4 for 

C26 + GW) levels were plotted relative to saline condition. 

(H) Inguinal fat pad weight normalized to initial body weight.  

(I) Frequency histogram showing the distribution of muscle fiber CSA in the 

gastrocnemius muscles from control and C26 mice treated with or without GW 

(saline n=4, C26 n = 4, GW 5mg/kg n=3, and C26 GW 5mg/kg n=4). A total of 

600-700 fibers per muscle were used for the CSA analysis. Statistical 

comparisons, mean, and standard deviation of the mean are shown in the 

histogram legend. 

(J) (left) photomicrographs of immunofluorescence images of gastrocnemius muscle 

sections from control and C26 mice treated with or without GW. Sections were 

stained against MyHC I (Blue), MyHC IIa (Green), and Laminin (Red). Unstained 

fibers were classified as MyHC IIb/x.  Scale bars = 50 μm. (right) percentage of 

Type I, Type IIa, and Type IIb/IIx fibers in the whole Gastrocnemius muscles from 

control and C26 mice treated with or without GW (n = 2). 

Data information: Individual data points represent values from individual mice, with a 

total of six mice per cohort (n = 6) unless stated otherwise. Error bars represent the 

standard deviation (SD) of the mean. (B-H) For statistical comparisons, Δ indicates the 

difference of mean values and p-values were calculated with an ANOVA followed by 

Fisher's LSD test. (I) p-values were calculated with a Kolmogorov-Smirnov test 

(***P < 0.001). 

 



101 
 

 

Figure 2.6: GW274150 treatment reduces muscle wasting in the C26 model.  

Male BALB/C mice were injected subcutaneously with C26 cells (1.25x106 cells) or an 

equivalent volume of saline. After 5 days, and everyday thereafter, saline  and C26 

injected mice were treated with or without  GW (5mg kg-1). After 16 days, mice were 

euthanized, and tissue samples were analyzed.  

(A) Effect of GW on tumor weight. 

(B) (left) Representative image of Western blot analysis of 3NT staining and Stain 

Free imaged total protein levels from quadriceps muscle. (right) Quantification of 

the 3NT to total protein ratio (saline n=5, C26 n = 4, GW 5mg/kg n=5, and C26 

GW 5mg/kg n=5).  
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(C) Percent body weight change from day 0 to day 16.  

(D-G) Weight of tibialis anterior (D), gastrocnemius (E), quadricep (F) and soleus (G)   

     muscle normalized to initial body weight. 

(H) (left) Representative photomicrographs of gastrocnemius muscles sections from 

control and C26 mice treated with or without GW taken after H&E staining. Scale 

bars = 100 μm. (right) frequency histogram showing the distribution of muscle 

fiber minimum feret diameter in the gastrocnemius muscles from control and C26 

mice treated with or without GW (saline n=4, C26 n = 4, GW 5mg/kg n=3, and 

C26 GW 5mg/kg n=4). A total of 600-700 fibers per muscle were used for the 

analysis. Statistical comparisons, mean, and standard deviation of the mean are 

shown in the histogram legend. 

(I) Change in grip strength from before tumor cell injection (day 0) and before 

endpoint collection (day 16). 

Data information: Individual data points represent values from individual mice, with a 

total of six mice per cohort (n = 6) unless stated otherwise. Error bars represent the 

standard deviation (SD) of the mean. (A) Δ indicates the difference of mean values and 

p-values were calculated with a Student’s T-test. (B-G, I) For statistical comparisons, Δ 

indicates the difference of mean values and p-values were calculated with an ANOVA 

followed by Fisher's LSD test. (H) p-values were calculated with a Kolmogorov-Smirnov 

test (***P < 0.001). 

 

 

  



103 
 

2.4 The iNOS inhibitor GW274150 prevents cancer-mediated disruption of 

energy production in wasting muscle  

To determine if GW can protect mice from metabolic dysfunction that is characteristic 

of C26-induced muscle wasting (Der-Torossian et al., 2013b; Lautaoja et al., 2019; 

Murphy et al., 2012; Pin et al., 2019a; Pin et al., 2019b), we performed LC-MS/MS 

analysis to assess the metabolome of TA muscles in our model. We first determined the 

impact of GW on non-cachectic mice through pathway analysis. We demonstrated that 

GW had very minor alterations on metabolic pathways in vivo (Appendix Figure 2.5A). 

Indeed, although glucose metabolism appeared unaffected, arginine biosynthesis and 

D-glutamine/D-glutamate metabolism were markedly altered as demonstrated by the 

decrease in arginine and glutamate levels, respectively (Appendix Figure 2.5). We next 

assessed metabolomic alterations induced by C26 injection in TA muscles as well as 

how GW alters the metabolome of C26 tumor bearing mice. PLS-DA analysis showed 

global C26-induced shifts in the overall metabolome, with GW treatment of tumor 

bearing mice generating a distinct metabolic profile (Figure 2.7A). Pathway analysis 

confirmed these observations as the presence of C26 tumors caused alteration of 

energy production pathways (i.e., glycolysis and pyruvate metabolism) and amino acid 

metabolism (e.g., arginine and proline metabolism and arginine biosynthesis), while GW 

cotreatment further affected these same pathways (Figure 2.7B and Appendix Figure 

2.6). To evaluate the impact of iNOS activity on cellular energy production we next 

measured AMPK activation. Although AMPK activation was strongly induced by in C26-

tumor bearing mice (indicative of energetic stress) this effect was partially prevented by 

GW treatment (Figure 2.7C). Taken together with our observations in the LPS model, 
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these data indicate that iNOS disrupts energy production in several cachexia contexts 

and that iNOS impairment positively affects cellular energetic status. 

Similar to our analysis in our sepsis model we assessed metabolite concentrations in 

key energy production and amino acid metabolism pathways. Regarding glycolysis and 

pyruvate metabolism, we found that although glucose levels were unaffected in C26 

injected mice, there was an accumulation of pyruvate suggesting an impairment of 

pyruvate metabolism (Figure 2.7D). In C26-tumor bearing mice, GW significantly 

decreased glucose levels suggesting an increased utilization of glucose (Figure 2.7D). 

Regarding amino acid metabolism, aspartate tended to decrease in C26-tumor mice 

(Figure 2.7E). Furthermore, we found that C26-induced cachexia caused accumulation 

of arginine, lysine, methlyhistidine, and tryptophan (Figure 2.7E), which is consistent 

with recent studies assessing muscle amino acid levels in C26-injected mice and 

suggests increases in muscle protein breakdown (Der-Torossian et al., 2013b; Kunzke 

et al., 2020; Lautaoja et al., 2019; QuanJun et al., 2015; Tseng et al., 2015). 

Importantly, iNOS impairment by GW prevented these amino acid alterations (Figure 

2.7E). The recovery of amino acid levels by GW in C26-tumor bearing mice treated 

suggests a protective effect of iNOS inhibition against protein catabolism. As highlighted 

in Chapter 1, the accumulation of amino acids could also indicate the impairment of 

anapleurosis to supplement cellular energy production, therefore, the normalization of 

amino acid levels by GW can promote energy production imbuing positive effects on 

energetic status of these muscles (Figure 2.7C). To measure the contribution of lipids to 

energy production we assessed acylcarnitine levels in our model. As seen in our LPS-

induced model of wasting, C26-induced cachexia caused a decrease in saturated, long, 
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even-chain acylcarnitines, which was either recovered to basal levels or increased from 

the basal concentration by GW (Appendix Figure 2.7). Estimations of activity levels of 

CPT1 and CPT2 showed their activity were not significantly affected by the C26 tumors, 

while they were strongly induced by GW (Figure 2.7F). In addition, activity of key the β-

oxidation enzyme LCADH decreased and estimated overall β-oxidation increased in 

tumor bearing mice in iNOS-dependent manner as GW treatment reversed these effects 

(Figure 2.7F). Interestingly, GW treatment of control mice increased long-chain 

acylcarnitines and affected CPT1, CPT2 and LCADH activity and β-oxidation similarly to 

what was observed in the C26 + GW cohort, showing that iNOS impairment affects this 

process in non-cachectic contexts as well (Appendix Figure 2.8). In addition to β-

oxidation, acylcarnitines, specifically short, odd-chain acylcarnitine species, can also 

feed into the TCA cycle through conversion into succinyl-CoA (Brunengraber & Roe, 

2006). Interestingly, C26-induced wasting also decreased 3- (C3) and 5- (C5) carbon 

acylcarnitines which was recovered with GW treatment (Figure 2.7G). These 

observations indicate that C26-induced iNOS activity impairs energy production in the 

mitochondria by deregulating critical enzymes involved in acylcarnitine metabolism, β-

oxidation, and anapleurosis. 
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Figure 2.7: Pharmacological inhibition of iNOS reduces C26-induced 

derangement of amino acids and impairment of energy production. 

Male BALB/C mice were injected subcutaneously with C26 cells (1.25x106 cells) or an 

equivalent volume of saline. After 5 days and everyday thereafter, the C26 tumor-

bearing mice were injected with either saline or GW 5mg kg-1. After 16 days, mice were 

euthanized, and the metabolome of tibialis anterior muscles was analyzed through LC-

MS/MS.  

(A) Scores scatter plot of partial least square discriminant analysis (PLS-DA) model 

of metabolites from saline, C26, and C26 + GW treated mice. Metabolomic data 

were range-scaled and mean-centered. 

(B) Pathway Analysis using MetaboAnalyst 4.0 Software comparing significantly 
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altered pathways from saline to C26 as well as C26 to C26 + GW. Pathways are 

ranked by their significance and filtered based on a Pathway Impact Score >0.1. 

Metabolomic data were range-scaled and mean-centered. P-values were 

obtained using GlobalTest and the -log(p-value) corresponding to a p-value of 

0.05 is indicated by the red dashed line. 

(C) (left) Western blot analysis of pThr172-AMPK (pAMPK) and total AMPK (AMPK) 

in quadriceps muscle (n = 3). (right) Quantification of the pAMPK to AMPK ratio 

relative to the saline treated control (n = 3). 

(D) Relative concentrations of metabolites involved in glycolysis. 

(E) Relative concentrations of amino acids. 

(F) Relative estimated activity of CPT1, CPT2, LCADH, and -oxidation. 

(G) Relative concentrations of odd-chain acylcarnitines. 

Data information: Individual data points represent values from individual mice, with a 

total of six mice per cohort (n = 6) unless otherwise stated. (B) P-values were obtained 

using GlobalTest. (C-G) Error bars represent the standard deviation (SD) of the mean. 

p-values were calculated with an ANOVA followed by Fisher's LSD test (*P < 0.05; 

**P < 0.01; ***P < 0.001). (C) Δ indicates the difference of mean values. 
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2.5 iNOS activity causes wasting of myotubes treated with pro-cachectic 

cytokines and disrupts the mitochondrial Electron Transport Chain 

As our above analyses suggested that iNOS impairs cellular energy production and 

mitochondrial processes to cause energy crisis, we sought to investigate how iNOS 

affects the ATP production rates of glycolysis and OXPHOS, two primary energy 

production mechanisms in the cell. We therefore utilized an in cellulo model of wasting 

to assess the mechanism behind iNOS-induced metabolic defect. In our analyses, we 

used IFNγ/TNFα treated C2C12 myotubes, which we have previously used to mimic the 

effect of cytokines on muscle fibers in vivo (Di Marco et al., 2012; Di Marco et al., 2005; 

Hall et al., 2018; Ma et al., 2017). To assess the role of iNOS in these processes we 

used GW to prevent inflammation-induced wasting.  We, additionally, used another 

iNOS inhibitor AMG, to confirm our results with GW (Thornalley, 2003).  

