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Abstract

Cancerinduced cachexia is the @oing loss of skeletal muscle mass and function throughout
cancer progression. 2080% of cancer patients are predicted to devebghexiadepending on

the type and stage of cancef which, here is currently no treatmer@urrent literature on the
mechanisms of muscle loss and weakness in cancer have been limiting, especially as it relates to
mitochondrial function Moreover, several experts have suggested the use of cancer cachexia
models which replicate the human d@dise more accurately would be of large utility towards
mechanism elucidation and therapy developmetftin this disease

The focus of this dissertation was to first determine the precise mamaddic and timalependent
cancefrinducedmusclemyopathythrough two different preclinical models of cancer cachexia. We
first used the welestablished Colo26 (C26}ectopic model of cancer cachexia to characterize
skeletal muscle weakness, atrophy and mitochondrial funatimss time and muscle typ&¥e

then used a novel metastatic and orthotopic modepivfielialovarian cancefEOC) cachexia to
further identify precise caerinduced skeletal muscle myopathgnce agairacross time and
differentmuscletypes.Finally, toboth establish the efficacy of a novel treatment estdblish a

direct link between cancénduced skeletal muscle myopathy and mitochondrial function, we
administered the mitochondritdrgeted therapeutic SkQ1 to EOC tumour beamiag

Our findings reveal that cancanduced skeletal muscle weakness precedes the development of
skeletal muscle atrophy in both the G&@opic and EO@rthotopic models of cancer cachexia.
Thus, this dissertation identifies muscle atropigdependent contributions to $&&l muscle
weakness exist in canegrduced myopathy, a phenomenon yet to be explored. Our findings also
demonstrate decreases in mitochondrial respiration and increases in mitochondrial reactive oxygen

species are associated with skeletabate weakness and atrophy acrvgs preclinical models.



Last, treatment with SkQ1 establishes a direct link between mitochondrial function and skeletal
muscle weakness independent of atrophy as this mitocheedhahcing drug improved force
production across various muscles and tilneconclusion, this dissertation identifies a direct
relationship between mitochondrial function and cameeuced weaknessThis work supports

the future investigation of mitochondrial targeted therapy in cancer cachexia.
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1 INTRODUCTION

Cancer is fundamentally understood as continual, unregulated cell proliferation that occurs due to
mutations from single cefisUnregulated cell proliferation cageneratdéumours which cause a
myriad of complications to the héstOne understudiesecondarycomplication of cancer iis

ability to impact skeletal muscileducing muscle loss and weakneEkisphenomenon is termed
cancer cachexi a. The international comsensus
multifactorial syndrome characterized by an ongoing loss of muscle mass (with or without fat
mass) that cannot be fully reversed by conventional nutritional support and leads to progressive
functional impairmeri®. It is estimated that 20980% of cancer patients will develop cachexia
depending on the type and stage of ca&hBmzens otherapeuticlinical investigations have been
conducted for this disease, but none have produced sufficiently positive tesyield an
approved therapy Thus, there is currently no licensed treatment or starafazdre for cancer
cachexigpatients

Leading dogmas hypothesize that muscle loss during cancer is induced by circulating factors which
trigger protein degradation and loss of myofibrillar proteins through various mech3fisms
However recentiteraturealsosuggests skeletal muscle mitochondria are subject to damage during
cancer cachexial! and may be direct contributors to muscle wastithgpdeed, oxidative
phosphorylation is impaired in the soleus, gastrocnemius and plantaris muscles oftiaarog

mice, while reactive oxygen species (RO$) the form of mitochondrial D> emission (mHO>)

i can be increased or decreased depending on the muscle and duration &f Eahereover,

in the Lewis luig carcinoma (LLC) ectopic xenograft model, certain indices of skeletal muscle
mitochondrial dysfunction preceded the onset of muscle atrophy suggesting mitochondria may be

a potential therapeutic targét Yet, given the multifactorial contributions to cachexia during



cancer, the relationship between mitochondria and myopathy may differ between muscle types and
cancer progression. In this light, the available literature does not provide sufficient information to
predict the extent to whictancemwill affect individual muscles, particularly in relation to their
underlying mitochondrial responses to the systemic stress of the disease.

Moreover, much criticism has be@iven towards conventional models of cancer cach&xia
Indeed,popularly usednodelseitherrequireinjections of cancer cells under the skt grow
ectopically (outside host organjsage of immunocompromised mice, usage of mice with genetic
mutations that develop tumours at birth|ast usage of mice thgtow tumoursspontaneouslin
adulthoodwhich can require large animal colonies and expenssle these models have set the
foundation of mechanism and therapy elucidation in cancer cachexia, the utility of these models is
under criticism due to the lack of success in clinical investigdfioiss for this reason, odels

that grow tumours inthe host organ (orthotopic) that can be induced at any age in
immunocompetent micgyhich also demonstrate metastasisve been suggested to be important

for improving the predictive power ah vivo models of cancer cachekfd®. The available
literature does not provide sufficient information to predict the mitochondrial contributions to
cachexia in an orthotopic, metastatic contsgecially in multiple muscles and across time.

Last majority ofresearch has investigated the mechanisms governing muscle loss inwhibeer,

less attention has been given to the mechanisms governing muscle weakness in this disease.
Indeedwhile muscle loss is an obvious contributor to weakness, there is little investigation on the
mechanisms governing weakness independent of muscle lossefemgxist. Understanding the
relationship between cancer and muscle weakness is critical for cachexia therapy development as
targeting weakness in conjunon with atrophy could lead to more sucdaksherapeutic

investigationsFor example,mproving muscle weakness cotlaoreticallyhelp cancer patients



adhere to exercise interventions whicBignificantconsidering exerciseas already been shown

to improve patient healtrelated quality of lifé%, as well as have positive benefits in skeletal
muscle health within preclinical models**® and evenpotential ant-tumorigenic effects.
Therefore, the two main purposes of this dissertation were to 1) determine thetiree and
musclespecific relationship oéctopichonmetastatic and orthotoproetastatic cancer growth

and mitochondrial function in relation to weakness and atrophy and 2) target mitochondria

pharmacologically to elucidate the role of mitochondria in muscle weakness and atrophy in cancer

cachexiavhile also evaluating its effectiveness as a cancer cachexia therapeutic.



2 LITERATURE REVIEW

2.1 Introduction to Cancer Cachexia

2.1.1 Overview of Cancer Cachexia

Cancer is a devastating disease that leads to millions of deaths each year around the globe. While
understanding cancer biology and developing oncological therapeutiesdiseedinglymportant

endeavour, the secondary complications of cancer can go undiscussed par ti cul ar ,
ability to impact skeletal musclie a condition known as cancer cachekihas received little

attention even though it has a significant impact on quality of life for cancer pafisiechelle

- a cancer patient witbachexia expressedn aseries calledi Dear Sci enti st o wi f
Globeficancer cachexia has made ® ife as | knew it
Cancer cachexia is a debilitating condition tbewerelydamages the fragment of life for cancer

patients. In advanced stages ofincer,jndividuals often experienaextrememuscle los&. This

is termed fAcachexi aokakosandpexis a tmeragq i fnrgo M btalle c@mal
international consensus of the definition fo
characterized by an ongoing loss of muscle mass (with or without fat mass) that cannot be fully
reversed by conventional nutritionglu p por t and |l eads to prP%gressi
Cancer patients are considered cachecii patientsexhibit greater thar5% body weight loss

over 6 months, (iipatient has &ody mass index (BMIpf lessthan20 or, (iii) patients have low

muscle mass consistent with sarcopenia and weight loss of more thfan 2%

It is predicted that 20980% of cancer patients develop cachexia depending on the type and stage

of cancet. For example, foundational literature predicts that patients with pancreatic or gastric

cancer have the highest frequency of weight (888687%), while patients with colon, prostate



or lung cancer develop cachexia less frequently (68%) and patients with neidodgkin
lymphoma, breast cancer and sarcomas are among the least frequem0g@¥%Vhile the
precise mechanisms that govern cachexia remain incompletely identifedellaccepted that

the mechanisms facilitating muscle loss in cachexia is likely multifactorial in nature encompassing
inflammation, autophagy, proteolysis, cell death, malnutritimuscle disusechemotherapy
toxicity and energy homeosta&iSection 2.1.3will review the current proposed mechanisrfis

muscle loss in cancaénduced cachexia.

2.12 Cancer Cachexia on Morbidity and Mortality

Cancer severely worsens quality of ldadis associated with several physical, emotional and
cognitive dysfunctions. One studyentified flack of energy or fifatigued asthe most frequent
patientrated symptonor concerramong 11 different advanced cancer typedtudies have even
identified that cancer patients perceive fatigue as the symptom with the highest impact on their
daily social, leisure and sethre activitie$’. While the cause of fatigue is likely due to a myriad
of reasons (chemotherapy toxicity, poor physical health, poor emotional healthit &cc)jear
that cancer patients exhibit a worsened quality of life. In additdmle these studies do not
identify skeletal musclspecific dysfunctions as the facilitators wbrsened quality of life,
skeletal muscle mass is one of the most powerful prognostic factors of sangeaf*. Indeed,

in a cohort of approximately 1400 solid tumour cancer patients in Alberta, Cauadigaits with
cancer who presented with extreme muscle loss (>5%; evaluated with cotopubgdaphy (CT))
exhibit a poor prognosis regardless of overall body wé&ighhis suggests that protecting muscle

masscould bekey to improving survivability in cancer cachexia.



Developing cachexia during cancerakes mattersignificantly worse for cancer patientss
cachectic patients exhibit reduced physical fundindgtolerance to anticancer theragie$’. This
also impacts the quality of life of cancer patients in conjunction withreptirts of fatigue.
Moreover, cachectic cancer patients tend to have longeppesative hospitadtayscompared to
norntcachectic cancer patients.one study,he length of stay of 9gastrointestinal cancer patients
over the age of 60 was analyzed psstgeryand revealed cachectigastrointestinakcancer
patientsexhibit longer postoperative length of stay compared toaamhectic gastrointestinal
cancer patient§. Moreover, arcopenia (agénduced muscle loss) is described to be associated
with major chemotherapy toxicitieesulting in dose reduction, dose delay or termination of
chemotherapy for patients treated with flugsarimidines, anthracyclines, and tyrosine kinase
inhibitors®3° This further supportsthe need toprotect muscle mass throughout cancer
progressionlLast,andperhapsmost importantlycancer patients with cachexia exhibit decreased
survival.In one study, e 6-monthsurvival in835 different cancer patients above the age of 70
demonstrate that cancer patients with cachexia exhibit decreased survivalifgred to non
cachectic cancer patiefts

It is thus clear that maintaining healthy skeletal muscle mass is daraigiality of life, tolerance

to anticancer therapies and overall survivabildy cancer patients. Currently there is no licensed
treatment options for cancer cachectic patieamisl thus more mechanism elucidation and
experimental therapy developmeméeds tobe completed Nevertheless, clinical therapeutic
investigations have been conducted rigorouslyeitidhe coveredn section2.1.4in this literature

review.