We began by characterizing the validity and relevance of the C2C12 myotubes 

compared to our in vivo models by assessing if iNOS similarly affected myotube size 

and metabolism after cytokine treatment. As previously shown, IFNγ/TNFα treated 

C2C12 myotubes wasted over 48 hours (Figure 2.8A-B) (Hall et al., 2018; Mubaid et al., 

2019). In IFNγ/TNFα treated C2C12 myotubes, there were significant increases in iNOS 

protein expression and media nitrite levels as well as deregulation of the TCA cycle and 

anapleurotic metabolites that feed into it (Figure 2.8C-D). Consistent with the in vivo 

models and previous studies, iNOS inhibition by GW prevented IFNγ/TNFα-induced 

atrophy (Figure 2.8A-B) (Di Marco et al., 2012; Di Marco et al., 2005) and, similarly to 

AMG, impaired iNOS activity in a dose dependent manner, without affecting iNOS 

expression (Figure 2.8C and Appendix Figure 2.9). Myotube wasting was associated 
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with the presence of energy stress as IFNγ/TNFα treatment activated AMPK, which is 

sensitive to the ratio of ATP to AMP within the cell (Figure 2.8E-F). iNOS inhibition with 

GW or AMG, however, prevented AMPK activation under these conditions (Figure 2.8E-

F and Appendix Figure 2.10A). We confirmed our results by also assessing 

phosphorylation of a downstream target of AMPK, acetyl-CoA carboxylase (ACC), and 

overall energy levels by measuring ATP levels in cytokine treated myotubes (Figure 

2.8E-G). Indeed, we found that although IFNγ/TNFα treatment increased the 

phosphorylation of ACC and reduced cellular ATP levels, both AMG and GW prevented 

these effects (Figure 2.8E-G and Appendix Figure 2.10B). As AMPK activation is also 

associated with impairment of mTOR activity we assessed phosphorylation of ribosomal 

protein S6 kinase (S6K) and ribosomal protein S6 (S6), which are downstream targets 

of the pathway (Figure 2.8H-I). In line with our assessment of AMPK phosphorylation, 

IFNγ/TNFα treatment impaired S6K and S6 phosphorylation leading to inactivation of 

protein synthesis, while inhibition of iNOS restored their activity (Figure 2.8H-I). Overall, 

the above analyses showed the presence of iNOS-mediated metabolic defects in 

C2C12 with similar characteristics to our findings in in vivo models. 
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Figure 2.8: Cytokine treatment of C2C12 myotubes alters the levels of TCA cycle 

intermediates and activates AMPK in an iNOS-dependent manner. 
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C2C12 myotubes were treated with or without IFNγ (100U/mL) and TNFα (20ng/mL) 

and the indicated doses of GW. Protein content and metabolites were extracted from 

cells 24h after treatment and analyzed for AMPK phosphorylation, ACC 

phosphorylation, and total iNOS levels as well as GC-MS, respectively. Myotube 

integrity and widths as well as phosphorylation of S6 and S6K were assessed 48h after 

treatment. 

(A) Representative immunofluorescence imaging for myoglobin and myosin heavy 

chain (MyHC) in not treated (NT) controls and IFNγ/TNFα (IT) samples treated 

with or without GW. Nuclei were visualized with DAPI staining (n=4). 

(B) Quantification of mean fiber widths (n=4).  

(C) (top) Western blot analysis for iNOS and tubulin (n=3). (bottom) Media nitrite 

levels (n=3). 

(D) Heatmap visualizing mean concentration corresponding to metabolites of 

IFNγ/TNFα (IT) treated samples relative to not treated (NT) controls (n=3). Red 

and green indicate an increase or decrease in metabolite levels, respectively. 

(E) Western blot analysis for pThr172-AMPK (pAMPK), total AMPK (AMPK), pSer79-

ACC (pACC), and total ACC (ACC).  

(F) Quantification of the pAMPK to AMPK ratio (left) and the pACC to ACC ratio 

(right) relative to the untreated control (n=3).  

(G) Cellular ATP content quantified as a percentage of the untreated control (n=3).    

(H) Western blot analysis for pThr389-S6K (pS6K), total S6K (S6K), pSer235/236-S6 

(pS6), and total S6 (S6) (n=5). 

(I) Quantification of the (left) pS6K to S6K ratio and the (right) pS6 to S6 ratio 

relative to the untreated control (n=5). 

Data information: Individual data points represent independent experimental replicates. 

Error bars represent the standard deviation (SD) of the mean. For statistical 

comparisons, Δ indicates the difference of mean values and p-values were calculated 

with an ANOVA followed by Fisher's LSD test.  
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We next focused on our primary question of how iNOS during cytokine mediated 

muscle wasting by assessing energy production due to glycolysis and OXPHOS. To this 

end, we used the Seahorse Extracellular Flux analyzer to measure oxygen consumption 

rate (OCR) and extracellular acidification rate (ECAR), which are correlated to oxidative 

respiration and glycolysis, respectively (Appendix Figures 2.11 and 2.12). Using a 

method published by Mookerjee et al., we calculated the theoretical basal and maximal 

rates of oxidative (J-ATPoxidative), glycolytic(J-ATPglycolytic), and total (J-ATPtotal) ATP 

production (J-ATP) of C2C12 myotubes treated or not with IFNγ/TNFα and iNOS 

inhibitors (Mookerjee et al, 2017, 2018). Calculation of basal J-ATP rate allowed us to 

determine the relative utilization of glycolysis or OXPHOS for ATP production at the 

initial state (Figure 2.9B and Appendix Figure 2.13B). The maximal J-ATP rates were 

determined after FCCP treatment for J-ATPoxidative and monensin treatment for J-

ATPglycolytic. Determination of the maximal rates allows for visualization of the 

bioenergetic profile of the myotubes (Figure 2.9A and Appendix Figure 2.13A). 

Furthermore, the maximal J-ATP rates can also be used to calculate the bioenergetic 

capacity of the cell, which represents the functional limit of glycolytic and oxidative 

processes (Figure 2.9D and Appendix Figure 2.13D). Our assessment of the 

bioenergetic and basal metabolic profile of C2C12 showed that while myotubes are 

highly oxidative in the untreated condition, cytokines strongly impair oxidative 

metabolism, resulting in an increase in glycolytic metabolism, and significantly 

decreased basal ATP production rates (Figure 2.9A-B and Appendix Figure 2.13A-B). 

The percentage of energy production from glycolysis, defined as the glycolytic index, 

between untreated and cytokine treated myotubes increased from 10% to 60-90% 
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(Figure 2.9C and Appendix Figure 2.13C). Furthermore, the bioenergetic capacity of 

cytokine-treated cells was significantly decreased (Figure 2.9D and Appendix Figure 

2.13D), suggesting that collectively these cytokine-induced insults to ATP production 

likely cause the energetic stress observed. Importantly, the iNOS inhibitors GW and 

AMG restored normal bioenergetic profile, basal metabolism, and bioenergetic capacity 

(Figure 2.9A-D and Appendix Figure 2.13A-D). Overall, we show that iNOS activity 

strongly impairs oxidative energy production and shifts metabolic output towards 

glycolysis that cannot meet the energy needs of myotubes. 

With the strong impairment of OXPHOS in IFNγ/TNFα treated C2C12, we 

investigated how iNOS is targeting this process. We probed for expression levels of 

ETC complex subunits that are labile when complexes are disassembled and 

nonfunctional. We found that cytokines targeted Complex II and Complex IV integrity, 

significantly reducing levels of their subunits (Figure 2.10, Appendix Figures 2.14 and 

2.15). This detrimental disruption of ETC complex integrity was prevented with iNOS 

inhibitors indicating that iNOS compromises OXPHOS function in the context of muscle 

wasting by targeting complex II and IV integrity and function (Figure 2.10, Appendix 

Figure 2.15). 
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Figure 2.9: GW274150 prevents a cytokine-induced shift to aerobic glycolysis in 

C2C12. 

C2C12 myotubes were treated with or without IFNγ (100U/mL) and TNFα (20ng/mL) 

and the indicated doses of GW. ATP production rates (J-ATP) from oxidative 

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

measurements of extracellular flux 24h after treatment.  

(A) Bioenergetic profiles. Highlighted squares are defined by the theoretical maximal 

J-ATPoxidative and J-ATPglycolytic rates. 

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

(C) Glycolytic index of basal metabolism.  

(D) Total bioenergetic capacity. 

Data information: Individual data points represent three independent experiments (n = 

3). The data points for each experiment are calculated from the average of technical 

triplicates. Error bars represent the standard deviation (SD) of the mean. For statistical 

comparisons, Δ indicates the difference of mean values and p-values were calculated 

with an ANOVA followed by Fisher's LSD test.  
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Figure 2.10: Inflammation-mediated loss of Complex II and IV integrity are 

reversed with GW274150. 

C2C12 myotubes were treated with or without IFNγ (100U/mL) and TNFα (20ng/mL) 

and the indicated doses of GW. Protein content was extracted 24h after treatment.  

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

(B) (left) Quantification of SDHB (Complex II; CII) normalized to VDAC (Outer 

Mitochondrial Membrane; OMM) and relative to untreated control. (right) 

Quantification of MTCO1 (Complex IV; CIV) normalized to VDAC and relative to 

untreated control.  

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, Δ indicates the difference of mean values and p-values were 

calculated with an ANOVA followed by Fisher's LSD test. 
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2.6 iNOS disrupts the mitochondrial structure in wasting skeletal muscle 

To conclude our study, we assessed mitochondrial content and morphology in 

skeletal muscle collected from both our in vivo models of wasting using transmission 

electron microscopy (TEM) as these parameters are associated with mitochondrial 

function (Cogliati et al, 2016; Li et al., 2020). We found that LPS treatment disrupted the 

cristae structures of the IMM in WT mice, but not iNOS KO mice (Figure 2.11A). In our 

C26 model, we observed that tumor bearing mice had decreased mitochondrial content 

in their muscle (Figure 2.11B left), with their remaining mitochondria being fragmented 

and without cristae (Figure 2.11B right). GW treatment of tumor bearing mice partially 

prevented loss of mitochondrial content and maintained cristae structure (Figure 2.11B). 

Interestingly, we found that GW treatment of control mice tended to increase the 

number of mitochondria in the muscles suggesting a role of iNOS in limiting 

mitochondrial biogenesis under normal conditions (Figure 2.11B). Mitochondrial 

fragmentation, depletion of mitochondria, and disruption of IMM cristae structures have 

all been previously observed in models of cachexia and are suggested to strongly 

impair OXPHOS-linked energy production (Brown et al., 2017; Franco-Romero & 

Sandri, 2021; Shum et al., 2012; VanderVeen et al., 2017; White et al., 2012). 

Therefore, the LPS and C26-mediated assaults to mitochondrial content and 

morphology suggest that oxidative energy production is impaired in these muscles in an 

iNOS-dependent manner. Together, our models of muscle wasting demonstrate that 

genetic ablation of iNOS or inhibition of its activity enhances mitochondrial function by 

preventing both the loss of IMM structure and capacity for oxidative phosphorylation. 
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Figure 2.11: Inflammation-mediated loss of mitochondrial integrity are reversed 

with genetic and pharmacological inhibition of iNOS. 

(A) Male C57BL/6 wildtype (WT) and iNOS knockout (KO) mice were 

intraperitoneally injected with 1mg kg-1 LPS or an equivalent volume of carrier 

solution. Control WT, Control KO, and LPS-treated KO cohorts were pair-fed 

(PF) to the WT LPS-treated cohorts. After 18h, mice were euthanized, and tibialis 

anterior muscles were imaged by transmission electron microscopy. (left) 

Representative micrograph of tibialis anterior muscle (n=2). Scale bar = 1 µm. 

(right) Zoomed section of representative image to highlight mitochondria. Scale 

bar = 0.5 µm.  
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(B) Male BALB/C mice were injected subcutaneously with C26 cells (1.25x106 cells) 

or an equivalent volume of saline. After 5 days, and everyday thereafter, saline  

and C26 injected mice were treated with or without  GW (5mg kg-1). After 16 

days, mice were euthanized, and gastrocnemius muscles were imaged by 

transmission electron microscopy. (left) Representative micrograph of 

gastrocnemius muscle (n=2). Scale bar = 1 µm. (right) Zoomed section of 

representative image to highlight mitochondria. Scale bar = 0.5 µm.  

Data information: Images representative of 2 individual mice. 
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3 eIF4A inhibition prevents the onset of cytokine-induced muscle wasting by 

blocking the STAT3 and iNOS pathways 

3.1 The eIF4A allosteric inhibitor Hippuristanol recapitulates the actions of 

Pateamine A on cytokine-induced muscle wasting and the iNOS/NO pathway. 

As Chapter 2 provides strong evidence behind the efficacy of direct iNOS inhibition in 

the treatment of cachectic muscle wasting, in the following chapter, I sought to explore 

alternative means of impairing iNOS in wasting muscle. Indeed, several studies from 

our lab have shown that disruption of iNOS expression has similar anti-cachectic effects 

to direct inhibitors. Notably, one of our previous studies showed that the eIF4A inhibitor 

PatA prevents cytokine-induced muscle wasting, both in vitro and in vivo, by selectively 

disrupting iNOS mRNA translation (Di Marco et al., 2012). This work suggested that 

targeting iNOS induction with PatA can potentially alleviate cachexia. The toxicity of 

PatA, however, hinders its ability to be translated to clinic. Alternative drugs targeting 

eIF4A should be investigated for their therapeutic potential in preventing cachexia-

induced muscle wasting. To address this, we tested the effect of an eIF4A inhibitor Hipp 

in our in vitro models of cachexia-induced muscle wasting. Hipp inhibits eIF4A with a 

distinct mechanism of action from PatA and has more favorable therapeutic 

characteristics. Unlike PatA, its interaction with eIF4A is reversible, and consequently, is  

less toxicity. We therefore investigated if Hipp prevents, in vitro, the wasting of C2C12 

myotubes treated with IFNγ and TNFα as described in Chapter 2.  

We first confirmed if Hipp treatment prevents wasting similar to PatA by visualizing 

the integrity of myotubes and measuring their diameter 72 hours after treatment with or 

without IFNγ/TNFα. We demonstrated that Hipp, indeed, (Figure 3.1A) prevented the 
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wasting of myotubes which occurs due to cytokine treatment (Figure 3.1B-C). As the 

anti-cachectic effects of PatA were attributed to the inhibition of iNOS translation we 

next assessed whether different doses of Hipp (100 and 200 nM) affected IFNγ/TNFα-

induced iNOS expression and activity. We showed that Hipp significantly decreased, in 

a dose dependent manner, iNOS protein expression (Figure 3.2A-B) with corresponding 

decreases in NO production (Figure 3.2C). These data suggest that Hipp recapitulates 

the anti-cachectic effects of PatA and confirm that these effects were specific to eIF4A 

inhibition. 
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Figure 3.1: Hippuristanol (Hipp), an eIF4A inhibitor, prevents IT-induced muscle 

wasting.  

C2C12 myotubes treated with or without IFNγ (100 U/mL) and TNFα (20 ng/mL) for 

72 hours in the presence or absence Hipp (200 nM). 

(A) Representative phase-contrast imaging of myotubes. 

(B) Representative immunofluorescence imaging for myoglobin to visualize myotube 

integrity. Nuclei were visualized with DAPI staining. 

(C) Quantification of myotube fiber width plotted as the percentage relative to 

untreated myotubes. 

Data Information: Error bars represent the standard error of the mean (SEM) of three 

independent experiments (n = 3). For statistical comparisons P-values were calculated 

with Student’s t-test (***P < 0.001). 
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Figure 3.2: Hippuristanol (Hipp) prevents IT-mediated activation of the pro-

cachectic iNOS/NO pathway.  

C2C12 myotubes treated with or without IFNγ (100 U/mL) and TNFα (20 ng/mL) for 

24 hours in the presence or absence Hipp (100 and 200 nM). 

(A) Western blot analysis of iNOS protein levels in myotubes. Tubulin was included 

as a loading control. 

(B) Quantification of iNOS protein levels and standardized to Tubulin levels plotted 

relative to IFNγ/TNFα-treated myotubes (n = 3). 

(C) NO production in myotubes determined using the Griess assay (n = 4). 

Data Information: Error bars represent the standard error of the mean (SEM) of three or 

four independent experiments as indicated above. For statistical comparisons P-values 

were calculated with Student’s t-test (**P < 0.01; ***P < 0.001). 
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3.2 Hippuristanol reduces cytokine-induced activation of the STAT3 pathway. 

Inhibition of eIF4A has been shown to have broad anti-inflammatory/anti-cancer 

effects. Since PatA is more effective in preventing cachexia than the iNOS inhibitor 

AMG  (Bordeleau et al., 2008; Chu & Pelletier, 2015; Romo et al., 2004; Singh et al., 

2021; Zhang et al., 2020)(Di Marco et al., 2012), we investigated whether other pro-

cachectic factors were dependent on eIF4A for their expression. First, we assessed if 

Hipp impacted secreted levels of the pro-cachectic cytokine IL-6 and its mRNA 

expression, as we have previously shown its expression is induced in C2C12 myotubes 

treated with IFNγ/TNFα (Ma et al., 2017). Indeed, Hipp significantly decreased levels of 

secreted IL-6 in cytokine-treated myotubes (Figure 3.3A), in addition to impairing the 

expression of the IL-6 mRNA (Figure 3.3B). As both levels of mRNA and translated 

protein were decreased by Hipp, we could not conclude whether Hipp impaired IL-6 

translation or whether this effect was due to impairment of an upstream factor 

responsible for IL-6 transcription. Therefore, we looked at the effect of Hipp on the 

expression of upstream pro-cachectic transcription factors that are involved in mediating 

the transcription of IL-6.  

eIF4A was previously shown to regulate the expression of several oncogenic super 

enhancer-associated transcription factors (Wolfe et al, 2014). Since STAT3 is a super 

enhancer associated factor that was shown to regulate the expression of IL-6 (Ma et al., 

2017; Yoon et al, 2012; Yu et al, 2009; Zimmers et al., 2016) (Hnisz et al, 2013), we 

assessed whether eIF4A impairment by Hipp was impacting the activation of the STAT3 

pathway and the translation of STAT3 mRNA in our model.  We demonstrate that Hipp 

indeed prevented the activation and total expression of STAT3 (as seen by measuring 
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the levels of phosphotyrosine-705 STAT3 (PY705-STAT3) and total STAT3 protein 

levels) (Figure 3.4A-C). Importantly, Hipp did not significantly affect STAT3 mRNA 

levels induced by IFNγ/TNFα (Figure 3.4D) suggesting that Hipp prevents activation of 

the STAT3 pathway and expression of its downstream targets by inhibiting STAT3 

mRNA translation. 

 

 

Figure 3.3: Hippuristanol (Hipp) decreases IL-6 mRNA expression and secretion 

in IT-treated myotubes. 

C2C12 myotubes treated with or without IFNγ (100 U/mL) and TNFα (20 ng/mL) for 

24 hours in the presence or absence Hipp (100 and 200 nM). 

(A) IL-6 concentrations detected by ELISA in the supernatants from myotubes.  

(B) RT-PCR analysis for IL-6 mRNA expression standardized to RPL32 

housekeeping gene, normalized relative to IFNγ/TNFα-treated myotubes. 

Data Information: Error bars represent the standard error of the mean (SEM) of three 

independent experiments (n = 3). For statistical comparisons P-values were calculated 

with Student’s t-test (*p < 0.05; **P < 0.01; ***P < 0.001).  
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Figure 3.4: Hippuristanol (Hipp) inhibits STAT3 protein, but not STAT3 mRNA 

levels, in IT-treated myotubes. 

C2C12 myotubes treated with or without IFNγ (100 U/mL) and TNFα (20 ng/mL) for 

24 hours in the presence or absence Hipp (100 and 200 nM). 

(A) Western blot analysis of PY705-STAT3 and STAT3 protein levels in myotubes. 

Tubulin was included as a loading control. 

(B-C) Quantification of (B) PY705-STAT3 and (C) STAT3 protein levels and  

standardized to Tubulin levels plotted relative to IFNγ/TNFα-treated myotubes. 

(D) RT-PCR analysis for STAT3 mRNA expression standardized to RPL32 

housekeeping gene, normalized relative to IFNγ/TNFα-treated myotubes. 

Data Information: Error bars represent the standard error of the mean (SEM) of three 

independent experiments (n = 3). For statistical comparisons P-values were calculated 

with Student’s t-test (*p < 0.05; **P < 0.01).  
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3.3 Pateamine A and Silvestrol decrease activation of the STAT3 pathway in 

cytokine-treated myotubes.  

As Hipp strongly reduced STAT3 expression and activation of the STAT3 pathway, 

we concluded our study by confirming that these effects were specific to eIF4A 

inhibition. To this end, we evaluated the effect of PatA and another eIF4A inhibitor 

silvestrol on the STAT3 pathway in cytokine-treated myotubes. First, we assessed the 

effect of PatA on IL-6 and STAT3 expression. As expected, PatA recapitulated the 

effects of Hipp on IL-6 induction in response to IFNγ/TNFα by decreasing both secreted 

levels of IL-6 and its mRNA expression (Figure 3.5A-B). PatA treatment of IFNγ/TNFα-

treated myotubes also reduced protein levels of total STAT3 and its activated state 

PY705-STAT3 (Figure 3.5C-E), without affecting STAT3 mRNA levels (Figure 3.5F). 

Therefore, PatA impaired the STAT3 pathway by repressing STAT3 mRNA translation 

similar to Hipp. Lastly, we confirmed the anti-cachectic effects of eIF4A inhibition with 

silvestrol by measuring activation of the iNOS/NO and STAT3 pathways. As expected, 

silvestrol decreased NO production and iNOS protein levels in cytokine-treated 

myotubes in a dose dependent manner (Figure 3.6A-C). Silvestrol also significantly 

reduced STAT3 protein levels in a dose dependent manner, without affecting STAT3 

mRNA levels (Figure 3.6B,D,E). Taken together, our results show that eIF4A inhibitors 

reduce the abundance of iNOS and STAT3 proteins at the translational level, thereby 

preventing cachexia-induced muscle wasting. 
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Figure 3.5: Pateamine A recapitulates the impact of Hippuristanol on IL-6 

secretion and STAT3 protein levels. 

C2C12 myotubes treated with or without IFNγ (100 U/mL) and TNFα (20 ng/mL) for 

24 hours in the presence or absence of PatA (0.025 µM). 

(A) IL-6 levels in the supernatant of myotubes determined by ELISA.  

(B) RT-PCR analysis for IL-6 mRNA expression standardized to RPL32 

housekeeping gene, normalized relative to IFNγ/ TNFα-treated myotubes.  

(C) Western blot analysis of PY705-STAT3 and STAT3 protein levels in myotubes. 

Tubulin was included as a loading control. 

(D-E) Quantification of (D) PY705-STAT3 and (E) STAT3 protein levels and  

standardized to Tubulin levels plotted relative to IFNγ/ TNFα-treated myotubes. 

(F) RT-PCR analysis for STAT3 mRNA expression standardized to RPL32 

housekeeping gene, normalized relative to IFNγ/ TNFα-treated myotubes. 

Data Information: Error bars represent the standard error of the mean (SEM) of three 

independent experiments (n = 3). For statistical comparisons P-values were calculated 

with Student’s t-test (*p < 0.05; **P < 0.01).  
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Figure 3.6: Silvestrol perturbs iNOS and STAT3 protein expression. 

C2C12 myotubes treated with or without IFNγ (100 U/mL) and TNFα (20 ng/mL) for 

24 hours in the presence or absence of Silvestrol (12.5, 25, and 50nM). 

(A) NO production in myotubes determined using the Griess assay (n = 5). 

(B) Western blot analysis of iNOS and STAT3 protein levels in myotubes. Tubulin is 

included as a loading control (n = 3). 

(C-D) Quantification of (C) iNOS and (D) STAT3 protein levels and standardized to 

Tubulin levels plotted relative to IFNγ/TNFα-treated myotubes (n = 3).  

(E) RT-PCR analysis for STAT3 mRNA expression standardized to RPL32 

housekeeping gene, normalized relative to IFNγ/TNFα-treated myotubes (n = 3).  