2.1.3 Proposed Mechanisms of Cancer Cachax

There are several proposed mechanisnmyaipathy incancefsinduced cachexial he following
section will review the proposed theories including inflammation, proteolysis, cell death,
autophagy, malnutritidmuscle disusandimpairedenergy homeostasié/hile these mechanisms
arewritten separately, thegethways are ndtinctionally independenMeaning these pathways
areconnectednd caroccur in unison with similasignal transduction pathwayBhe overall sum

of all of these mechanisms is believede®ad to myopathy in cancer cachexia.

2.1.3.1 Inflammatioffumour Specific Factoras a Mechanism of Cancer Cachexia

Loss of muscle in cancer cachexia is frequently associated with increased production of factors
known as tumour necrosis factor alpha (FalF interleukini 1 (IL-1), - 6 (IL-6) and interferon
gamma (IFNg) 2 These factors are termed fdproinfl amme
growth and activity of other cell targets. This section will focus on the impact of cytokines on
skeletal muscle for the purpose of understanding the role of inflammation in cactexia.
However, in order to understand the effects of cytokines on skeletal muscle, it is first important to
understand how the immune system regulates cytokine production.

Immunity can be divided under two broad categories: innate immunity and adaptive immunity.
Briefly, innate immunity is a nespecific, shoHasting initial response from myeloid (monocytes,
macrophages, neutrophils) and lymphoid (natural killer cell$§ €ewhile adaptivémmunity is

a delayed respongkatinduces a longasting, specific immune response mediated by CD4

helper cells, cytotoxic CDET cells and B celf. Innate immune cells express Ftike receptors

(TLR) which recognize a myriad of antigens and lead to the activation of nuclearkiagtdF-

kb) and resulting cytokine production which mediates the magnitude of the inflammatory



respons€. During the innate immune response, macrophages can form a continuum between an
M1 (pro-inflammatory) and M2 (antinflammatory) profilé®. The tumour microenvironment is

rich in cytokines and other inflammatory mediators that influence immunosuppression, growth of
cancer cells, tissue remodeling and angiogetiesis

It is well established in cancer cachectic patients that circulating levels -offlarmmatory
cytokines (most commonly TNFand IL-6) are upregulated in several different types of caffters
However, tumours are also believed to release specific factors that can induce similar downstream
signaling cascades$ndeed, proteolysigducing factor (PIF) was originally characterized from
tumours of MAC16 tumour bearing mice and urine of cachectic cancer p&i€HEs was first
identified as a proteoglycan distinguished from cytokines by its structure and ability to accelerate
breakdown of skeletal muscle both in vitro and in vivo by a process that does not involve
anorexid®. PIF is thought to act throug#F-kb (similar to inflammatory cytokine®and hadeen
shownto activate the ubiquitin proteasome pathway in preclinical and cell culture models of cancer
cachexié'. However, the precise role of PIF remains incompletely understood.

Proinflammatory cytokineand tumour specific factoiaduce a complex signalling cascade that
results in inhibition of anabolic and/or anticatabolic signals in favour of skeletal muscle
proteolysi$?. Thus,in cancer cachexjaystemic inflammation is associated with reduced rates of
protein synthesis paralleled with enhanced protein breakdown resultugradlmuscle loss. The
downstreansignalling cascade as it pertains to proteo)ymisophagwand cell death are discussed

is sections below.



2.1.3.2Proteolysis as a Mechanism of Cancer Cachexia

Skeletal muscle is in a constant balance of protein synthesis and degradation to maintain muscle
mass. In cachexia, muscle loss is due to increased protein breakdown, decreased protein synthesis
or a combination of the tW& The extenof protein synthesis vs protein breakdown is variable
between studies andodels, budysregulation in protein homeostasic@sidered the leading
theory of muscle mass loss in cancer cachexia

Proteolysis is the breakdown of proteins into polypeptides and amino Bleets. are three major
proteolytic pathways for the degradation of proteins in skeletal muggleéhe ubiquitin
proteasome pathway(ji) calpains and(iii) the autophagylysosomal systefd. While these
degradation pathways will be discussegharatelyit should be notethat overlap existbetween

all three These aravritten separately in an attempt to simplify the current literature on cancer
cachexia and proteolysis.

Original literaturefrom the late 1990s and early 20afismonstrates that the ubiquipnoteasome
pathway plays a critical role in protein breakdown in human cancer patrehfgeclinical rodent
model$**’. This has since beerproduced in several models of cancer cachmea the last two
decade®. The ubiquitinproteasome pathway iscamplex,yet specific system used by the dell
execute proteimegradation. Briefly, this pathway degrades proteins using four main enzymes:
E1- ubiquitin carrier protein, ER ubiquitin-conjugating enzyme, B3ubiquitin-protein ligase and

26S proteasome congX’®. The pathway can be summarized in two main steps (i) substrate
tagging by covalent attachment of ubiquitin molecules, and (ii) degradation of tagged substrates
through the 26S proteasome compffeXEl enzymes activate ubiquitin using ATP, generating
thiol-ester intermediates; enabling E2 enzymes to transfer activated ubiquitin moieties from E1 to

the protein substrate through another Haister intermediaf At this point, protein substrates



can now bind E3 enzymes through a recognition motif and be degraded by the 26S proteasome
with energy from ATE®. Muscle RING finger 1 (MURR) and Atroginl (dso referred to as
Muscle Atrophy Fbox MAFbx) are both E3 ubiquitin ligases expressed in skeletal muscle that are
consistently upregulated in various models of cancer cacfiekiese E3 ligases can be activated
through several catabolic pathways including-iNfactivation, FOXOLYFOXO3 transcription
factor activation througimammalian target of rapamycin complex | (MTORCL1) inhibitaowl
oxidative stres¥. Interestingly, in the murine pancreatic cancer (KPC) model, injecting KPC cells
into MURF1/- mice blunted muscle wastiramnd interestinglyalso slowed tumour growth Not

only does this highlight the integral radéE3 ligases ircancer cachexiausclemyopathywithin
preclinical modelsbut this also demonstrates that cancer cachexia thecapilekalso aid in the
pursuit of cancetreatment. Discussion aboatirrentcancer cachexia therapies will be further
discussedn section2.1.4 While activation of proteolysis througkhe ubiquitirproteasome
pathway isthe current leading thepfor muscle loss in cancer cachexia, there is also evidence
that calpains and the autophaggosome system can also contribute to proteolysis in this disease.
Calpains are a group of calciuactivated cysteine proteases that include two ubiquitously
expressed members (capkdinand calpaif2) and one muscispecific member (calpaiB)>2
While the role of calpains in cancer cachexia is kesearcheccompared to the ubiquitin
proteasome pathway, the calpaystem is also believed to be activated in some models of cancer
cachexialndeed, in the AHL30 hepatomand C26 colorectal model, calpains protein content is
increased suggesting calpain activitpuld be increasetf. Interestingly, administration of
dantrolene or overexpression of calpastditalpain inhibitory does not attenuate protein
degradation or muscle mass loss in the 23® or C26 mode?é. This suggests that that while the

calpain system may be activated in cancer cachexia, it likely does not regulateprutedkysis
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to the same effect as the ubiquitin proteasome pathWayle two preclinical cancer cachexia
models have been described, a recent review analysis evaluating all mocte@tachexia
demonstrate that the activation of calpains is sparce and requires further f&search

The autophagyysosome system has also bgeoposed to contribute to muscle loss exhibited in
cancer cachexiaAutophagy plays a vital role ithe turnover of cell components to maintain
healthy cell homeostasfs Three main mechanisms exist in mammals for the transport of
autophagic cargo to lysosomesnacroautophagy, chaperenmediated autophagy and
microautophagy’. Briefly, macroautophagig triggered by the activation of a regulatory complex
(contains Vps34, Beclinl, Vpsl5, Abral and Atgl4) that induces LC3 recruitment to the
autophagosom@oublemembrane structure that engulfs proteins and substrates to be defjraded)
Proteins that are destined for degradation are then polyubiquitinatedaiatdipbagosomiey the

p62 scaffold®. p62 is constantly removed by autophagy, therefmaimulationin this scaffold

can indicatedisturbancesn autophagosomaurnover.Understanding the role of autophagy in
cancer cachexia becomes increasingly complicaiteck sautophagy is necessary to maintain
healtty muscle homeostasi$herefore, it becomes challenging to delineate if changes in p62 are
necessary to maintain healthy muscle mass or contributes to total net loss in mass. It is for this
reasonfiexcessive autophagys believedo occur in cancer cachexia contribute tamuscle loss
within the diseaselt is thus an oversimplification to state autophagy fimcreased in cancer
cachexiaconsidering the comekity of this systemIndeed differentresults exist across cancer
cachexia models regarding the induction of autophBgglinl and LC3B, the initial steps of
autophagy appear to bencreasedo some effectacross human and mouse models of cancer
cachexia®®8. However, there are also reported increases in accumulation ofimpG&ncer

cachectic muscle in animals suggesting a disequilibrium between autophagosome formation and
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clearanc®*°. Data on autophaglysosomal induced muscle loss in cancer cachexia requires
further investigation to understand the complex relationsaipveen the initiation of autophagy,

the degradation of cellular debris and the resultimgact on skeletal muscle mass

Cancer can also induce muscle loss through the inhibition of protein synthesis. Indeed, while
activation of various proteolytic pathways gains most attention, it is also important to note that
skeletal muscle also cannot regulate protein synthesis eélgctfoundational literature in human
cancer cachectic patients demonstrates that muscle protein synthesis is decreased relative to non
cachectic cancer patients using a tracer infusion of leucine labelled with a stable®9sotope
Moreover, vast majority of animal models report a reduction in rate of protein synthesis with only
afew studies demonstrating nochdfiget 6 s i mportant to note that a
more rapidly than human models. Thus, in the context of protein balance, protein breakdown may
contribute to muscle loss more so in animal models than huduen® the rate at which muscle

loss occursNevertheless, decreases in protein synthesis also contribute to net muscle loss in

cancer cachexia.