Data Information: Error bars represent the standard error of the mean (SEM) of three or 

five independent experiments as indicated above. For statistical comparisons P-values 

were calculated with Student’s t-test (*p < 0.05; **P < 0.01; ***P < 0.001). 
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4 Materials and Methods 

4.1 Reagents  

IFNγ (485-MI) and TNF-α (410-MT) were obtained from R&D systems. GW274150 

(HY-12119) was purchased from MedChemExpress. Hippuristanol, Silvestrol, and 

Pateamine A were kindly provided by Dr. Jerry Pelletier. Aminoguanidine (396494), 

DAPI (10236276001), oligomycin (75351), Rotenone (R8875), antimycin A (A8674), and 

monensin (M5273) were purchased from Sigma-Aldrich. ECL Western Blotting 

Detection Reagent (RPN2106) was bought from GE Healthcare Life Sciences.  

4.2 Antibodies 

The iNOS antibody (610431) was purchased from BD Transduction Laboratories. 

The CD45 conjugated to BV786 (564225) antibody was purchased from BD Horizon. 

VDAC (48665), pThr172-AMPKa (2535), total AMPKa (2603), pSer79-ACC (3661), total 

ACC (3662), pThr389-S6K (9205), total S6K (2708), pSer235/236-S6 (2211), S6 (2317), 

total STAT3 (9139), and pTyr705-STAT3 (9145) antibodies were purchased from Cell 

Signaling Technology. The myoglobin (ab77232), 3NT (ab61392), and Total OXPHOS 

Rodent Antibody Cocktail (ab110413) (containing five antibodies, one against a subunit 

of each ETC complex) antibodies were purchased from Abcam. The F4/80 conjugated 

to PE/Cy7 (123114), Ly6c conjugated to APC-fire750 (128046), CD206 conjugated to 

PE (141706), and CD86 conjugated to BV421 (105032) antibodies were purchased 

from BioLegend. Laminin (L9393) antibody was purchased from Sigma-Aldrich. The 

tubulin antibody (DSHB Hybridoma Product 6G7; deposited by Halfter, W.M.), myosin 

heavy chain (DSHB Hybridoma Product MF20; deposited by Fischman, D.A.), MyHC I 

(DSHB Hybridoma Product BA-D5; deposited by Schiaffino, S.), and MyHC IIa (DSHB 
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Hybridoma Product SC-71; deposited by Schiaffino, S.) antibodies were obtained from 

the Developmental Studies Hybridoma Bank (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 FluorTM 488-conjugated goat anti-mouse secondary (A11029), Alex 

FluorTM 594-conjugated goat anti-rabbit secondary (A11072), Alexa FluorTM 594-

conjugated goat antimouse secondary (A11032), Alexa FluorTM 647-conjugated goat 

antirabbit secondary (A21244), Alexa FluorTM 488-conjugated goat anti-mouse IgG1 

secondary (A21121), and Alexa FluorTM 594-conjugated goat anti-mouse IgG2b 

secondary (A21145) antibodies were purchased from Thermo Fisher Scientific. 

4.3 Cell Culture 

C2C12 myoblast cells (American Type Culture Collection (ATCC), Manassas, VA, 

USA) were cultured on 0.1% gelatin-coated (Sigma-Aldrich) culture dishes (Corning). 

C2C12 myoblasts were grown in DMEM (Thermo Fisher 11995-065 or Invitrogen) with 

high glucose, L-glutamine, and sodium pyruvate that was supplemented with 20% fetal 

bovine Serum (FBS) (Sigma-Aldrich F1051) and 1% penicillin/streptomycin (Sigma-

Aldrich P0781). Cultured myoblasts were differentiated into myotubes upon reaching 

90-100% confluence by switching medium to DMEM containing 2% horse serum 

(Invitrogen 16050122) and 1% penicillin/streptomycin. Cells were monitored for 

mycoplasma infection by DAPI staining. 

Myotubes were treated with or without IFNγ (100 U mL−1) and TNFα (20 ng mL−1) (IT) 

for 24 to 72 hours after visibly forming which occurred three or four days after induction 

of differentiation. GW or Aminoguanidine treatments were conducted concurrently for 
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the duration of IT treatment. Myotubes treated with eIF4A inhibitors were incubated for 

30 minutes with or without Hippuristanol (100 and 200 nM), Pateamine A (0.025 μM) or 

Silvestrol (12.5, 25 and 50 nM) at the beginning of IT treatment. Cells were then washed 

with PBS and re-incubated with media with or without IT.  

4.4 Immunoblotting 

Total protein extracts from C2C12 cells were prepared using a lysis buffer containing 

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 MgCl2, 0.1 mM sodium 

orthovanadate, and complete EDTA-free protease inhibitors (Roche Applied Science). 

Skeletal muscle protein content was prepared by homogenizing muscle in ice-cold 

muscle protein extraction buffer containing PBS supplemented with 1% NP-40, 0.5% 

sodium deoxycholate, 50 mM NaF, 5 mM Na4P2O7, 0.1% SDS, 0.1 mM sodium 

orthovanadate, and complete EDTA-free protease inhibitors. The soluble protein 

fraction was clarified by centrifugation at 12,000 g for 5 min at 4°C and diluted with 

Laemmli loading dye.  

Laemmli diluted protein lysates were resolved on 7.5–12% acrylamide gels and 

transferred to nitrocellulose membranes using the Trans-Blot® TurboTM system. Transfer 

efficiency and protein loading were visualized by either reversible Ponceau S staining or 

Stain-Free imaging. 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 5% skim milk or 5% BSA containing 

TBS-T overnight at 4°C. Membranes were probed with antibodies against iNOS 

(1:5,000), VDAC (1:5,000), pThr172-AMPKa (1:5,000 – 1:1,000), total AMPKa (1:5000 – 
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1:1,000), pSer79-ACC (1:5000 – 1:1,000), total ACC (1:1,000), pThr389-S6K (1:2,000), 

total S6K (1:5,000), pSer235/236-S6 (1:5,000), S6 (1:1,000), tubulin (1:1,000), total 

STAT3 (1:1,000), and pTyr705-STAT3 (1:1,000), total OXPHOS Rodent antibody 

cocktail (1:1,000), and 3NT (1:2,000). Primary antibodies were washed off three times 

with TBS-T. Membranes were then incubated for 1 h at room temperature with the 

appropriate HRP-conjugated secondary antibodies (1:5,000 – 1:10,000) diluted in 5% 

skim milk. Secondary antibodies were washed off three times with TBS-T and exposed 

using ECL reagent. Chemiluminescent signal was detected using either photosensitive 

film or a Bio-Rad ChemiDocTM imaging system. Densitometry quantification was 

performed using either ImageJ software or Bio-Rad Image LabTM software. 

4.5 Detection of media nitrite levels and IL-6 

Quantification of NO released was achieved by measuring media nitrite levels with 

GRIESS reagent. GRIESS reagent 1 (1% sulphanilamide, 5% phosphoric acid) and 

GRIESS reagent 2 (0.1% N-(1-naphthyl)-ethylenediamine dihydrochloride) were mixed 

1:1 to make GRIESS reagent. Nitrite concentration of unknown samples was 

determined by comparison against a standard curve established from a serial dilution of 

sodium nitrite solution. Standards and unknown media samples were mixed 1:1 with 

GRIESS reagent, incubated at room temperature for 5 min, and their absorbance of 543 

nm wavelength was measured.  

IL-6 in the supernatant of IT-treated myotubes was measured using the Mouse IL-6 

ELISA Ready-SET-Go!® Kit (eBioscience, Inc.). 
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4.6 Reverse Transcription Quantitative PCR (RT-qPCR) 

Total RNA was extracted using TRIzol® (Thermo Fisher 15596018) according to the 

manufacturer’s instructions. RNA quality and quantity were determined using a Thermo 

Fisher NanoDropTM reader (ND-1000) and agarose gel electrophoresis. 1 μg of total 

RNA was reverse transcribed to cDNA using either the M-MuLV Reverse Transcriptase 

(New England Biolabs) or iScript cDNA Synthesis Kit (Bio-Rad 1708891). cDNA was 

analyzed by qPCR with SsoFastTM Evagreen® Supermix (Bio-Rad 1725200) using 

primers for F4/80 (F: 5’-GCA TCA TGG CAT ACC TGT TC-3’ R: 5’-GAG CTA AGG 

TCA GTC TTC CT-3’), GAPDH (F: 5’-AAG GTC ATC CCA GAG CTG AA-3’ R: 5’- AGG 

AGA CAA CCT GGT CCT CA-3’), STAT3 (F: 5’-GCT GCT TGG TGT ATG GCT CT-3’, 

R: 5’-TAT CTT GGC CCT TTG GAA TG-3’), IL-6 (F: 5’-AACGATGATGCACTTGCAGA-

3’ R: 5’-CTC TGA AGG ACT CTG GCT TTG-3’), and RPL32 (F: 5’‑TTC TTC CTC GGC 

GCT GCC TAC GA‑3’, R: 5’‑AAC CTT CTC CGC ACC CTG TTG TCA‑3’). All levels 

were normalized to GAPDH (Chapter 3) or RPL32 (Chapter 4) and relativized to 

controls. 

4.7 GC-MS metabolomic analysis 

Cells were lysed using sonication in dry ice chilled 80% methanol to collect soluble 

and insoluble fractions. Total genomic DNA (gDNA) was collected from the insoluble 

fraction by phenol:chloroform:isoamyl alcohol extraction to relativize metabolite 

concentrations to cell content. 750 ng of D-myristic acid was added to each sample’s 

soluble fraction as an internal standard. Soluble fraction samples were dried and 

dissolved in 30 μl of methoxyamine hydrochloride (10 mg/ml) in pyridine. Samples were 

then derivatized using 70 μl of N-(tert-butyldimethylsilyl)-N-methyltrifluoroacetamide 
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(MTBSTFA) to generate tert-butyldimethylsilyl (TBDMS) esters. Metabolite levels were 

measured with an Agilent 5975C GC/MS equipped with a DB-5MS+DG (30 m × 250 μm 

× 0.25 μm) capillary column (Agilent J&W, Santa Clara, CA, USA). Electron impact was 

set at 70 eV, and a total of 1 μl of sample was injected in splitless mode with the inlet 

temperature of 280°C. As helium was used as a carrier gas with a flow rate of 1.5512 

ml/min the myristic acid internal standard elutes at 17.94 min. Quadrupole was set at 

150°C and the interface at 285°C. The oven program was started at 60°C for 1 min, 

then increased at a rate of 10°C/min until 320°C and held at 320°C for 10 min. Data 

were acquired with both in scan (1–600 m/z) and selected ion (SIM) modes (McGuirk et 

al, 2013). Mass isotopomer distribution and metabolite abundance were determined 

using a custom algorithm developed at McGill University (McGuirk et al., 2013). 

Metabolite abundance was normalized to D-myristic acid levels and relativized to total 

gDNA content. 

4.8 Cellular ATP content 

Cellular ATP content was determined using the ATP Determination Kit (Invitrogen 

A22066). After removing media and washing quickly with room temperature PBS, cells 

were lysed in their plates ATP Assay Lysis Buffer (25 mM Tris–HCl, 2 mM DTT, 2 mM 

EDTA, 10% glycerol, and 1% Triton X-100) for 5 min at room temperature while agitated 

on a plate shaker. Plates were then placed on ice and ATP content was determined 

according to manufacturer instructions. 

4.9 Extracellular flux and bioenergetics analysis 

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were 

measured with an Agilent Seahorse XFe24 Analyzer. C2C12 myoblasts were plated and 
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differentiated to myotubes in XFe24 culture plates (1007777-004). Cells were switched 

to XF Base Medium (103575-100) supplemented with 10 mM D-glucose (Sigma G7528) 

and cultured in a CO2-free incubator at 37°C, according to manufacturer instructions 1 h 

before assessment. A XFe24 sensor cartridge (102340-100) calibrated according to the 

manufacturer’s instructions, was loaded with Oligomycin to 1 μM, FCCP to 1.5 μM, 

Rotenone to 1 μM, Antimycin A to 1 μM, and monensin to 20 μM. Basal extracellular flux 

was measured in three cycles and two measurement cycles were performed between 

drug injections. Measurement cycles occurred as follows: 3 min mix, 2 min wait, and 3 

min measurement. During the experiment, media buffering capacity was determined 

using a sequential injection of HCl in two wells and ranged from 0.061 to 0.065 mpH 

pmol H+ -1. Well protein content was determined after the run as follows. Cells were 

washed three times in room temperature albumin-free Krebs-Ringer phosphate HEPES 

(KRPH) medium (2 mM HEPES, 136 mM NaCl, 2 mM NaH2PO4, 3.7 mM KCl, 1 mM 

MgCl2, 1.5 mM CaCl2, pH 7.4). Cells were then lysed for 30 min on ice using 25 μl of 

RIPA lysis buffer (150 mM NaCl, 50 mM Tris, 1 mM EGTA, 1 mM EDTA, 1% TritonX-

100, 0.5% sodium deoxycholate, 0.1% SDS, pH 7.4) followed by agitation for 5 min. 

Protein content was lastly measured using a BCA assay (Thermo Fisher 23225) 

according to the manufacturer’s instructions and extracellular flux rates were normalized 

to protein content. Bioenergetic profiling was determined as detailed by (Mookerjee et 

al., 2017, 2018). 

4.10 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 
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the Canadian Council of Animal Care. Mice were housed in a controlled environment in 

sterile cages with corn-cob bedding set on a 12-h light–12-h dark cycle. Mice were 

provided commercial laboratory food (Harlan #2018; 18% protein rodent diet; Madison, 

WI) and had free access to water. 

For the LPS model of septic cachexia, male C57BL/6 wild-type and whole-body iNOS 

knockout mice on a C57BL/6 background ages 8–12 weeks were obtained from 

Jackson Laboratories. LPS was prepared in 0.5% BSA dissolved in sterile PBS to a 

concentration of 0.1 mg ml-1. At the beginning of the dark cycle (18:30 h to 19:30 h), 

mice were intraperitoneally injected with 10 ml kg-1 LPS for a final concentration of 1 mg 

kg-1. GW-injected mice were intraperitoneally injected with 5 mg kg-1 dose of GW 24 h 

before LPS injection and then a second time simultaneously with LPS injection. The 

dose of GW utilized (5 mg kg-1) has previously been shown to reduce collagen-induced 

arthritis similar to that in iNOS knockout (Cuzzocrea et al, 2002). Mice were separated 

into individual cages to allow for pair-feeding compared to wild-type, LPS-injected mice. 

Wild-type, LPS-injected mice were fed ad libitum, and all other cohorts were fed the 

average amount of food consumed by LPS-injected mice. Mice were euthanized 

approximately 18h after injection, tissues were collected and weighed. Tissues were 

either snap-frozen in liquid nitrogen or prepared for sectioning as described below.  

For the C26 model of cancer cachexia, male BALB/C mice ages 6–8 weeks were 

obtained from Jackson Laboratory. Cages were randomly assigned to each treatment 

group. C26 adenocarcinoma cells provided by Dr. Denis Guttridge were cultured in 

DMEM supplemented with 10% FBS and 1% penicillin/streptomycin. Cells were kept 

below 70% confluency and minimally passaged before injection. Injected C26 cells were 
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prepared at a concentration of 1.25 × 107 cells ml-1. 100 μl was injected subcutaneously 

into the right flank of the mice for a final dose of 1.25 × 106 cells per mouse. For saline 

controls, an equivalent volume of PBS was injected. Tumor growth was monitored by 

manual measurement with calipers. GW was prepared to a final concentration of 0.5 mg 

ml-1 in sterile PBS. Five days after C26 injection and every day thereafter, mice were 

intraperitoneally injected with 10 ml kg-1 of either GW for a final dose of 5 mg kg-1 or 

PBS. On day 14–19 post-C26 injection, mice were anesthetized with isoflurane gas and 

exsanguinated by cardiac puncture. Following cervical dislocation, tissue was collected 

as described in the LPS experiment. 

4.11 Grip strength 

Forelimb grip strength was measured using a using a DFE II Series Digital Force 

Gauge (Ametek DFE II 2-LBF 10-N). Mice were allowed to acclimate the morning of 

injection. Mice were suspended by the tip of the tail, allowing them to establish a grip. 

Peak forelimb grip force was measured by gently pulling the mice parallel to the meter 

until their grip was broken. The mice were returned to their home cage for at least one 

minute before subsequent measurements. Four measurements were taken per mouse. 

This process was conducted before injection and the morning of euthanasia to 

determine the percent change in peak grip strength. 

4.12 Fluorescence-activated cell sorting (FACS) 

Spleens from saline or LPS-treated WT and iNOS KO mice were collected and 

passed through a strainer on ice to obtain single cells. Red blood cells were lysed using 

ACK buffer for 3 min at room temperature. Viability was assessed using fixable viability 

dye eFluorYM506 (Thermo Fisher/eBioscience 65-0866-14). Viable cells were then 
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analyzed using the CD45, F4/80, Ly6c, CD206, and CD86 antibodies. BD Cytofix/ 

CytopermTM (BD Bioscience, 554722) was used to fix the myeloid compartment 

according to the manufacturer instructions. The CD86+ cells or CD206+ cells were gated 

on viable cells that were Cd45+, F4/80+, and Ly6c-. Flow cytometry was done in the BD 

LSR Fortessa 4 lasers (405/488/561/633 nm) flow cytometer, and the results were 

analyzed using Flowjo_v 10.7.1_CL (Treestar). 

4.13 Muscle freezing and sectioning 

Gastrocnemius and tibialis anterior muscles were mounted on 7% tragacanth gum 

and snap-frozen in liquid nitrogen-cooled isopentane. Samples were stored at -80°C 

before cryosectioning at 10 μm intervals. 

4.14 Histological analysis of muscle cross-sectional area 

Sections of muscles were stained with hematoxylin and eosin (H&E) staining. Stained 

samples were subsequently imaged by visible light microscopy. Muscle minimum 

Feret’s diameter and cross-sectional areas were determined using ImageJ software to 

manually trace the circumference of individual fibers. 

4.15 Immunofluorescence 

For immunofluorescence of C2C12 myotubes to measure myotube diameter, cells 

were fixed in 3% paraformaldehyde for 30 min. Cells were permeabilized and blocked 

with 0.1%-0.5% Triton X-100, 1% goat serum in PBS (Thermo Fisher 16210-064). Cells 

were then incubated in primary antibodies against myosin heavy chain (MF-20; 1:1,000) 

and myoglobin (1:500) for 1 h. After washing, they were incubated in Alexa® Fluor 

secondary antibodies (1:500) for 1 h, stained with DAPI, and mounted on coverslips 

with VECTASHIELD® Antifade Mounting Medium (Vector Laboratories H-1000). 
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Samples were imaged with a Zeiss Observer Z1 microscope and AxioCam MRm digital 

camera. Myotube diameters were measured at two or three points along each fiber 

using the Carl Zeiss Zen2 (blue) software. 

For immunofluorescence on sections of muscles to determine fiber type composition, 

frozen sections were first equilibrated to room temperature for 20 min. Sections were 

fixed in 3% paraformaldehyde for 30 min, blocked in 5% goat serum for 1 h, incubated 

in primary antibodies against MyHC I (1:50), MyHCIIa (1:500), and laminin (1:250) 

overnight. After washing, sections were incubated in Alexa® Fluor secondary antibodies 

in (1:500) for 1 h. The sections were then mounted on coverslips using VECTASHIELD® 

HardSet Antifade Mounting (Vector Laboratories H-1400). The entirety of the sections 

was imaged with a Zeiss Observer Z1 microscope and AxioCam MRm digital camera. 

The images of entire muscle sections were assembled using ImageJ software, and 

each fiber was then classified as type I or type IIa positive. Unstained fibers with no 

signal were classified as being type IIb/x. 

4.16 Transmission electron microscopy 

Tibialis anterior or gastrocnemius tissue samples were imaged at the Facility for 

Electron Microscopy Research at McGill University (Montreal, Quebec, Canada). The 

tissue samples were fixed overnight in 2.5% glutaraldehyde in 0.1 M sodium cacodylate 

buffer, then postfixed with 1% OsO4 + 1.5% potassium ferrocyanide in 0.1 M sodium 

cacodylate buffer for 2 h at 4°C and washed three times with Milli-Q water. The tissues 

were dehydrated in a graded series of acetone-dH2O up to 100%. Following 

dehydration, tissues were infiltrated with a graded series of Epon-acetone (1:1, 2:1, 

3:1), embedded in 100% Epon, and polymerized at 65°C for 48 h. Ultrathin serial 
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sections (90–100 nm) were prepared using a Leica Microsystems EM UC6 

ultramicrotome with a Diatome diamond knife, transferred to 200-mesh copper TEM 

grids, and poststained with 4% uranyl acetate for 6 min and Reynold’s lead citrate for 5 

min. Images were taken by an FEI Tecnai G2 Spirit120 kV TEM with a Gatan UltraScan 

4000 CCD Camera Model 895. The proprietary Gatan Digital Micrograph 16-bit images 

(DM3) were then converted to unsigned 8-bit TIFF images. 

4.17 Statistics and data processing  

For in vitro studies, n indicates experimental replicates. 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, n indicates the number 

of animals per treatment cohort. Mice were excluded if they developed complications 

(phenotypes unrelated to cachexia or humane-intervention endpoints such as ulceration 

of the tumor mass). Samples for measuring myotube diameter and minimum Feret’s 

diameter/cross-sectional areas were blinded before imaging and during quantification. 

Bar graphs represent the mean, with error bars showing either the standard deviation of 

the mean for biological replicates, standard error of the mean, or the standard deviation 

for technical replicates as indicated in figure legends. In Chapter 2, significance P-

values between means were computed using either one-way ANOVA with Fisher’s LSD 

test for multiple treatments groups, Student’s t-test for comparison of two groups, or 

Kolmogorov–Smirnov test for comparison of frequency distributions in GraphPad Prism 

version 7 or 8, GraphPad Software, La Jolla California USA, www.graphpad.com. The 

pathway analysis of the metabolomics data set was conducted using MetaboAnalyst 

4.0, www.metaboanalyst.ca. P-values of significantly altered pathways were determined 
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using GlobalTest on MetaboAnalyst 4.0. In Chapter 3 significance P-values between 

means were computed using Student’s t-test in Microsoft Excel. 
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5 General Discussion 

5.1 Overview 

Cachexia is a deadly syndrome that, to this day, has no treatment regimen that 

successfully reverses its deleterious consequences. Past attempts at treating cachexia 

by targeting upstream initiators of the cachectic phenotype have not succeeded due to 

the complex etiology of the syndrome. Identifying and targeting downstream effectors of 

multiple pro-cachectic signaling pathways might be the key to preventing wasting. iNOS 

is one such effector that is induced in wasting muscle and has long been hypothesized 

to be a major contributor to cachectic muscle wasting, although the mechanisms 

behinds its atrophic effects are poorly understood. A goal of this thesis was to address 

this gap and expand our understanding of the mechanisms behind iNOS-mediated 

muscle wasting. Work from our group and others has also suggested the therapeutic 

potential of targeting the iNOS/NO pathway, through either direct chemical inhibition or 

indirect means of impairing iNOS expression, in preventing cachectic muscle wasting. 