2.1.3.3 CelDeath as a Mechanism of Cancer Cachexia

Cell death can be both programmed and orchestrated by multiple networked cellular processes or
occur suddenly. Thus, cell death cartdrenedregulated cell death (RCD) or accidental cell death
(ACD)®. Indeed, RCD is a tightly coordinated process carried out by the cell whereas ACD can
occur instantaneously because of physical (temperature, osmotic forces, high pressures),
mechanical (shear force), or chemical (pH variations) ch&hdésere are numeroukeoretical

cell deathpathwaysand all pathwaysxhibitsoverlap regarding enzymes and targets invdtved
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Reviewing all pathways would fall outside the scope @ titerature review however, he
following section will highlight relevant cell death pathwayplored in cancer cachexia

The current literature on cell death and cancer cachexia is sparce. However, of all cell death
pathways, apoptosis a form of RCD has been shown to potentially be upregulated in cancer
cachexia. Briefly apoptosiscan be activated via an extringleath receptor pathway and/or an
intrinsic-mitochondrial pathwdif. In the extrinsic pathway, apoptosis is initiated via
transmembrane receptorediated signal transduction mechanisms from members of the tumor
necrosis factor gene superfanfifly In the intrinsic pathway, opening of the mitochondrial
permeability transition (MPT) due to calcium overload within the organelle induces the release of
cytochromec, which binds to Apafl and procaspas® f or mi ng arf?2 Botapopt os
pathways converge on the same terminal or execution pathwagpasé activatioi?. This

results in DM\ fragmentation, degradation of cytoskeletal and nuclear proteins;lcrkisg) of
proteins and formation of apoptotic bodiaktimately inducing programmed cell deth

In cancer cacheaj mixed results are observed across models. In a small cohort of human
gastrointestinal cancer patients, there is a tfokkincrease in DNA fragmentation and an
increase in poly ADRibose polymerase (PARP) cleavage (index of apopfddis)another small

human cohort of stomach/colorectal cancer patients, caspas®l-9 is significantly increased
compared to nogachectic stomach/colorectal cancer patf@niisterestingly, however, in a small

study of 16 gastric cancer patients, rectus abdominus muscle did not exhibit increases in markers
of apoptosis compared to neachectic gastric cancer patiéfiténdeed, no changes daspase,1

-3, PARP cleavage or percentages of apoptotic myonuclei weliserved within this study,
suggesting apoptosis was not initigfediuthors did no¢ that muscle loss in these cachectic

pati ent s wg% bodyiwmightlless) alttmately siggesting apoptosis may only occur
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in severe cancer cachexib the rat model of AHL30 hepatoma and mouse model of Lewis lung
carcinoma (LLC),there is reported increases in caspiskctivity and DNA fragmentatiéh
Moreover, in the MAC16 (colon adenocarcinoma) murine model of cancer cachexia,
gastrocnemius muscle caspade -8, -3, -6 and -9 activity is increasedlong with PARP
fragmentation and cytochronterelease into the cyto$8l These data suggest that apoptosis in
both human and rodent models are contributors to muscle loss in cancer c&altaxgaresearch
could explore other cell death pathways in conjunction with apoptosis to elucidate if other

mechanisms of cell death contribute to muscle loss in cancer cachexia.

2.1.3.4 MalnutritiodMuscle Disusas a Mechanism of Cancer Cachexia

It is predictedup to 85% of cancer patients are malnourished with the most prevalence in gastric,
pancreatic, lung, prostate and colon cancer patferSeveral factors can contribute to the
incidence of malnutrition in cancer patients including age, gender, anticancer treatments and
type/location/grade of cané&r Cancerassociated malnutrition occurs due to an imbalance
between patient nutritional needs, tumour nutritional demand and availability of nutrients in the
body?8. Prolonged malnutrition can accelerate cachexid induce complication§oundational
literature demonstrates howaimourished cancer patients compared to patients maintaining
normal body weightan exhibit impaired response to agtincer treatmeff, susceptibility to
chemeinduced toxicity?®’°and higher incidence of pesperative complicatiori&

It has been proposed that cancer development and malnutrition are closely linked and can develop
into a Avicious <circleo whereby, il Il ness <cau
nutrients, and eventually results in increases susceptibilitycamplication§®.  These

complications can further worsen illness by exacerbating fatigue, decrease mobility and worsening
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responses to thera(ly While the very definition of cancer cachexia implies that nutrition is not

t he mechani sm of thaacarma Beifully rdverseclby aohventionab raitsitional

s u p p3y it is Kill important to bring attention to the role of malnutrition in the development of
cachexia. In fact, recent opinions even suggest that while nutritional support cannot fully reverse
cancer cachexia, partial reversal is possible with conventiurtational therapy?’3 Indeed,

while nutritional interventions may not be able to reverse muscle loss once cachexia has
manifested, it is important to note that nutrition can still have some positive ithpagthout
disease developmer@@urrent clinical data on nutritional interventions to treat cancer cachexia are
covered irsection 2.4.1.

While advanced cancer patients are likely tibedridderdue to the severity of the diseadere

is little evidence available to support the theory that muscle inactivity or disuse is a direct
mechanism of muscle loss in cancer cachexia. Howeseuctions in food intake and physical
inactivity are thought to contribute at least partially to cachexia throughout cancer prodgféssion

The exact degree to which malnutrition and disuse contributes to cachexia could be investigated
using Amuscle disuseo controls whe-resthbeglthycancer
participants. Similarly, in preclinical studies, hindlimb suspemgould be used as a model of
diseasdree muscle inactivity. Delineating the precise mechanisms by which disuse and
malnutrition contribute to cachexia could guide therapy development, especially in the context of

exercise and nutritional interventiom ¢ancer patients.

2.1.35 Energy Homeostasis as a Mechanism of Cancer Cachexia

Well-balanced and controlled energy homeostasis is crucial to maintain healthy skeletal muscle.

Cachexia is an energy balance disorder such that energy intake is decreased and/or energy
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expenditure is increastdVhen energy expenditure exceeds energy intake, the net result is loss in
total body weightln cancer, the contributions to energy intake or expenditure can vary based off
cancer type and stage of cancer developfneluwever, although decreases in energy intake are
often associated with cachexia, it is understood that this alone is not the cause of cachexia. Indeed,
in one study, 119 small cell lung cancer patients on total parenteral nutritiaadifhinistered
nutrition) - and thus with perfectly controlled nutrient intakstill lose weight and suffer from
cachexia symptom$ It is thus believed that increases in energy expenditure, more specifically,
resting energy expenditure is a possible mechanism of skeletal muscle wasting in cancer cachexia.
There are several proposed mechanisms of increased resting energy expenditure in cancer
cachexia. First, increased futile cycle activitpisposedo contribute to energetic inefficierity

Futile cycles refer to the increased cycling of metabolic intermediates that utilize ATP to generate
heat’. One example is the lactate recycling that is associated with the Cori cycle between the liver
and tumour. The Cori Cycle (or lactic acid cycle) is the metabolic process whereby lactic acid
produced in the muscle is converted to glucose by the livestauitled back to the muscle to be
utilized agairf®. In the context of cancer cachexia, energetic inefficiency can induce futile cycling
between the tumour and liver. Indeed, the gluconeogenic utilization of ttgeoarated lactate is
energetically inefficient but is necessary to compensate for tumioduced acidosis.
Foundational literature in cultured myocytes demonstrate that CachectimiENiated lactate
production is linked to futile cycling specifically through activation of both phosphofructokinase
and fructose bisphosphate phosphatase in glycélysihile this experiment was completed in

the absence of a cancer stimulus, inflammatory markers areimdgrstoodo be upregulated in

cancer cachexia and thus could lead to a similar futile eyithen the human conditian
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Second, mitochondrial energy uncoupling is also thought to lead to reduced energy efficiency in
cancer cachexia Glycolysis produces 2 net adenosine triphosphate (ATP) molecules per glucose
molecule while 36 additional ATP are produced from glucose as a result of the tricarboxylic acid
(TCA) cycle and electron transport chflinHowever, due to oxidative uncoupling, energetic
inefficiencies can exist that do not yield ATP molecules from glucose but rather generéte heat
While skeletal musclexidative phosphorylatiowill be further discussed in secti@B, the point
remaing in cancer cachexia, substrates can be metabarmubt directlyresult inthe generation

of ATP moleculesThis process is called uncoupled respiration and is completed by uncoupling
proteins (UCP$}. UCPs are expressed in skeletal muscle, brown adipose tissue (BAT) affd heart
While the function of UCPs is still not fully understood, UCPs in skeletal muscle is believed to be
involved in the regulation of the production of reactive oxygen species through decreased
membrane potential, mitochondrial fatty acid transport and atigal of glucose metabolisth
Interestingly, in the AHL30 hepatoma, MAC16 adenocarcinoma and LLC preclinical models of
cancer cachexia, expression of UCPs genes is increased in skeletal muscle or BAT of cancer
cachectic animaté 8%, Moreover, increases in UCP gene expression has also been shown in
skeletal muscle of human gastrointestinal adenocarcinoma patients and was associated with weight
loss within this small cohdit This suggests that uncoupling proteins are a likely source of
energetic inefficiency in cancer cachexia.

Third, thesarcoendoplasmic reticulum €aATPase (SERCAhasalsobeenthought to contribute

to energetic inefficiency in cancer cachexia. SERCA is a key regulator of calcium homeostasis,
translocating calcium from the cytosol to the sarcoplasmic reticulum (SR). Since translocation of
calcium from the cytosol to the Sfbesagainst a concentration gradient, this process requires

ATP. Interestingly, however, some of the energy associated with SERAty does not result
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in calcium translocation and hbsen identified to release heat as a mechanismre$hivering
thermogenest® In the Yoshida AHL30 hepatoma model, cancer cachectic rats exhibit
increased SERCA protein content and gene expression concurrent with less ATPCotalat

there is no indication of increased SERCA activity reported within the literatuatethus is
challenging to interpret SERCA functipthis data is suggestivihat increased SERCA protein
content supportsenergetic inefficiencies in cancer cachexia. Last, decreased mitochondrial
oxidative capacity has been commonly observed in several cancer cachexia preclinical models. As

this is a specific focus of this dissertation, this will be covered in detail filos@c4.1

2.1.3.6 Chemotherapy as a Mechanism of Cancer Cachexia

Chemotherapy is a standard filiste drug treatment for nearly all cancdtss estimated that the
proportion of cancer patients that need chemotherapy was 63% in 2018 and projected to be 67%
by 2040 in low or middleincome countries. However, chemotherapy is not canseecific,
meaning healthy and normal cells are also subjedatoagdrom treatment. While most cancer
patients are treated with chemotherapy, data from cancer patient populations can be challenging
to comprehend because it is unclear if cachexia occurs because of the tumour itself or a
combination of the tumour and chethetapy treatment. Preclinical models of cancer cachexia
have shown very clearly that tumours themselves can cause catioswéxger interestingly this

is also true for chemotherapgseatment alonelndeed, while chemotherapy is a treatment for
canceyrecent literature has shown that chemothecamyinduce muscle wastimgthout a tumour
present. There are several types of chemotherapy treatment. Treatment and dosage typically

dependn the typeand stage of cancer. While reviewing all chemotherapy treatments falls outside
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the scope of this literature review, the focus will bechemotherapies with reported impact on
skeletal muscle.

Anthracyclinesbasedherapies are perhaps the most popularly used antitumour treatment which
exhibit an extremely wide spectrum of activity in human cancer with only few cancers being
unresponsive to their administratfén There are several analogues of anthracycline therapy
including daunorubicin, doxorubicin, epirubicin, etoposide, idarubicin, irinotecan, mixtoxantrone
and topotecali. Interestingly, doxorubicimdministrationat a treatment cycle and dosage that
replicates humankas been shown to indudmdy weight loss, muscle wasting amlscle
weaknessn mice without the presence of a tumfuMoreover, muscle weakness and muscle
mass loss also occur in rats with doxorubicin administered daily at low doses for P8, @égs
mechanisms that govern muscle loss with doxorubicin treatmetihoughto parallel cancer with
ubiquitin-proteasome activation, autophagy and oxidative stress suggested to play key roles as
outlined in a metanalysis of 20 studié% albeit variability in chemotherapy dosage and
administratiorstrategiesnake these mechanisms challenging to elucidate.