Indeed, our lab has presented several distinct methods of impairing iNOS expression or 

activity in cachectic muscle such as through the early activation of AMPK, inhibition of 

STAT3/NF-κB-mediated transcription of iNOS, and inhibition of eIF4A; all of which 

recapitulated or exceeded the anti-cachectic effects of direct inhibitors of iNOS (Di 

Marco et al., 2012; Di Marco et al., 2005; Hall et al., 2018; Ma et al., 2017). Therefore, 

this thesis also sought to provide a proof of principle for the efficacy of clinically 

translatable strategies that impair iNOS to combat cachexia and to elucidate the 

mechanisms behind the anti-cachectic effects of these potential therapeutics. 
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iNOS is increasingly recognized as a regulator of cellular metabolism in inflammatory 

diseases, suggesting it may also promote metabolic dysfunction in cachectic muscle. To 

this end, in Chapter 2 I uncovered a novel function of iNOS as a driver of metabolic 

defect and energetic crisis in wasting muscle. iNOS activity decreased mitochondrial 

content, disrupted the cristae on the IMM, and decreased OXPHOS activity leading to 

insufficient energy production and a catabolic state in muscle (Figure 5.1). This work 

also provided evidence supporting the repurposing of the clinically tested iNOS inhibitor 

GW274150 as GW prevented cachexia-induced muscle wasting and metabolic 

dysfunction in preclinical models of the syndrome (Figure 5.1). Chapter 3 solidified our 

understanding of the anti-cachectic effects of eIF4A inhibition. The work presented in 

this chapter proved that the previously described PatA-mediated disruption of iNOS 

mRNA translation is specific to its impairment of eIF4A as two other eIF4A inhibitors, 

Hipp, which has a distinct mechanism of action, and Silvestrol, similarly affected iNOS 

protein expression. Furthermore, this work identified a broader anti-cachectic effect of 

eIF4A inhibition as Hipp, PatA, and Silvestrol prevented STAT3 translation and, 

furthermore, activation of the STAT3 pathway leading to the reduced production of IL-6. 

Collectively, these results support the therapeutic potential of targeting iNOS and eIF4A 

in preventing cachexia induced muscle wasting. However, new questions remain 

unanswered such as the molecular targets of iNOS in cachexia and how these potential 

drugs can be translated into clinic.  

  



144 
 

 

Figure 5.1: Schematic depicting the role of the iNOS/NO pathway in promoting 

energy crisis during cachexia-induced muscle wasting.  

(Outlined in black and grey) Upon activation by underlying diseases such as cancer, the 

iNOS/NO pathway is activated. In turn, iNOS inhibits mitochondrial energy production in 

skeletal muscles reducing ATP production which leads to muscle wasting. As a result of 

these effects, anabolic signaling is reduced and muscle loss is induced. (Highlighted in 

red) On the hand, pharmacological inhibition of iNOS activity with drugs such as 

GW274150 reverses these effects, preventing muscle wasting.  
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5.2 How does iNOS disrupt mitochondrial function and overall metabolism? 

The iNOS-driven metabolic insults described in Chapter 2 such as the disruption of 

OXPHOS-dependent ATP production, the impairment of ETC Complex II and IV, and 

the induction of energetic crisis are in line with previously observed cachexia-mediated 

impairment of oxidative metabolism and mitochondrial dysfunction (Brown et al., 2017; 

Der-Torossian et al., 2013b; Julienne et al, 2012; Kunzke et al., 2020; McLean et al., 

2014; Padrão et al., 2013; Pin et al., 2019a; VanderVeen et al., 2019; VanderVeen et 

al., 2018; White et al., 2012). Nevertheless, our mechanistic analysis did not identify the 

complete collection of metabolic factors which iNOS targets. Although we observed 

drastic iNOS-mediated alterations to mitochondrial morphology and dynamics, how 

iNOS alters these parameters is a pressing question. In addition, several iNOS-driven 

alterations to metabolic pathways including glycolysis, TCA cycle, and amino acid 

metabolism were found. Identifying which factors iNOS targets to influence these 

pathways can further our understanding of the extensive metabolic remodeling caused 

by iNOS.  

This work identified a signature of amino acids, comparable to previous 

metabolomics studies, indicative of increased muscle protein breakdown and impaired 

anapleurosis that was correlated with iNOS activity and iNOS-induced energetic crisis 

(Der-Torossian et al., 2013b; Kunzke et al., 2020; Lautaoja et al., 2019; QuanJun et al., 

2015; Tseng et al., 2015). Notably, iNOS-dependent accumulation of arginine levels in 

both the C26 and LPS models was observed. This accumulation is significant as 

arginine is the substrate of iNOS and has also been shown to promote iNOS protein 

synthesis (Chaturvedi et al, 2007; El-Gayar et al, 2003; Lee et al, 2003). Dissecting the 
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relationship between iNOS and arginine levels can provide insight into how the 

iNOS/NO pathway is maintained in cachectic muscle. As iNOS also altered glycolysis 

and the TCA cycle, a future direction from this work is identifying which metabolic 

enzymes are regulated by iNOS. Recent work in M1 polarized macrophages has shown 

that iNOS disrupts glucose catabolism through glycolysis and TCA cycle by impairing 

the enzymes PDH, isocitrate dehydrogenase (IDH), and aconitase (Bailey et al., 2019; 

Palmieri et al., 2020). Interestingly, PDH and aconitase inhibition have been reported in 

cachectic muscle suggesting that iNOS could mediate these effects in cachexia too (Pin 

et al., 2019b; Wyart et al., 2022). With reports of increased expression of the key 

glycolysis enzymes HK and PFK in wasting muscle (Cui et al., 2019a; Remels et al., 

2010), also assessing how iNOS affects these enzymes could explain the observed 

iNOS-dependent increases in glycolysis in wasting C2C12.  

Our reported reduction of mitochondrial content in the C26 model of cachexia is likely 

due to regulation of mitochondrial turnover by iNOS. Inflammation-induced cachexia has 

been associated with decreased expression and activity of biogenesis factors (Remels 

et al., 2010; VanderVeen et al., 2017; White et al., 2012). The deacetylase sirtuin 1 

(SIRT-1), which targets several transcription factors such as NF-κB and the 

mitochondrial biogenesis promoter peroxisome proliferator–activated receptor-γ 

coactivator-1α (PGC-1α), has been shown to be downregulated in wasting muscle (Lee 

& Goldberg, 2013; Shinozaki et al, 2014; VanderVeen et al., 2017). Interestingly, in 

other systems, inflammation-induced iNOS expression and activity has been associated 

with SIRT-1 inactivation leading to increased acetylation of transcription factors 

(Nakazawa et al, 2017; Shinozaki et al., 2014). iNOS-derived NO was shown to S-
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nitrosylate SIRT-1 during inflammation leading to its inactivation (Nakazawa et al., 2017; 

Shinozaki et al., 2014). This impairment of SIRT-1-mediated deacetylation led to 

activation of NF-κB and deactivation of PGC-1α (Nakazawa et al., 2017; Shinozaki et 

al., 2014). Indeed, PGC-1α and downstream factors nuclear response factor-1 (NRF-1) 

and mitochondrial transcription factor A (Tfam), all of which promote biogenesis, are 

also typically downregulated in cachectic muscle (Remels et al., 2010; VanderVeen et 

al., 2017; White et al., 2012). It remains possible, therefore, that iNOS impairs 

mitochondria biogenesis in cachexia-induced muscle wasting through SIRT-1 S-

nitrosylation thereby promoting catabolism (though activation of NF-κB and 

mitochondria dysfunction due in part to the downregulation of PGC-1α activity).  

Alternatively, iNOS activity in the C26 model may reduce mitochondrial content by 

increasing mitophagy. Mitophagy is increased in cachectic muscle, likely caused by loss 

of mitochondrial function (e.g., depolarization and disruption of the IMM) and increased 

expression of circulating pro-cachectic factors (Brown et al., 2017; Franco-Romero & 

Sandri, 2021; Penna et al., 2019a; VanderVeen et al., 2017). Our results demonstrated 

that iNOS impairs OXPHOS through disruption of Complex II and IV integrity and the 

IMM. It is possible that iNOS impairs ETC complexes by post-translationally modifying 

complex subunits through nitrosylation and nitration leading to inactivation as seen in 

other models (Radi, 2018). It is possible that iNOS drives mitophagy by impairing 

mitochondrial energy production in addition to its observed regulation systemic 

inflammatory cytokines.  

Mitochondrial fission and fusion are also key regulatory processes dictating 

mitophagy levels, with increases in fission and mitochondrial fragmentation often 
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preceding mitophagy (Romanello & Sandri, 2022). Indeed, mitochondrial fission is 

reportedly elevated in cachectic muscle with increases in fission factors such as 

dynamin-related protein 1 (DRP-1), while fusion is impaired with mitofusin (MFN) 

proteins MFN-1 and -2 and optic atrophy protein 1 (OPA1) decreasing (Brown et al., 

2017; VanderVeen et al., 2017; White et al., 2012). Work studying macrophage 

activation from naïve to M1 state showed that M1 macrophages had fragmented 

mitochondria (Gao et al, 2017; Li et al., 2020). This fragmentation was attributed to 

decreases in fusion proteins and increases in DRP-1 activity, similar to what occurs in 

cachectic muscle (Gao et al., 2017). Interestingly, iNOS inhibition in M1 macrophages 

prevented mitochondrial fragmentation (Li et al., 2020). Potentially explaining the 

reduction of fission in NO-deficient M1 macrophages, S-nitrosylation and activation of 

DRP-1 by NO has been implicated in increasing mitochondrial fission in models of 

neuronal injury (Cho et al, 2009; Li et al., 2020). Exploring whether iNOS promotes 

mitophagy in cachectic muscle by inducing fragmentation through DRP-1 S-nitrosylation 

could prove fruitful.  

On the other hand, iNOS could also promote fragmentation and mitophagy through 

impairment of fusion protein such as OPA1. In addition to its roles in fusion, OPA1 is 

also a key structural protein in the IMM that controls cristae remodeling and architecture 

(Cogliati et al., 2016). As we observed iNOS-associated disruption of cristae and the 

IMM, exploring whether iNOS alters cristae architecture through OPA1 and whether this 

affects mitochondrial dynamics and levels remains promising. Indeed, S-nitrosylation of 

the pro-fusion protein OPA1 has also been reported, although the functional effect of 

this modification is not yet determined (Montagna et al, 2020). Future work should 
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assess whether OPA1 is nitrosylated in cachectic muscle and if this iNOS-mediated 

effect disrupts fusion of mitochondria and their membrane structure. Due to its extensive 

metabolic effects, iNOS likely disrupts several of the aforementioned metabolic 

processes. As eIF4A inhibition represses iNOS expression and activity, future studies 

can assess whether and how eIF4A inhibitors affect cachexia-induced metabolic defect. 

5.3 How does iNOS impair the myogenic program? 

As previously shown by our lab, iNOS and associated peroxynitrite production has 

been implicated in disrupting the myogenic program in cachectic muscle by reducing the 

expression of MRFs such as MyoD (Di Marco et al., 2005). Indeed, a recent study has 

confirmed that iNOS impairs myoblast differentiation under cachectic conditions, 

impairing their proliferation and fusion into myotubes (Arneson-Wissink & Doles, 2021). 

Furthermore, other studies have reported cachexia-induced decreases in MRF 

expression (Brown et al, 2018; Di Marco et al., 2012; Guttridge et al., 2000; Hall et al., 

2018; He et al., 2013). These iNOS-dependent myogenic defects likely contribute to 

accumulation of damage and disrupted muscle regenerative capacity that has been 

identified in mouse models of cachexia (Coletti et al, 2016; He et al., 2013; Hogan et al, 

2018; Inaba et al, 2018).  

iNOS-mediated downregulation of MRF expression was correlated with decreased 

association of the RNA binding protein HuR to the MyoD and Myogenin mRNAs leading 

to their increased decay (Di Marco et al., 2005). Simultaneously, HuR was also shown 

to have increased association with the iNOS mRNA, increasing its stability and 

facilitating the induction of the iNOS/NO pathway (Di Marco et al., 2005). Taken 

together these cachexia-induced events suggest an iNOS-induced switch in HuR 
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association from pro-myogenic MRF mRNAs to pro-cachectic messages such as iNOS. 

Indeed, HuR has also been implicated in promoting the translation of the pro-cachectic 

factor STAT3 in wasting muscle (Mubaid et al., 2019). Furthermore, genetically modified 

mice with muscle specific knockout of the HuR gene were protected against cancer 

cachexia-induced muscle wasting highlighting its importance as a pro-cachectic factor 

(Janice Sánchez et al., 2019).  

Interestingly, HuR has been shown to be sensitive to modification by RNS. Indeed, 

HuR RNA targeting has been shown to be altered by S-nitrosylation (Banadakoppa et 

al, 2013). Whether HuR targeting is altered by RNS in cachectic muscle is yet to be 

determined. We have therefore begun a study to address this question by assessing 

post-translational modification of HuR by RNS in models of muscle wasting. To this end, 

I found that HuR is susceptible to tyrosine nitration in an in vitro assay using 

recombinant, purified HuR treated directly with peroxynitrite (Figure 5.2A). As a follow 

up, the nitrated residues of HuR in the in vitro assay were identified through mass 

spectrometry which found 6 of 10 tyrosine residues were nitrate, 5 of which were on 

RNA recognition motif (RRM) 1 and RRM2 of the protein suggesting they can alter RNA 

binding (Figure 5.2B). Determining whether these sites are nitrated in cachectic muscle 

and if this nitration event is responsible for a functional switch of HuR can reinforce the 

notion that iNOS is a negative regulator of the myogenic program in wasting muscle. 
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Figure 5.2: In vitro analysis of HuR nitration.  

Recombinant HuR purified and cleaved from GST-HuR, recombinant GST, and BSA 

were treated with indicated doses of peroxynitrite.  

(A) Representative image of Western blot analysis of untreated and peroxynitrite 

treated purified proteins samples probed for 3NT. BSA was included as a positive 

control for nitration. Coomassie blue was used to confirm equal loading.  

(B) Amino acid sequence of HuR. Nitrated and unmodified tyrosine residues are 

highlighted as red and purple, respectively. RRM domains are highlighted in 

yellow, green, and blue.  
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5.4 How does iNOS and eIF4A inhibition affect inflammatory signaling? 

The strong link between inflammation and cachexia initiation/progression encouraged 

our assessment of how GW and eIF4A inhibitors affect pro-inflammatory signaling and 

inflammatory cell population/function. iNOS expression and NO secretion from 

inflammatory cells in the muscle micro-environment are likely contributors to muscle 

wasting in vivo. In Chapter 2, the strategies utilized to perturb iNOS were not specific to 

muscle and inhibited iNOS in the whole body, including inflammatory compartments. 

Nevertheless, genetic and pharmacological inhibition of iNOS in our models of cachexia 

successfully disrupted iNOS activity in muscle as visualized by 3NT levels and 

associated wasting. Elucidation of the role of inflammatory cell iNOS and muscle-

specific iNOS activity in cachectic contexts using tissue specific knockout models could 

provide interesting insight into the contribution of each cell type to muscle wasting. On a 

similar note, the work presented in Chapter 2 did not assess how other NOS isoforms, 

nNOS and eNOS, affect cachectic muscle wasting. Assessing the contribution of these 

NOS isoforms to cachectic muscle wasting could bolster our understanding of how nitric 

oxide metabolism promotes wasting. As other NOS isoforms are expressed in muscle, 

investigating how iNOS ablation affects their expression and activity should also be 

explored. Indeed, nNOS expression has been shown to increase significantly in 

diaphragm muscles of iNOS KO mice treated with LPS compared to WT counterparts 

(Comtois et al, 1999). Determining whether this occurs in limb muscles of iNOS KO 

mice and how this affects wasting phenotypes remains an important question. 

Due to the prominent role of iNOS in immunity, it was likely that iNOS would affect 

immune cells in cachectic mice (Bogdan, 2001). The importance of assessing immune 
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cells in cachexia has been recognized as recent studies have investigated the role of 

cancer-cachexia induced macrophage populations in promoting muscle wasting and 

regulating adipose wasting (Erdem et al, 2019; Shukla et al., 2020). Of note, one of 

these studies demonstrated a functional link between M2 polarized macrophages in the 

muscle microenvironment with induction of STAT3 signaling and muscle wasting 

(Shukla et al., 2020). Our results demonstrated that iNOS inhibition significantly reduced 

secretion of pro-inflammatory cytokines; however, iNOS ablation did not affect 

splenomegaly, splenic macrophage polarization, levels of muscle macrophages, or 

tumor. eIF4A inhibitors had a similar effect in impairing cytokine secretion (IL-6), which 

was attributed to prevention of pro-inflammatory signaling within the cells through 

STAT3 repression. Assessing if iNOS affects activation of pro-inflammatory 

transcriptional programs in inflammatory cells (e.g., STAT3, NF-κB, and FOXO) could 

explain the discrepancy in function between cachexia-induced cell populations with or 

without iNOS. Future studies can also evaluate macrophage polarization and resident 

immune cells in cachectic muscle to understand how iNOS affects the muscle 

microenvironment to promote wasting. Furthermore, how eIF4A inhibitors affect 

cachexia-induced inflammatory changes in vivo should be tested as eIF4A inhibition has 

been shown to have broad anti-inflammatory effects.  

5.5 Does eIF4A inhibition affect STAT3 translation? 

The results presented in Chapter 3 demonstrate that PatA and Hipp decreased 

IFNγ/TNFα-induced IL-6 secretion and mRNA levels, which was correlated with 

significantly less STAT3 protein synthesis without a concurrent effect on STAT3 mRNA. 

These results suggest that eIF4A inhibitors impair the translation of the STAT3 
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transcript and the activity of the STAT3 pathway thereby lowering IL-6 transcription and 

secretion. Although STAT3 activation and protein levels are often correlated with serum 

IL-6 levels during cachexia (Bonetto et al., 2012; Bonetto et al., 2011; Zimmers et al., 

2016), it is unlikely that lower STAT3 levels are a result of decreased IL-6 secretion as 

previous work from our lab demonstrate that STAT3 induction in IFNγ/TNFα treated 

C2C12 myotubes does not depend on extracellular IL-6 (Ma et al., 2017). In order to 

confirm this, polysome profiling can be performed to evaluate the fraction of STAT3 

mRNA that is being actively translated vs. repressed. Indeed, our lab has used this 

approach to confirm the repression of iNOS translation and the recovery of MRFs MyoD 

and myogenin translation by PatA (Di Marco et al., 2012). 

5.6 Conclusion: Repurposing GW274150 and developing eIF4A inhibitors for the 

treatment of cachexia in clinic 

This thesis provides novel mechanistic insight into how iNOS promotes muscle 

wasting and identifies the dependence of the pro-cachectic factor STAT3 on eIF4A for 

its expression. In addition, this thesis highlights the potential of two anti-cachectic 

treatment options (GW and eIF4A inhibitor Hipp) in preventing cachectic muscle 

wasting. However, the efficacy of iNOS or eIF4A inhibitors in treating cachexia in clinic 

is yet to be proven.  

With a wide-ranging role in inflammation, iNOS has been explored as a therapeutic 

target in various conditions marked by high levels of inflammation. Indeed, the inhibitor 

used in our studies, GW274150, has been tested in clinical trials for the treatment of 

asthma, arthritis, and migraines (Víteček et al., 2012). Although these trials were 

stopped due to GW not surpassing current treatment standards for these conditions, the 
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drug was non-toxic, potent at inhibiting iNOS, and had good pharmacokinetic 

characteristics (Víteček et al., 2012). With these positive medicinal characteristics and 

the demonstrated anti-cachectic effects of GW in preclinical models presented in this 

thesis, repurposing of GW for the treatment of cachexia holds promise as there is no 

current approved treatment for this condition. iNOS induction in muscle has been 

reported in patients suffering from several cachexia causing diseases including cancer, 

AIDS, CHF, and COPD;  therefore, GW may have a therapeutic benefit in the treatment 

of cachexia in various conditions (Adams et al., 2003; Agusti et al., 2004; Ramamoorthy 

et al., 2009). Although not the focus of this research, GW may also benefit patients 

afflicted by cancer cachexia as iNOS inhibition has been reported to reduce tumor 

growth and metastasis (Garrido et al., 2017; Granados-Principal et al., 2015; Kostourou 

et al., 2011). With further confirmation of the safety and efficacy of GW in preclinical 

models of cachexia, future clinical studies should be conducted to assess the 

therapeutic potential of iNOS inhibitors in treating this currently untreatable syndrome.  

As highlighted in the introduction, a setback of monotherapies in clinic targeting pro-

cachectic cytokines is the redundant function of these cytokines in activating pro-

atrophic effectors. For example, the pro-cachectic transcription factors STAT3, NF-κB, 

and FOXOs can be activated by several humoral factors and intracellular stimuli 

counteracting individual cytokine blockades. To address this issue, our lab has 

evaluated targeting the downstream effectors that cause atrophy where cytokine 

signaling converge (e.g., iNOS). However, whether this strategy is effective in clinic is to 

be determined. In recent years use of multimodal strategies, including combining 

pharmaceutical agents, exercise, and dietary supplementation to treat cachexia and 
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address the multifactorial nature of its initiation and progression has gained traction 

(Arends et al., 2021; Fearon et al., 2011; Solheim et al., 2018). Repurposing GW for use 

in these multimodal regimens could have significant benefits to their success and the 

health of patients. 

Although the eIF4A inhibitors tested in Chapter 3 were employed as single agents, 

they mimic the benefits of multimodal approaches by targeting a wide subset of pro-

cachectic factors from the initiating cytokines, transcription factors, the downstream 

effectors. This characteristic of eIF4A inhibitors has made it an attractive therapeutic 

option for the treatment of cancer and viral infections. Indeed, the rocaglate, Zotatifin, is 

being tested in clinic in clinical trials at the Phase I/II stage (Taroncher-Oldenburg et al., 

2021). Taken with the anti-cancer properties of eIF4A inhibitors, clinically translatable 

drugs such as Hipp can prove to be very effective in treating cancer cachexia.  

The possibility of using iNOS and eIF4A inhibitors in tandem as a combinatorial 

therapy is yet to be tested; however, therapies utilizing both these strategies offer 

potential benefits. iNOS and eIF4A inhibitors have several overlapping functions that 

combat cachexia such as impairing the iNOS/NO pathway, IL-6 expression, and 

inflammatory signaling. If these strategies work synergistically in carrying out these anti-

cachectic functions, treatments utilizing iNOS inhibitors and eIF4A inhibitors can have 

improved efficacy and greater patient tolerance as lower doses would be required to 

achieve the desired clinical outcome. On the other hand, if these strategies do not work 

in synergy or have no additive effects, employing them together would be futile due to 

the redundancy in function. In this case these drugs can be employed as a second-line 

treatment relative to each other in case of negative side effects or lack of recovery from 
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cachexia. For example, if a cachexia patient treated with iNOS inhibitors is not reaching 

desired clinical outcomes, clinicians can switch to eIF4A inhibitors to overcome these 

issues or vice versa. Nevertheless, future work should explore the possibility of 

combining these drugs in combating cachexia-driven muscle wasting. 

This work has contributed to our knowledge of the anti-cachectic mechanisms of 

iNOS and eIF4A inhibition and uncovered new directions to investigate on how these 

therapeutics can contribute to mitochondrial function, immune system function, and 

overall muscle function. Elaboration of the mechanisms behind iNOS induced defects in 

metabolism, myogenesis, and inflammation during cachexia can inform the repurposing 

of GW as a therapeutic. Additionally, further testing of the efficacy of clinically amenable 

eIF4A inhibitors such as Hipp in animal models of cachexia can push the development 

of this promising class of drugs. As our understanding of the etiology of cachexia 

continues to advance, there is promise that cachexia will no longer be the deadly, 

incurable syndrome that it is today.  
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Appendices 
Appendix Chapter 2 

 

Appendix Figure 2.1: Metabolite levels of iNOS KO mice compared to WT mice. 

Male C57BL/6 wildtype (WT) and iNOS knockout (KO) mice were intraperitoneally injected with 

1mg kg-1 LPS or an equivalent volume of carrier solution. Saline treated WT and iNOS KO mice 

as well as the LPS-treated KO cohorts were pair-fed (PF) to the WT LPS-treated cohorts. After 

18h, mice were euthanized, and the metabolome of tibialis anterior muscles was analyzed 

through LC-MS/MS.  

(A-C)Heatmap visualizing mean concentration of (A) metabolites involved in  

Glycolysis and TCA cycle (B) amino acids and amino acid derivatives and (C) 

acylcarnitines relative to WT of each treatment group. Red and green indicate an 

increase or decrease in metabolite levels, respectively. 