Platinumbased chemotherapies are also popularly used chemotherapies timaharenlyused

for breast, ovarian, and colorectal can®er3his class of chemotherapies include cisplatin,
carboplatin and oxaliplatirCisplatin was the first developed platirlmased chemothera@nd

i t @exhanism of action is believed to be cell death induced through inhibition of DNA
transcriptiof®. However, cisplatin can cause systemic toxicity and undesirable side ¥ffects
Skeletal muscle is well documented to be subject to extensive damage with cisplatin
administratio®®. Indeed, administration of cisplatin to mice without tumours have shown to
decrease body weight, muscle mass and muscle atrophy with varying administration dosages (1

5mg/kg body weight) and durations-43injectionsj®® %2 This cachectic phenotype has been
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reported to occur concurrently withuegulation of atrogirl, MURF1 and FOXO3 gent§:10!
Interestingly, cisplatin administration was also coupled to intracellular calcium concentrations
dysregulation, a mechanism of dysfunction yet to be explored in cancer c&thexia

The mechanisms of muscle wasting and weakness in cancer cachexia are multifexctaaal be
exacerbated by chemotherapi/hile several mechanisms of muscle loss and weakness were
discussed in this section, a summary figure is provide&igure 2-1 of all the proposed
mechanismo try and simplify thiscomplex relationshipWhile there is currently no licensed
treatment for cancer cachexia, an effective treatment likely requires afactdtiial approach to

haltor delay the loss of muscle mass througheancer progression.
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Figure 2-1. Proposed mechanismsof cachexia throughout cancer progressionTumours

release factors andduce the activation of several inflammatory cytokines that activate E3 ligases,
autophagy and cell death mechanisms. Tumours also disrupt energy homeostasis by inducing
increased futile cycling, uncoupling, oxidative stress and decreased oxidative quiytadjum.
Anticancer treatment toxicity along with malnutrition and muscle inactivity are also thought to
contribute to cachexia throughout cancer pesgion. This figure was partially adapted from
Argilés et al20148,

2.1.4 Current Therapies in Cancer Cachexia

There are currently ndreatmentsthat have been approved by the US Food and Drug
Administration (FDA) for cancecachexid®® While cachexia is estimated to occur inr€% of
cancer patients depending on the type and stage of amtsmtifying an effective treatment plan

for this disease is aurgent matterThe following section will highlight the three commonly
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researched interventiormaitrition, pharmacologyand exerciseA schematic summary is provided

in Figure 2-2.

2.1.4.1 Nutrition as a Treatment for Canceschexia

It is well understood in the international consensus of the definition of cancer cachexia that this
disease cannot be reversed by nutritional support &lbiogvever, nutritional treatment has been
extensively evaluated throughout the literature and has shown to have marginal benefits. While
the American Society of Clinical Oncology (ASCO) recommendations regarding nutritional
interventions are to consume higrotein, highcalorie, nutrientdense foods and to use parenteral
nutrition sparingly to selected grodf’ the overall evidence quality remains low highlighting the
need for more clinical studies.

One metaanalysis conducted in 2018 which analyzed nine randomized control trials (RCTs) with
cancer patients undergoing chemo(radio) therapy with no restriction on stage of cancer or
nutritional status demonstrated overall dietary counselling and/or oral matisopplements

were associated with improved body wei§ghtHowever, within this metanalysis, there was
considerable heterogeneity due to low compliance with the nutritional interv@ftiodeed, the
reported achieved calory intake fell between 22000kcal while the target intake goal was 2100
28004 Thus, a subgroup analysis was conducted to achieve this outcome of improved body
weight due to nutritional interventiéif. A second subgroup megaalysis of data on body weight
response showed that dietary intervention with protei® poly unsaturated fatty ac{PUFA)-
enriched oral nutritional supplements led to significant improvements in body weight compared to

isocaloric contro4 A subset analysis of the four RCT within this meanalysis that evaluated
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PUFA-enriched oral nutritional supplements on body weight changes in cancer demonstrate that
body weigh was improved by approximately 2%g

Considering nutritional compliance can be challenging in cancer cachexia, parenteral nutrition has
been explored. A meifanalysis completed in 1990 discovered that parenteral nutrition
administration was actually associated with reduced survival and s$edreanfectious
complication$®. The risk of infection persisted when cathetdated septicemia was exchd
suggesting that parenteral nutrition itself can increase susceptibility to infection and thus was
strongly discouraged by auth8ts Considering administration, dosing and composition of
parenteral nutrition has changed since 1990, a systematic review completed in 2019 has also been
completed to reassess the viability of parenteral nutrition. Interestingly, this systemic review
yielded similar results, such that parenteral nutriticas overall not benefici®f. While some

RCTs within the analysis still reported occurrences of infecaarimprovement in fafree mass

was seen after 12 weeks of parenteral nutrition but not 6, 18 or 24 weeksugfjesting the
benefits are margindf. However, there are specific situations in which a patient may have
multifocal bowel obstructions and thus may benefit from adiméed trial of home parenteral
nutrition as recommended by the ASE®Thus, usage of parenteral nutrition is used sparingly

in a situatiorspecific mannerlt should be noted the overall level of evidence provided within
these RCTs has been deanthéhds more eliaidalotriald would bee A S (
necessary’. Nevertheless, nutritional interventions seem to have some positive itngachbat

cancer cachexia, particulanyith consumption of PUFA through oral nutritional supplements.
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2.1.4.2 Pharmacological Interventions as a Treatment for Cancer Cachexia

The current evidence is insufficient to endorse any pharmacologic agent to improve cancer
cachexia outcomes according to the ASCOtand,no FDA-approved medicatioraurrentlyexist

with the exception of anamorelimhich was approved in Japdh Some of the pharmacological
agents tested clinically in cancer cachexia include progesterone analogs, corticosteroids,
anamorelin, cannabinoids, androgens, -nsteroidal antinflammatory drugs (NSAIDS) and
thalidomide. While these drugs do not prodwsteficiently positive results to be a licensed
treatment option in this disease, their marginal benefits to cancer patients are worth discussion and
investigation.

Progesterone is aendogenous steroid and sex hormone involved in the menstrual cycle,
pregnancy and embryogenesis. In the most recent-amelgisis done on megestrol acetate in
anorexiacachexia syndrome, in 23 RCTs with cancer patients, those who took megestrol acetate
were more likely than those who took placebo to exhibit improved appetite, weight and quality of
life%”. While these results are positive outcomes for cancer céclpatients megestrol acetate

was associated with increased risk of death, thromboembolic events and®%dema

Corticosteroids are aninflammatory drugs used to treat conditions like rheumatoid arthritis or
lupus. There has been limited exploration of corticosteroids in cancer cachexia except for a trial
completed in 1974 using dexamethasone on 116 advancedinfastinal cancer patientd
Patients reported marginal improvements in appetite and sense dfeivgl but there was no
benefit to survival and there were no reports of body weight or changes in mus& mass
Anamorelin is a ghrelin receptor agonist, with appetitbancing and anabolic effects.
Anamorelin is perhaps the most clinically assessed cancer cachexia therapy to date with the agent

advancing as far as phase Ill RCTs in cancer patients witksmatficell lung cancer and
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cachexid® 1% A metaanalysis completed in 2017 evaluating four RCTs that used various doses
of anamorelin across 12 weekslded positive results but withigh heterogeneily®. In thetwo-

part Phase Il clinical trial, 979 patients with advanced-saraltcell lung cancer and cachexia
were split into a placebo group and 100mg daily oral administration of anarf§refirThis trial
demonstrated that anamorelin increased lean bwasbut did not improve hand grip strength
109,110 Interestingly, anamorelin did not receive approval from the FDA or any aitienal drug
agency, perhaps due to limited reporting of safety'tfata

Given the ubiquitous reporting of increased inflammation in cancer caciSmIDS are a
popular pharmacological agent in the pursuit for a cancer cachexia treatment. -Analgtis
evaluated four studies that used a range of NSAIDS (aspirin, celecoxib, indomethacin,
prednisolone and ibuprofen with megestrol), across a range of ¢gpes(gastrantestinal, head

and neck, and advanced small cell lung cahteryhese four studies reported some positive
therapeutic effect on quality of life, performance status, inflammatory markers, weight gain and
survival but these patient cohorts lacked uniformity of inclusion criteria and had limited sample
sizes''3, Future trials should include higher patient numbers, establish standardized NSAID
treatment and intervene at an early point in cachexia developfent

Last, both antmyostatin andanttGDF15 therapy interventions have shown some promise in
treating canceinduced muscle wasting. Indeed, myostatin levels in cancer cachexia have been
shown to be elevated in both preclinical mod&and humans with cancer cachéXialikewise,
GDF15 is aecently identified cachectic regulaiarcancer cachext&. In colorectal and prostate
preclinical models of cancer cachexiayivo administration of myostatin neutralizing antibodies
have been shown to preserve muscle mass and mouse grip strength without modulating tumour

size!!’. Similarly, in-vivo administration of GDF15 neutralizing antibodies have also been shown
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to preserve muscle mass and function in an ovarian cancer cachexia fhddels, it would be
interesting to see if GDF15 or myostatargeted therapiggogress from preclinical investigations

to clinical trials.

2.1.4.3 Exercise as a Treatment for Cancer Cachexia

While there is currently no clinical trial completed with positive results reported in exercise as a
therapy for cancer cachexia, the ASCO thus does not recommend exercise for tt&ahamse

I clinical trial using a multimodal approach, examining the feasibility and safety of using PUFA
supplements, exercise and anflammatory medication (celecoxib) in cancer patients with lung

or pancreatic cancer under chemotherapy yieldedtatestical difference on physical activity,
muscle mass, survivability or Serious Adverse EVéhtShis was expected with the low sample

size of 41 and is currently moved to phase Il clinical tHals

Current clinical trials evaluating exercise as a therapy in cancer cachexia yield no sufficientl
positive impact of exercise on disease outcomes, but these trials are considered very low quality
and thus higher quality conducted studies are necé$saihile the phase Il RCTdiscussed

above mayetteridentify if exercise is beneficial to maintaining skeletal muscle mass throughout
cancer cachexia a clinical context preclinical models havalreadydemonstrated promising
results inseverakancer type<.

For extensive review on the effects of exercise on cancer cachexia outcome measures in preclinical
models, the reader is directed towafdstkanou et al2022’. Briefly, exercise has shown to
increase protein synthesis, increase mitochontgalth decrease markers of inflammation and
markers of protein degradation. Indeed, in f@* model repeated stimulated eccentric

contractions (ECC; 100Hz, 10 contractions, 6 sets) over 2 weeks increases muscle protein
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synthesis and oxidative capaéty In the C26 modelynstructuredyolitional exercise improves
mouse survival, muscle fiber size and decreases expression of canonical markers of the-ubiquitin
proteasome pathway (AtrogihandMIURF-1) and autophagy (LC3B and p6%) Even in a model

of breast cancer, after 6 weeks of endurance exercise 5 times a week in mice with MC4L2 breast
cancer cells injected ectopically, markers of inflammation6)ilwere decreased along with
tumour volumé?.

There are also positive effects of exercise on tumour growth. Indeed, in the pancreatic ductal
adenocarcinoma model (PDA), mice that underwent aerobic exercise training five times per week
at 30 minutes per day exhibited decreased tumour growth throuigimame axis mechanism (L
15/IL-15Ra)'°. Moreover, exercise seemed to enhance thetamtur effects of immune
checkpoint therapy (ICB) within this modglit must be noted that these mice are not cachectic at
the time of exercise and thus this does not support exercise for cancer cachexia tpsatsgent
however, it still demonstrates proof of principal that exercige this case aerobit can have
beneficial impact on tumour biologs well as muscle€Considering exercise has beneficial impact

in several preclinical models on skeletal muscle health and some evidence of antitumorigenic
effects in the PDA model, it will be interesting to see the refudts the multimodal Phase llI

RCT discussed above. While there is no current therapy for cancer cachexia, there seems to be
encouraging data in preclinical models to suggest exeresgecially in combination with PUFA

oral administration and NSAIDSmay have great utility in cachexia treatment.
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Figure 2-2. Schematic representation of cancer cachexia mechanisms with corresponding
therapeutic interventions, Several clinical investigations have been condubtigdnone have
yielded sufficiently positive results be a licensed treatmeNlo clinical investigation has directly
targeted mitochondria pharmacologically to date.

2.1.5Preclinical Models for Researching Cancer Cachexia

Several models of cancer cachexia exist, each with their respective pros and cons. While generating

the "perfectd model for cancer cachexia is |1

for a myriad of reasons ,petrheomre aroe o dma smadel
technique, species immunocompetency and even human disease replication. The following section
will review theexisting preclinical models of cancer cachexia. There will be no emphases on

human cancer cachexia &sstsection will focus on experimental models that aim to recapitulate

the human diseasAs there are several cancer cachexia modeisnpa&omprehensiveummary
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of only the most commonly used cancer cachexia masgigisovided inTable 2-1 to aid in the

reader in understanding the literature revi@xtra detail is provided in colorectal and ovarian
cancer models as this dissertation uses these two models to evaluate the muscle specific and time
dependent relationships of mitochondrial stress, force production and atrophy in cancer cachexia.
First, researchers can use cell culture techniques to evaluate cancer cachexia. While these models
lack a living organism to replicate the crudialvivo aspects of cancer, these models still help
elucidate disease mechanisms. C2C12 myoblasts are immortalized myoblast cells originating from
adult mouse satellite cells. Researcherscceculture C2C12s with cancer cells, blood serum from
cancer cachectic mice, blood serum from cancer patients, ascites fluid from cancer patients and
even extracellular vedies from tumour cells or serum of cancer pati&fit$’. With these
techniques, researchers can understand the effect of ¢atated factors on skeletal muscle
atrophy and/or proliferation without the introduction of a host organism. These models also hold
great utility in testing pharmacological therapeutics ti@ating canceinduced cachexid®.

Indeed, without the usage of a host organismijtro results must be supplemented with the usage

of a preclinical model to determine the promise of any therapy identified through cell culture.
Nevertheless, utilization of cell culture techniques is invaluable to identify precise mechanisms of
cancerinducedcachexia.

In-vivo preclinical experimental models of cancer cachexia can vary widely on host organism,
species strain, species immunocompetency, inoculation technique, cancer cell type, tumour
development time and even metastasis. While a great review is provided on raoitedd for

cancer cachexia Wallaro et al. 201628 the cancer cachexia field is evolving rapidly véaéveral

new models developing since the publication of this re\feti® 3L Briefly, models vary widely

on the inoculation technique. Inoculations can be performed ectopically (cancer injection occurs
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anywhere peripheral to where the cancer cells originate), orthotopically (cancer injection occurs
in the matching organ of which the cancer cells originated) or even grow spontaneously within the
host organisndue to genetic mutations

Ectopic subcutaneous techniques are arguably most popular technique, likely due to experimental
simplicity'?®. However, other ectopic injection methods also exist like intraperitoneal and
intramuscular injectiort$®. These models are beneficial for their logistical and expertise simplicity

to study cancer cachexia. However, these models are also subject to criticism due to the rapid onset
of cachexia (1480 days), artificially large ectopic tumours (up to 30% of fganism body

weight), and absence of metastasis which poorly recapitulates the human'tiiseasedational

cancer cachexia preclinical work conducted in the 1990s utilized Yoshida ascites hepatoma
(AH130) in Wistar rats that developed cachexia in as little as 14'6&yslowever as of recently,
arguably the most used ectopic cancer cachexia models are the LLC and C26 cells subcutaneously
inoculated in C57BL6 or CD2F1 mit€ While these models provide great value and set the
foundation of cancer cachexia literature, experts argue that more orthotopic and metastatic models
of cancer cachexia would help with mechanism elucidation and therapy develSpment

Orthotopic models are less popular among the literature, likely due to the complexity of cancer
inoculation. Indeed, orthotopic inoculations require surgical expertise that can be difficult for lab
groups to conduct. One recent report orthotopically iagepatierdderived pancreatic cells (PDX)

into the pancreas of NOD.Gwkdc 112rg/SzJ micE?3 This model induces muscle wasting
similar to that of human cachexia generating small primary tumours and recapitulating metastasis
to the liver and lundgé>'*®  Whi |l e this type of model can be
replicate the human disease in mice, these mice still exhibit experimental concerns. Indeed, while

this model recapitulates the human disease well, these mice are immunodeficiehusand t
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mechanism elucidation or therapy development that requires an intact immune system cannot be
accurately completéd. Whi | e al | model s have advantageous .
to use the model which best pertains to the researcher purpose and hypothesis. While in the pursuit

of cancer cachexia mechanism elucidation and therapy development it has beentadvssed
metastatic orthotopicmodéfs however, this isndt possible in

or cell culture techniques should be utilized.

2.1.5.1 Colon Cancer Models of Canégachexia

In a crosssectional survey conducted Bypisson et al up to ~70% of colon cancer patients are
predicted to develop cachexia throughout cancer progré&siBolon cancer cachexia is a
popularly researched type of canteduced cachexipotentiallydue to its high prevalence. The

two extensively researched models of colon cancer cachexia include the ectopic, subcutaneous
C26 model and spontanedusnour growingApc™* model.

The C26 model has been used extensively throughout the literature sumn2g§ daginal
research articles indexedri i Qbwfidancercacheata s ear
in the last decadeThe Apd®™* modelis less popular but extensively used spme research
groups Both models are different itheir ability to induce cachexia, however both have shown
reproducibility and consistency across the literatuinen identical model implementation is used

(i.e same mouse strain, age, sex, number of cells injected, injgttidmmour development time

etg. Indeed,within the C26 model, 1 million cancer cells are injected into the hindlintBof
weekold CD2F1 mice and generate skeletal muscle wasting and weakness 4 weeks post tumour
inoculatiort®1135136 This has been repeated extensively throughout the literaturdiarmdddel

has also been used extensively in preclinical therapy developiiétit Thus, while the model
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has drawbacks due iis relevartetowardsthe human condition, is has still provided foundational
understanding of mechanisms and therapy eluciddtiatine Ap"™* model, however, the onset

of cachexia is different andore challenging to identify. Indeed, when cancer cells are inoculated,
it is simple to define the amount of time cancer has been introduced irdogydrésm as it was
manufactured by the experimenter. Ire tin the Apc"™* mode| a nonsensemutation in the
adenomatous polyposis coligc)gene exist$? In theApc"™* model mice are characterized by
the formation of spontaneous intestinal adendbeasnning aapproximately 12 weeks of agé
Thus, in this pontaneous tumour growing model, it can be challenging to estimate when cancer
has trulyinitiated as the precise time can vahy this model, mice tend to generate cachexia at
~20 weeks of age, while somgc™* mice will remainweight stabl&“ Mice can then be sub
divided into a fAstaalhleedbegassesa pancer@asheXiagth this
methodology,cachecticApc"™* mice exhibit increased markers of inflammation within the
skeletal muscle along with decreased muscle mass and force protfciibis model has also
been used to test some preclinical therapiesdacercachexia, albeit less extensively compared

to the C26 modef*>146

2.1.5.2 Ovarian Cancer Models of Cancer Cachexia

In the same crossectional study byoisson et al up to ~50% of ovarian cancer patients are
predicted to develop cachexia throughout cancer progredsidowever, ovarian cancer is much

less studied with limited models availapteespite being the most lethal gynecological cancer in
woment*’. Indeed, at the inception of this dissertation, there was one preclinical ovarian cancer
cachexia model available that reqsitee usage of a human cancer cellifReSince thenthree

other models have been published to study ovarian cancer cadheaimmodelseachusedifferent
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ectopiccancer inoculation andvariancell types 11814° One model even utilizes a Gireducible
knockin allele forPik3cat crossed with heterozygo@df9-iCre*'" that forces the overgrowth of
ovarian follicles generating ovaries that can be up to 250 times larger than healthy Svarteke

this model utilizes a genetic manipulation to induce ovarian tumours, this model does not
recapitulate the metastasis that would occur in humans and utilizes a genetic mutation that
develops cancer from biff}. Nevertheless, this is the only ovarian cancer cachexia model with
ovarian cancer growing within the ovaries.

Theseovarian cancer cachexiaodels have been used seldomly throughout the literature, therefore
providing limited insight in cancer cachexia patholobpwever, these models still accurately
demonstrate the body weight loss, muscle loss and muscle atrophy that occur in other cancer
cachexia model§®130.148.149Ftyre research is needed to develop more models of ovarian cancer

cachexia that best recapitulate the human disease.
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Cancer Type | Model Tumour injection Species| Time until
onset of
cachexia

Colon Colorectal26 Carcinoma Ectopic Mouse | ~ 4 weeks

(C26) (subcutaneous)
ApcAin* Genetic nutation Apc | Mouse | ~ 8 weeks
genein colon

Lung Lewis lung Carcinoma (LLC)| Ectopic Mouse | ~ 4 weeks

(subcutaneous)
Liver Yoshida Ascites Hepatoma | Ectopic Rat ~ 2 weeks
(AH130) (Intraperitoneal)
Ovarian PiK3CA* Mouse Genetic mutation: Mouse | ~ 11 weeks
expression oGdf9-
iCre transgene in
oocyte
TOV21G Ectopic Mouse | ~ 6 weeks
(subcutaneous)
Pancreas Pancreatic ductal Subcutaneous Mouse | ~1-2 weeks
adenocarcinoma (PDAC) intraperitonedl
orthotopic

Table 2-1. List of commonly used models of cancer cachexia. Partially adapted from
Ballaro et al. 2016'%.

2.2 Cancer Cachexia Muscle Pathology

Cancer cachexia is multifactorial; therefore, several complications exist in skeletal muscle.