Data information: Individual data points represent values from individual mice, with a total of six 

mice per cohort (n = 6). Plotted concentration data was relativized to WT of corresponding 

treatment.  
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Appendix Figure 2.2: Genetic ablation of iNOS prevents LPS-driven deregulation of the 

TCA cycle and amino acid metabolism. 

Male C57BL/6 wildtype (WT) and iNOS knockout (KO) mice were intraperitoneally injected with 

1mg kg-1 LPS or an equivalent volume of carrier solution. Control WT, Control KO, and LPS-

treated KO cohorts were pair-fed (PF) to the WT LPS-treated cohorts. After 18h, mice were 

euthanized, and the metabolome of tibialis anterior muscles was analyzed through LC-MS/MS.  

(A) Heatmap visualizing mean concentration corresponding to metabolites involved in 
Glycolysis and TCA cycle relative to saline controls of each genotype. Red and green 
indicate an increase or decrease in metabolite levels, respectively. 

(B) Heatmap visualizing mean concentration of amino acids and amino acid derivatives 
relative to saline controls of each genotype. Red and green indicate an increase or 
decrease in metabolite levels, respectively. 

Data information: Individual data points represent values from individual mice, with a total of six 

mice per cohort (n = 6). Plotted concentration data was relativized to saline controls of 

corresponding genotype. 
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Appendix Figure 2.3: Genetic ablation of iNOS prevents LPS-driven deregulation of the 

acylcarnitine metabolism. 

Male C57BL/6 wildtype (WT) and iNOS knockout (KO) mice were intraperitoneally injected with 

1mg kg-1 LPS or an equivalent volume of carrier solution. Control WT, Control KO, and LPS-

treated KO cohorts were pair-fed (PF) to the WT LPS-treated cohorts. After 18h, mice were 

euthanized, and the metabolome of tibialis anterior muscles was analyzed through LC-MS/MS.  

(A) Heatmap visualizing mean concentration of acylcarnitines relative to saline controls of 
each genotype. Red and green indicate an increase or decrease in metabolite levels, 
respectively. 

Data information: Individual data points represent values from individual mice, with a total of six 

mice per cohort (n = 6). Plotted concentration data was relativized to saline controls of 

corresponding genotype. 
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Appendix Figure 2.4: Pharmacological inhibition of iNOS prevents LPS-driven muscle 

wasting. 

Male C57BL/6 wildtype (WT) and iNOS knockout (KO) mice were intraperitoneally injected with 

saline, 1mg kg-1 LPS or 5mg kg-1 of GW and LPS. Data was compared to previously shown data 

in Figures 1D, 1H, EV1A, and EV2A from Control WT, Control KO, and LPS-treated WT and KO 

cohorts. After 18h, mice were euthanized, and tissue samples were analyzed.  

(A) Spleen weight normalized to initial body weight. (WT saline n=15, WT LPS n=15, WT 
LPS+GW n=8, iNOS KO saline n=15, and iNOS KO LPS n=15). 

(B) Percent body weight change from time of injection to endpoint of experiment. (WT saline 
n=15, WT LPS n=15, WT LPS+GW n=8, iNOS KO saline n=15, and iNOS KO LPS 
n=15). 

(C) Tibialis anterior weight normalized to initial body weight. (WT saline n=15, WT LPS 
n=15, WT LPS+GW n=8, iNOS KO saline n=15, and iNOS KO LPS n=15). 

(D) Change in grip strength from before injection and before endpoint collection. (WT saline 
n=12, WT LPS n=11, WT LPS+GW n=8, iNOS KO saline n=9, and iNOS KO LPS n=10). 

Data information: Data from Control WT, Control KO, and LPS-treated WT and KO cohorts are 

those shown in Figures 1D, 1H, EV1A, and EV2A and compared to WT LPS and GW-treated 

mice. Individual data points represent values from individual mice. Error bars represent the 

standard deviation (SD) of the mean. For statistical comparisons, Δ indicates the difference of 

mean values and p-values were calculated with an ANOVA followed by Fisher's LSD test. 
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Appendix Figure 2.5: Characterization of GW-induced metabolome alterations. 

Male BALB/C mice were injected subcutaneously with saline. After 5 days and everyday 

thereafter, the mice were injected with either saline or GW 5mg kg-1. After 16 days, mice were 

euthanized, and the metabolome of tibialis anterior muscles was analyzed through LC-MS/MS.  

(A) Pathway Analysis using MetaboAnalyst 4.0 Software comparing significantly altered 
pathways from saline to GW. Pathways are ranked by their significance and filtered 
based on a Pathway Impact Score >0.1. Metabolomic data were range-scaled and 
mean-centered. 

(B-C) Heatmap visualizing mean concentration corresponding to (B) metabolites  

involved in Glycolysis and TCA cycle or (C) amino acids and amino acid derivatives in 

GW treated mice relative to saline controls. Red and green indicate an increase or 

decrease in metabolite levels, respectively. 

Data information: Individual data points represent values from individual mice, with a total of six 

mice per cohort (n = 6).  
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Appendix Figure 2.6: Pharmacological inhibition of iNOS prevents C26-driven 

deregulation of amino acid metabolism. 

Male BALB/C mice were injected subcutaneously with C26 cells (1.25x106 cells) or an 

equivalent volume of saline. After 5 days and everyday thereafter, the mice injected with C26 

cells were injected with either saline or GW 5mg kg-1. After 16 days, mice were euthanized, and 

the metabolome of tibialis anterior muscles was analyzed through LC-MS/MS.  

(A-B) Heatmap visualizing mean concentration corresponding to (A) metabolites  

involved in Glycolysis and TCA cycle or (B) amino acids and amino acid derivatives 

relative to saline controls. Red and green indicate an increase or decrease in 

metabolite levels, respectively. 

Data information: Individual data points represent values from individual mice, with a total of six 

mice per cohort (n = 6).   
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Appendix Figure 2.7: Pharmacological inhibition of iNOS prevents C26-driven 

deregulation of acylcarnitine metabolism. 

Male BALB/C mice were injected subcutaneously with C26 cells (1.25x106 cells) or an 

equivalent volume of saline. After 5 days and everyday thereafter, the mice injected with C26 

cells were injected with either saline or GW (5mg kg-1). After 16 days, mice were euthanized, 

and the metabolome of tibialis anterior muscles was analyzed through LC-MS/MS.  

(A) Heatmap visualizing mean concentration of acylcarnitines relative to saline controls. Red 
and green indicate an increase or decrease in metabolite levels, respectively. 

(B) Relative concentrations of even-chain acylcarnitines. 

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. p-values 

were calculated with an ANOVA followed by Fisher's LSD test (*P < 0.05; **P < 0.01; 

***P < 0.001).  
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Appendix Figure 2.8: GW alters acylcarnitine metabolism and β-oxidation in mice. 

Male BALB/C mice were injected subcutaneously with saline. After 5 days and everyday 

thereafter, the mice were injected with either saline or GW 5mg kg-1. After 16 days, mice were 

euthanized, and the metabolome of tibialis anterior muscles was analyzed through LC-MS/MS.  

(A) Heatmap visualizing mean concentration of acylcarnitines relative to saline controls. Red 
and green indicate an increase or decrease in metabolite levels, respectively. 

(B) Relative estimated activity of CPT1, CPT2, LCADH, and -oxidation. 

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. p-values 

were calculated with an ANOVA followed by Fisher's LSD test (*P < 0.05; **P < 0.01; 

***P < 0.001).  
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Appendix Figure 2.9: AMG prevents nitric oxide production in cytokine-treated 
myotubes.  

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

indicated dose of aminoguanidine (AMG).  Media nitrite levels were then measured 24h after 

treatment. 

Data Information: Individual data points represent five independent experimental replicates 

(n=5). Error bars represent the standard deviation (SD) of the mean. For statistical 

comparisons, Δ indicates the difference of mean values and p-values were calculated with an 

ANOVA followed by Fisher's LSD test. 
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Appendix Figure 2.10: AMG recovers cellular ATP levels and reduces AMPK 
activation in cytokine-treated myotubes.  

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

indicated doses aminoguanidine (AMG) for 24h.  

(A) (left) Western blot analysis for pThr172-AMPK (pAMPK) and total AMPK (AMPK). (right) 
Quantification of the pAMPK to AMPK ratio relative to the untreated control (n=2). 

(B) Cellular ATP content in myotubes treated with or without IFNγ and TNFα in the presence 
or absence of AMG. ATP content is shown as a percentage of the corresponding 
untreated control (n=3).    

Data information: Individual data points are from two to three independent experimental 

replicates (n = 2-3). Error bars represent the standard deviation (SD) of the mean. For statistical 

comparisons, Δ indicates the difference of mean values and p-values were calculated with an 

ANOVA followed by Fisher's LSD test.  
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Appendix Figure 2.11: GW274150 reverses IFNγ/TNFα-induced suppression of 
OCR and elevation of ECAR.  

C2C12 myotubes were treated with or without IFNγ (100U/mL) and TNFα (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, 1µM), FCCP (F, 1.5µM), Rotenone + 

Antimycin A (RA, 1µM), and monensin (M, 20µM) 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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Appendix Figure 2.12: Aminoguanidine reverses IFNγ/TNFα-induced suppression 
of OCR and elevation of ECAR.  

C2C12 myotubes were treated with or without IFNγ (100U/mL) and TNFα (20ng/mL) and 

aminoguanidine (AMG; 400µM). Extracellular flux was measured after 24h with a Seahorse XF 

analyzer. Sequential injections of oligomycin (O, 1µM), FCCP (F, 1.5µM), Rotenone + Antimycin 

A (RA, 1µM), and monensin (M, 20µM) 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 replicates.  
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Appendix Figure 2.13: Aminoguanidine prevents a cytokine-induced shift to 
aerobic glycolysis in C2C12. 

C2C12 myotubes were treated with or without IFNγ (100U/mL) and TNFα (20ng/mL) and 

aminoguanidine (AMG; 400µM). ATP production rates (J-ATP) from oxidative phosphorylation 

(oxidative) and glycolysis (glycolytic) were determined from measurements of extracellular flux 

24h after treatment.  

(A) Bioenergetic profiles. Highlighted squares are defined by the theoretical maximal J-

ATPoxidative and J-ATPglycolytic rates. 

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

(C) Glycolytic index of basal metabolism.  

(D) Total bioenergetic capacity.  

Data Information: Individual data points represent technical replicates. The data is 

representative of three independent experiments (n = 3). Error bars represent the standard 

deviation (SD) of the mean of technical replicates. For statistical comparisons, Δ indicates the 

difference of mean values of technical replicates and p-values were calculated with an ANOVA 

followed by Fisher's LSD test. 
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 Appendix Figure 2.14: Effect of cytokine-induced muscle wasting on complex 
integrity. 

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

indicated doses of GW274150 (GW). Protein content was extracted 24h after treatment.   

(A-C) Quantification of complex subunits normalized to VDAC (Outer Mitochondrial 

Membrane; OMM) and relative to untreated control. (A) NDUFB8 (Complex I; CI) (B) 

UQCRC2 (Complex III; CIII) (C) 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, Δ 

indicates the difference of mean values and p-values were calculated with an ANOVA followed 

by Fisher's LSD test. Non statistically significant comparisons (P > 0.05) are indicated as non-

significant (ns).  
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Appendix Figure 2.15: Cytokine-mediated loss of Complex II and IV integrity are reversed 

with aminoguanidine.  

C2C12 myotubes were treated with or without IFNγ (100U/mL) and TNFα (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.  

(B-F) Quantification of complex subunits normalized to VDAC (Outer Mitochondrial 

Membrane; OMM) and relative to untreated control. (B) NDUFB8 (Complex I; CI) (C) 

SDHB (Complex II; CII) (D) UQCRC2 (Complex III; CIII) (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, Δ 

indicates the difference of mean values and p-values were calculated with an ANOVA followed 

by Fisher's LSD test. Non statistically significant comparisons (P > 0.05) are indicated as non-

significant (ns).   
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