However, the primary pathology includes both skeletal muscle wasting and skeletal muscle

weakness. While inflammation, autophagy and metabolic stress are wetheloed skeletal

muscle within this disease, these factors are potential mechanisms for primary muscle pathology

and were explained in detail in section 2.1.3. The following subsections will focus on the clinical

and preclinical studies exemplifying thigmpary skeletal muscle pathology in cancer cachexia.
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2.2.1 Skeletal MuscléVasting in Cancer Cachexia

The consensus of the definition of cancer cac

mu s ¢ | e Gfircal stadies have shown extensively that muscle atrophy ottuwancer
cachexia by measuringross sectional areaf fibers from rectus abdominus and quadriceps
skeletal muscl®iopsies Indeed, this has been shown in upper gastrointestinal/pancreatic cancer
patient$®®, stomach cancer patiettsand norsmall cell lung cancer patiehts (See'® for a

detailed review)There is no evidence to suggest a fiber type shift occurs in gastrointestinal cancer
patient$®Cor lung cancer patiertf$ that exhibit cachexia. However, skeletal muscle atrophy is not

the only pathology exhibited in cancer cachexra.pancreatic cancer patients, therealso
evidence oincreased fibrotic tissue and collagen content within the rectus abdominusisvhich
positively correlated with percentage of weight 1633 herefore, whileskeletal muscle mass loss
occursincancer patients, the fAqualityo of muscle
clinical cancer cachexia studies also demonstrate that rectus abdominus skeletapraessots

with increased intramyocellular lipid droplets in a heterogenous cohort of oesophageal, gastric and
pancreatic cancer patief$ and pancreatic cancer patients atéhewhile the definition of

cancer cachexia is the ongoing loss of skeletal muscle mass, these clinical studies demonstrate how
skeletal muscle of cancer cachectic patients exhibit other pathology highlighting how skeletal
muscl e Aqual it ythknthissnyopdthy.o i mpai red w

Similar but not identicalrelationships aralso seen in preclinical models of cancer cachexia.
Skeletal muscle atrophy at late stages of cancer cachexia is a ubiquitous phenomenon that is
extensively published across ectopic and/or orthotopic models in ovarian, pancreatic, colon and
lung cancer cachexial30.132136.14% nterestingly, some reports suggest that-fagth type Il

fibers are subject to atrophy more so than slow twitch fibers, suggesting there is a fiber type shift
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towards slow fibersn the C26 modé?’. However, this is not a ubiquitous phenomenon given
several preclinical models (including the C26 model) do not demonstrate a fiber tyf8 ¥Rift

This could suggest that this relationship is musglecific, or a result of several different fibre
typing techniques usethdeed, studies use differdnstological techniquesuch a®\TPase stains,
succinate dehydrogenase stains and myosin heavy chain (MHC) immunofluore Stezietl

muscle collagen content has also been shown to increase in the tibialis anterior of male mice four
weeks after LLC inoculatidfi’. Interestingly, in this sanmgesignbut in female mice, the plantaris
muscle does not exhibit increased collatfériwWhile it is unclearfithis represents a sex difference

or musclespecific response of cancer, it nevertheless demonstrates the heterogeneity in preclinical
model s regarding musc | wellr@pgprteadih human cadcétd't drglee d , f i |
this seems to be seldomly reported in preclinical models. This could once again represent muscle
specific differences considering most cancer cachexia data in humans seems to come from rectus
abdominus biopsié¥’, whereas preclinical models tend to use muscles from the hindbmb
course, lis could also be representative of differing myopathy across different cancer types. The
same argument can be made about fat infiltration in preclinical models of cancer cachexia. Indeed,
several clinical studies have identified increased fat accumuletiskeletal muscle of cancer
patient$®>1%8 but no preclinical models to date have clearly shown increased fat accumulation in
skeletal muscle of tumour beariagimals This could suggest a drawback in preclinicahcer
cachexiamodels vs clinicapatientdata that can challenge mechanism elucidation and therapy
devel opment . l ndeed, t h i paramkiereald debneateeclinicas mu s c |
preclinicalinvestigations of cancer cachexfdbeit no preclinical model can replicate the human

disease perfectly especially in the contextafincefi i t 6 s wort h mentioning t
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appears to be abiquitous phenomenon between clinical and preclinical cancer cachexia

by

investigatorb ut not measures of muscle Aquality. o

2.2.2 Skeletal Muscle Weakness in Cancer Cachexia

I n addition to fAia progressive | oss of muscl e |
cancer cachexia also includes that the loss in muscle mass (with or without fat mass) leads to
fAgradual functional impairmed. Wh i | e fAf unct i on al description,iskeleta nt o i
muscl e weakness falls under this definition.
meant to defineompleting tasks of daily living (walking, carrying groceries, going up and down
stairs, etc)ut could still include more direct measure of skeletal muscle function like isolated
muscle contraction. Thereforthis section willfirst describe the mechanisms that regulatedor
production thenfocus on cancer cachexiaduced musd@ weaknes# clinical and preclinical

studies While clinical studies typicallymeasure muscle weakness through functional assessments
(hand grip strength, stair climb power, short physical performance batteryprettinical models
evaluatecancefinduced muscle weaknettgough more direct measur@s-situin-vitro muscle
stimulation in several muscleshus these models will be discussed differently

The regulation of force production is coordinated by two main processes: transmission of an action
potential and calcium release that induces actin myosin-bragge formatioh®®, First, an action

potential propagatesalong the sarcolemma and eventually down th&ublles where the
dihydropyridine receptors (DHPR) sense the changes in membrane potential and allosterically

react with the SR ryanodine recept@®yR1)to release calciuth®. At this point, calcium binds

to troponin Cmovingtropomyosin and exposing myodamnding sites on actjrpermitting actin
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myosin crossbridge formati®. When myosin is bound to actin, t
where the crosbridge is kept at a 48egree angle relative to the filaméfits Once ATP binds

myosin, myosin dissociates from actin. Hydrolysis of A¥€akly bindsmyosin at 90 degrees
relative to actin filaments and generates ADP amehizh remain temporarily bound to myo%ih

Then, the release off RFom myosininitiates the power strokgushing the actin filamerdand

forcing filamentii s | i 8f.iAtthg énd ofhe power stroke, ADP is released from myosin and the
myosin head assumes t*hQosgbrndgefoomatiomnddilamendt slidngc e a g
across numerous sarcomeres generates whole muscle force production. Once an action potential
no longerexists the cellrepolarizesand calciumis actively pumjedfrom the cytosol to the SR

via SERCA®. Mitochondriaarelinked to skeletal muscle contraction as SERCA amabsin
bothrequire ATP to function anihitiate skeletal muscle contractitrelaxation Moreover there

are several potential redox sensitive proteins involved in contr&&idinus,there are several
potential research directions to examine how changes in mitochondrial ATP synthesis or ROS
production can cause muscle weakness by modulating a variety oflégghdent or redox
sensitive pathways that govern contraction.

163160ne study compares men with solid tumours who are cachectic vsanoar cachectic
patients based biveight loss greater than or eqi@b%, and noacancer controf§’. Within this

study, cancer cachectic patients exhibit deceased hand grip strength, stair climb power and upper
body onerepetition maximum (1RM) in the chest press, latissimusgmin and upper back

seated row compared to control (rcancer patient$)’ Interestingly, however, only stair climb

power and chest press 1RM was significantly lower in the cancer cachectic group compared to the
non-cancer cachectic patients and contf@ldoreover, there was no reported weakness in lower

body 1RM exercises like hip extension, knee flexion or knee extension in cancer cachectic
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patient$®’. In a longitudinal study evaluating thoracic and gastrointestinal cancer patients with
cachexia (also defined by a recorded body weight loss of greater than 5%), patients were assessed
at baseline, 4 weeks and 8 weeks evaluating isometric quadriceps astdrigsrstrength, hand

grip strength, standing balan@ad 10-minute walk timé®® This investigation interestingly
revealed no differences in functional assessments of cancer patients which is a likely result of a
low sample size due to high dropout rate of particig&htsterestingly, in a recent investigation
completed over 41 medical institutions in China, 14,682 cancer patients were studied to compare
hand grip strength to prognosis in cancer cachexia to produce a potential predictor of cancer
survivability!®®. This investigation revealed that hand grip strength was a strong predictor of
survival in cancer patients suggesting that using hand grip strength could be a very useful and
efficient tool to predict cancer patient prognéSis

In preclinical models of cancer cachexia, skeletal muscle weakness is popularly meadiméd via

grip strengthand insitwin-vitro muscle stimulationin the C26 model of cancer cachexia, there

are clear decreases in mouse forelimb grip strength in tumour bearirtg®nibis is also observed

in a pancreatic cancer (KPC) and LLC mouse modetsanter induced cacheXid The C26

model also exhibits muscle weakness evaluated through theffeqeeency relationship in the
tibialis anteriot®®, diaphragnr®soleus and extensor digitorum longus mustfeJibialis anterior
skeletal muscle weakness is also observed in withiPAg®¥™* model of cancer cachext4.
Interestingly, recent reports suggest that that there is a loss of motor unit connectivity (compound
muscle action potentials and motor unit number estimation) in the C26 model and with
chemotherapynduced muscle weakné$$ This suggests that there could be centeivous
systemcontributors to muscle weakness in cancer in addition to periphesgularmechanisms

of weakness. Interestinglowever, all of these reports of skeletal muscle weakness occur at end
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stage of tumour development and the onset of cachexia. It would be valuable to understand the
time at which muscle weakness occurs within these models to best understand -tteutsee

development of muscle weakness and atrophy in cancer cachexia naikolegqy.

2.3 Introduction to Mitochondrial Bioenergetics

Bioenergetics is the quantitative study of energy transductions that occurs in living cells.
Mitochondria are double membraned organelles that harness energy from macronutrients
(carbohydrates, fats and amino acids) through sevedax reactions to generate adenosine
triphosphate (ATP). ATP is considered the fnene
source of energy for numerous physiological reactions. Thus, mitochondrial bioenergetics can be
understood as the study@fergy transductio

Briefly, mitochondria harness energy by utilizing a series of electron carriers and enzymes to force
protons to translocate into the intermembrane space, which then use the proton motive force
generated by this concentration gradient to drive ATP genergiicatural byproduct of this

energy transduction is the formation of reactive oxygen species (ROS). ROS is an essential cell
signaling molecule for numerous physiological processes. The following section in this literature
review will discuss the pre@smechanisms that regulate ATP generation from macronutrients,
ROS formation as a natural consequence of this process and the mechanisms that regulate high

energy phosphate shuttling in and out of the mitochondria to drive ATPases.

2.3.1 Oxidative Phosphorylation

Mitochondria are double membraned organelles with an outer membrane (OM), inner membrane

(IM) and intermembrane space (IMS) in betwéeth membrane€Embedded within the IM are
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the five proteins of the electron transport cf8iThe two electron carriefsnicotinamide adenine
dinucleotide (NADH) and flavin adenine dinucleotide (FADH regulate and catalyze the
electron transfer of electrons through several redox reactions withéieitieon transport chain
(ETC) to generate free enef§y The use of free energy to produce ATP was first proposed by
Peter Mitchell in 1961 and isow well accepted as the chemiosmotic thébtylndeed, the
chemiosmotic theory of oxidative phosphorylation defite series of redox reactions coupled to
H* ions crossing the IM and eventually passing througi®tledown the concentration gradient
back into the mitochondrial matrix to harvest ATP from free en&igyVithin the ETC there are

the five protein complexes are known as: NADH ubiquinone oxidoreductase (complex 1),
succinate dehydrogenase (Complex IlI), cytochrdyoecomplex (Complex l1ll), cytochrome
oxidase (complex V) and ATP synthase (complex V) and two electron acceptors in the IM known
as ubiquinone and cytochrons&’®. Through a series of redox reactions, this complex process
begins when NADH or FADLtransfer electrons to Complex | or Complex Il respectffelyhese
electrons are then transferred across to ubiquinone, Complex Ill, cytoclr@né finally
Complex V where these electrons megei Ghe final electron acceptr At the same time, while
these electrons shuttle through the ETC, hydrogen iofhst(&hslocate from the mitochondrial
matrix (negatively charged) into the IMS (positively charged), generating a proton motive force
(DPYC. This DP pushes Hback through to the mitochondrial matrix through Complex V to
synthesize ATP from adenosine diphosphate (ADP) and inorganic phosphatevfred by the

flow of protons against the electrochemical gradfeifihe coupling of energy produced from the
oxidation and phosphorylation of ADP is termed oxidative phosphorylation (OXPHOS) and is
predicted to contribute to 95% of the ATP produced in the cell under basal coiffliG@esigure

2-3 for a schematic representation of this process.
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OXPHOS is tightly regulated through cellular energy demand. As the cell requires energy, the cell
can upregulate OXPHOS to drive the generation of ATP. Moreover, OXPHOS is largely regulated
by the availability of ADP and Pi as a substrate for phosphasyléti ATP and ADP turnover

can control both the rates of electron transfer, citric acid cycle and glyé&lydJikerefore,
intracellular ADP concentrations or the mass action ratio of ATP/ (ADP is B key index of a

cel | 6s e lrigthus Bnpoatantuts indicate the importance of mitochondrial ADP

sensitivity especially in the context in disease and myopathy.

AP w7 H*

H+ H'

H+

NADH | NAD* FADH, FADH
H* Hr

Figure 2-3. Schematic Representation of the ETQWithin the IM lies the five complexes and

two electron carriers (NADH arndADH>). These electron carriers can transfer electrons through
redox reactions that release free energy. This process promotes complexes I, lll and IV to pump
protons from the matrix to the from the matrix into the IMS, against the concentration gradient.
This enegy an electrochemical gradient in the IMS that can be used to power the
phosphorylation of ADP to produce ATP.

2.3.2 ROS Formation

During OXPHOS, there are seves#ps along the ET&t which mitochondria can produce ROS.

This is a natural byroduct of OXPHOS and at low concentrations is beneficial for theasell
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ROS acts as a second messenggr regulate various physiological procesgesAt high
concentrations, however, ROS can initiate cell growth arrest and cell death which can compromise
cell survivat’®.

As discussed above, electrons pass through the ETC to form water at Complex IV once electrons
meet Q, the final electron acceptor. However, sometimes, electrons can slip prematurely before
they reach @at Complex IV. When thisccurs, the primary ROS superoxide anion™Qs
generated by the one electron reduction £ (his can occur when there is a hipR because

of increased Hions within the intermembrane space. During state || mitochondrial respiration (an
artificial cellular state that does not ocanrvivo), there is no ADP present within the cell but
maximal levels of reducing equivalence NADH or FADHh this context, there are maximal
levels of premature electron slip and thus ROS formation due to an artificialyDRigbinder

state 11l mitochondrial respiration, ADP is present within the cell and thusgbuee electron slip

is less likely, albeit still occurs due to a more physiologically releDBnThis concept of higibP

and premature electron slip is depictedime experimental example at Complex Figure 2-4

within the context of forward electron floandmaximal NADH reducing equivalence

Premature electron sligan occur at multiple locations along the ETC including Complex 1, I, II
oxoacid dehydrogenase complex, electiamsferring flavoprotekubiquinoneoxidoreductase
dihydroorotate dehydrogenase and glyc&phophae dehydrogenasé’1’® At this point the
superoxide anion cadismutateto from oxygen and hydrogen peroxide>() catalyzed by
superoxide dismutase (SOD. most cases, #D> produced is rendered inactive by glutathione
peroxidases where reduced glutathione peptide reduces@nnidlecule generating £Oand

H0®., While ROS can generally be perceived as

signaling. Oxidative stress occurs when an imbalance exists between the generation and removal
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of ROS within a cell. Oxidative stress can result in irreversible changes to a cell like the initiation

of apoptosis, autophagy and hypdxta

APT H* H*  H*  H  H H HH
H e H He He

State II: Maximal 0 o s C’ v
Premature Electron Slip W LU
(Forward Electron Flow) \ 4 [oo8 )
tNADH | NAD*
MnSOD
0, —>TH202

State Ill: Premature
Electron Slip During
Oxidative Phosphorylation
(Forward Electron Flow)

NADH | NAD*

MnSOD
0, —» H,0,

Figure 2-4. State 1l and State 11l premature electron slip. In an experimental context,
mitochondrial HO. emissions can be assessed by supporting mitochondria with maximal
amounts of pyruvate and malate to generate maximal NADH reducing equivalence (not shown).
In state Il (top) with maximaNADH reducing equivalencgenerates a highP which forces
premature electron slip. In state Ill (bottom), ADP can catalyze Complex V andD&yer

resulting in less premature electron slip.

2.3.3 High Energy Phosphate Shuttling

The mitochondrial OM, IMS and IM contain several transmembrane proteins that permit energy
(in the form of high energy phosphates) to leave and enter the mitochondria. On the OM, the
voltagegated anion channel (VDAC) facilitates the translocation for Inodite transportation

between the mitochondria and IMS. VDAC is responsible for the translocation of ATP out of the
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mitochondria from the mitochondrial matrix and ADP into the mitochondria from the
cytoplasm’®. Adenine nucleotide translocators (ANT) is embedded within the IM and fagilitate
the transport of ATP and ADP between the IMS and mitochondrial matrix. Also, within the IMS,
the enzyme mitochondrial creatine kinase (mtCK) binds directly to VDAC on the OM and
cardiolipin on the IM. mtCK catalyzes the high energy phosphate transfeAffénto creatine to
generate phosphocreatine (P&Y)PCr is then translocated out of the mitochondria through
VDAC where it can provide higanergyphosphate to several ATPa¥es

High energy phosphate can be shuttled in and out of the mitochondria through two channels: the
creatine dependent phosphate shuttling system and the creatine independent phosphate shuttling
system as depicted irfFigure 2-5. As ATP is produced through OXPHOS, ATP can exit the
mitochondrial matrix one of two ways. First, in the absence of creatine, ATP can translocate
throughANT in the IM andVDAC in the OM where ithen diffuses within the cytosol toe
utilized by myosin ATPase, sarco/endoplasmic reticulDg* ATPase and NAK* ATPase, a
variety of kinases and other ATdependent pathwalf8. The ADP produced as a result of ATP
hydrolysis for the purpose of harvesting energy can thenter the mitochondrial matrthrough

ANT and VDAC and catalyze the generation of new ATP at CompleXhs process is then
repeated cyclically. It is predicted that ~20% of ATP produced by mitochondria is translocated
through this creatine independent pathway, at least in cardiomytéytesthe presence of
creatine ATP exits through AN@nd binds to mtCK which transfers the high gggshosphate

from ATP to creatine to generate PCr and AE® At this point, ADP can kenter the
mitochondria providing ATP synthase with new substrate for more ATP synthesis. At the same
time, PCr exits the mitochondria though VDAC and reacts with cytosolic creatine kinase to

generate ATE®. This creatine dependent system is believed to be responsible for ~80% of the
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ATP exiting the celf3 This is likely a result of the ability of Cr/PCr to shuttle through the

mi tochondri a

faster t han

ATP/ ADP.

|l ndeed,

that PCr and Cr possess different diffusion rate compared to ADP and*Agprecifically ADP

diffusion is 2000 times slower compared with creatine and ATP is 7 times slower th&h PCr

+Creatine

) gf}TPaég}
-Creatine ,
)
i
r CYTOSOL
VDAC
IMS
RAAAaabRabaaalt  Synthase
MATRIX

Figure 2-5. Model of Creatine Dependent and Creatine Independent High Energy Phosphate

Shuttling. The creatine independent phosphate shuttling system (depicted on the left)

spe

demonstrates how ADP and ATP rely on diffusion to shuttle in and out of the mitochondria. The

creatine dependent system (right) uses mtCK to catalyze the transfer of a high energgtphosp

from ATP to Cr to create PCr. PCr can then diffuse to several kinases and ATPases. This figure
was partially adapted from previous wafR183185,
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2.3.4 Mitochondrial Therapeutics

Growing literature has gone into developing mitochondrial targeted antioxidants given the
important role mitochondria play in the regulation of energy homeostasis and cell survival.
Sometimesint ochondri al therapeutics dawevehleteimoosel y
antioxidantt s best defined as fAany substance that,
to those of an oxidizable substrate, s¥gnific:
Several oxidizable substrates exist in the cell like proteins, lipids, carbohydrates and DNA
thereforea nantioxidand  miwrsction to prevent the formation of free radicals, scavenge ROS

or their precursorsSeveral types of antioxidants existludingvitamins, inorganic antioxidants,

synthetic antioxidants, butylated hydroxytoluene and a range of-gd@ived polyphenol§”.

However, while the mechanisms of these antioxidargsvell understoodthese antioxidants do

not accumulate preferentially in the mitochondria, the major site of ROS generation.

A predominant mechanis@ntioxidant drugs catargetmitochondriais through mitochondrial
biophysical propertiese(g. highly negative mitochondrial matry. Several mitochondrial

targeted antioxidant drugs have been developed through conjugation with the lipophilic cation
triphenylphosphoniunTPP). Lipophilic cations can pass easily through lipid bilayp&sause

their charge is dispersed over a large surface area and the charge gradient drives their accumulation
into the mitochondrial matrt®e. MitoQ is an extensively used mitochondsiatgeted antioxidant

with Coenzyme Q conjugated to TPP which has been shown to scavenge superoxide, peroxynitrite

as well as prevent lipid peroxidatiéh'® Sk compounds with SkQ1 being among the most

commonly used is another example of a mitochond+iatgeted antioxidant conjugated to TPP

47



but instead of Coenzyme Q, SkQL1 is comprised of plastoquin@gneompound equivalent to
ubiquinone and found to be a stronger antioxidant than Coenzyaide@st in yeast celf. Both

MitoQ and SkQ1 are commercially available to purchase and can easily support research
endeavoursMitoQ but not SkQ1 has been evaluated in preclinical models of cancer cachexia as
discussed in section 2.4.3

Mitochondrial targeted antioxidants could also act through other mechanisms than just through
mitochondrial biophysical properties. Indeed, SS tetrapeptides are areataiitic peptides that

bear alternating aromatic and basic amino acid residues with some compounds even containing a
2 0 ;diféthyltyrosine (Dmt) residu&’. These compounds bind directly cardiolipin on the
mitochondrial IM and are shown to improve oxidative phosphorylation, decrease ROS and prevent
the dissociation of cytochroneefrom cardiolipin, thus preventing cell de&th Experimentally,

it is challenging to obtain SS tetrapeptides as they are not commercially available and are patented.
However, One SS tetrapeptide,-88 has been tested in the C26 preclinical model of cancer

cachexia and is discussed in section 2.4.3.

2 4 Mitochondria and Cancer Cachexia

There are several reports of mitochondrial stress in cancertagiesletal muscleoth in clinical

and preclinical studiesAs discussed earlier within the literature review, alterations in energy
homeostasis are one of the several mechanisms that contribute to cancer cachexia muscle
myopathy. The following section will review key clinical and preclinical studies evaluating
mitochondrial function in cancer cachexia and discuss current studies that have pharmacologically

targeted mitochondria in cancexahexia pathologywVhile changes imitochondrial morphology

48



have also been linked to cachexia, these alterations can also reflect mitochondrial function and

thusthis review will only focus on bioenergetic adaptations due to cancer.

2.4.1 Mitochondrial Oxidative Phosphorylation in Cancer Cachexia

As described above, mitochondrial OXPHOS ise tulti-enzymatic process whereby
mitochondria harvest energy in the form of ATP from macronutriéntene preclinical study

using the LLC model of cancer cachexia, decreases in mitochondrial respiration (OXPHOS) has
been shown to occur prior to the onset of muscle atrophy using permeabilized muscéfe Tibisrs

was established using the respiratory control ratio (RGR)index of ATP coupled mitochondrial
oxygen consumptiory using the ratio of state Il respiration (ABfimulated) to State Il
(absence of ADP). A high RCR suggests mitochondrial capacity to oxidize substrate for the
generation of ATP is highly efficient, while a low RCR can imply the capacity of mitochdodria
generate ATP is inefficief. Within the LLC model, decreases in the RCR were observed in the
plantaris at timepoints duringand surprisingly, beforghe onset of cachexia or muscle atroghy

This is also observed in the C26 model, whereby RCR is decreabedsivleus ofumour bearing

miceat the same time cachexia was establi¥h&imilar to the LLC model, it would be interesting

to observe if decreases in OXPHOS occurred before the onset of cachexia to understand if early
decreases in ATP synthesis is a consistent myopathy within this di$base.findings are also
consistent with cell culture experiments. Indeed,cbgulturing C2C12 myotubes with LLC
conditioned media for 2 and 24 hours, C2C12 myotubes exhibited decreasadl&€R oxygen
consumption (oligomycksupported respiration as a percent of basal respirgtiolmterestingly,

C2C12 myoblasts cocultured with LCM seem to exhibit decreased maximal cytochrome oxidase

activity, suggesting alterations could occur at Complex IV within the'®TBowever, there are
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alsosome reports of unaltered mitochondrial OXPHOS in cancer cachexia. Iindaedt model

of cancer cachexia whereby savere inoculated with peritoneal carcinosis (gastrointestinal
cancer), mitochondrial oxygen consumption measured in isolated quadriceps mitochondria yielded
no changes in the RCR of the tumdngaring rats compared to pé&d control$®’. However,

while the RCR was unchange8tate Ill mitochondrial respiratiomas still decreased compared

to pairfed controls, along with decreased maximal Cytochraenogidase protein content and
activity'%2 Therefore, while theravereno differences in the RCR, this model still exemplifies
alterations in OXPHOSTo our knowledge, no study to date has evaluated mitochondriat ADP
sensitivity in cancer cachexia. While tRECR isa valuable index of mitochondrial efficiency,
evaluation of ADP sensitivity would provide insight on OXPHOS across a range of metabolic
demands for the cell. Indeethost studies report maximal ATP synthesis by using maximal
concentrations of ADP to challenge the cell. In reality, these physiological parameatetseast
in-vivo. While these evaluations are still useful, especially in the context of maximal enzymatic
activity T a more physiologicallyelevant index of mitochondrial OXPHOS could give better
insight on mitochondrial function within this myopathy.

To our knowledge, only one study has evaluated mitochondrial OXPHOS in a clinical setting
within cancer cachexia. Indeddplly et al recently used pectoralis major muscle from pancreatic
or colorectal cancer patients to determine the association between mitochondrial energy efficiency
and muscle atropR$? Interestingly,this study identified decreases in the RCR between non
cachectic cancer patients and severely cachectic cancer patieMisreover, there were no
differences in coupled mitochondrial respiration (state Ill), however, there were increases in
uncoupled mitochondrial respiration (State 1V) in the mild and ses@ncer cachectic groups

versus non cachectic cancer control gf8tip Therefore, while there is no change in ATP

5C



producing oxygen consumption in cancer patients, there are increases-ATRagoroducing
oxygen consumptidi¥®. This is consistent with reports in preclinical studies whereby cancer

cachectic muscle exhibits coupling inefficiency.

2.4.2 Mitochondrial Reactive Oxygen Specieis Cancer Cachexia

A natural byproduct of OXPHOS is R@#issiorthrough premature electron sfipm the ETC.
Oxidative stress in cancer cachexia has been well researched in preclinical models over the last
number of years. In the LLC preclinical cancer cachexia mod€k émissionss increased in the
plantaris muscle as early as 1 week after LLC inoculatiomll before the onset of cachexia (4
weeks postnoculation in this preclinical modéf) TheseH.0O, emissions remained increased
throughout cancer progression and actually decreased at the onset of ¢atlwxithat HO»
emissions were the same as control mice by 4 wafdkisnour bearing? Interestingly within the

C26 model, mitochondrial ¥, emissions are actually decreasedhe quadriceps of tumour
bearing mice compared to control mice at the same time cachexia'dcDaemreases in ¥#D:
emissions during cachexia could be reflective of less mitochondrial content at this timé point
Future work should identify if increases in®} also occur early in cancer development within

the C26 model as it does in the LLC to understand if increased ROS is an early signal in cancer
cachexia myopathy.

Direct measures of #D- as an index of premature electron slip are valuable to identify the direct
mitochondrial sources of ROS within a cell, however this measure can be rapidly removed by
antioxidants. Thus, while these measures are physiologically relevant to recapitudateditiens

in-vivo, othermarkers or oxidative stress extbat canprovide insight on the redox state of the

cell albeit withminimal accuracy on the source of ROBor example, proteins with exposed

cysteines are a major target fradicals and twelectron oxidants in biological systertitcan

51



beoxidized.Protein carbonylation,-8itrotyoisine and zhydroxy-4-noneal (4HNE) formation are
commonly measured markers of protein oxidation by either ROS or even reactive nitrogen species
(RNS)¥ In the AH-130 Yoshida hepatoma cancer modeiting the onset of cachexia at 7 days
of tumour bearingprotein carbonylation, -8itrotyoisine and 4HNEare increasedvithin the
gastrocnemius muscfé. Interestingly, eme data even suggests that oxidation of fatty acids
directly induces muscle atrophy in cancer cach&iandeed,using a unique cancer model
whereby a highly cachectic renal cancer cell line from a human patient (RXFB8Rajya et al.
identified RXF cachectic mice exhibit increased R@essedising MitoSOXxbased flow
cytometry®®, Interestingly, whem fatty add oxidation inhibitor is administered to RXF cachectic
mice (etomoxir) mitochondrial ROS is decreas® At the same time, myofiber size is increased
compared to nogachectic controlssuggesting that decreasing ROS through inhibition of fatty
acid oxidation can lead to positive outcomes in this murine model of cachexia.

To our knowledge, this same studyhe only study tsuggesbxidative stressould be increased

in cancer patientsUsing muscle biopsies of gastrointestinal cancer patiehis, study
demonstrates a positive correlation betweax@&juanine formation (index of DNA lesion as a
result of ROS modificaticst®’) and cachexid®. While this is limited datdn the context of
oxidative stress in human cancer cachekig, does suggest tipssibility that oxidative stress

also increaseth human cancer cachexia as it occurs in preclinical models

2.4.3 Mitochondrial Therapeutics in Cancer Cachexia

To our knowledgethreestudies to date have evaluated the effectiveness of mitochondrial
therapeutics on preclinical cancer cachexia motigistestingly, all studies were conducted

using the C26 model.
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Elamipretide, popularly known as $3, is a mitochondriatargeteddrug that inhibits cardiolipin
oxidation Cardiolipin are phospholipids of the mitochondria comprising about 20% of the inner
mitochondrial membrari®. Two studies have evaluated the effectiveness of this drug on C26
tumour bearing mice. Daily subcutaneous administration of 3mg/kg body weigBit 85C26
tumour bearing mice preserved diaphragm force production and fiber cross sectiohdl area
Moreover, SS31 also improved respiratory function by improvinidat volume, breathig
frequency andentilation>°. SS31 loweredsuccinatesupportedROS production both the heart

and diaphragm using permeabilized fiber bundles and Amplebased spectrofluorometd. In

a separaténvestigation whereby C26 mice received daily intraperitoneal injection of 2mg/kg
body weight SS1, body wasting, and glycolytic fiber area were partially presétvédoreover,
succinate dehydrogenase total activity was pletectedin SS31 injected C26 mice, however
these was not related to final ATP concentratimorswvas there any change in oxygen consumption
of gastrocnemius isolated mitochondria from C26 mice receiving chemotherapy (oxaliplatin and
5-fluorouracil) and C26 mice receiving chemotherapy an@8$. Last, protein content of some
markers of autophagy were lowered with-&Streatment to C26hemotherapy mice suggesting
the drug may counteract excessive autopHagy

MitoquinoneQ (MitoQ) has also been tested in the C26 model of cancer cachexia. MitoQ is a
lipophilic cation (tetraphenylphophoniuimTPP) joined to an antioxidant quinone by acHbbon

alkyl chain which is believed to insert in the inner mitochondrial bramé®. MitoQ
administration of 25mg/kg in the drinking water of C26 mice improved body weight loss without
affecting tumour siZé°. Moreover MitoQ partially preserved tibialis anterior and gastrocnemius
muscle mass while also partially preserving whole body grip stréfigtitterestingly, there was

also less mRNA content of E3 ligases Atregirand MURF1 in C26 MitoQ treated mice
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compared to C26 TPP treated controls consistent with preserved muscte.mésite the current
data on mitochondrial therapeutics in cancer cachexia is limited, future studies shoulitsassess

effectiveness in more preclinical modelsegiablishts efficacy to be tested in humans.
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3 RESEARCH PURPOSES & OBJECTIVES

Cancer can impair skeletal muscle mass and function. While previous literature has identified that
cancer can induce skeletal muscle weakness, atrophy and alterations to mitochondrial function, it
currently remains unknown what the tirdependent and musespecificmyopathyof cancer is
in both the C2&ctopic and epithelial ovarian cancer (EQQ)rthotopic model Moreover,the

direct relationships between mitochondrial stress and myopathy reowily understood

3.1 Overview of thesis
The overall purpose of this thesis is to characterize cancer cachexia myopathy in two preclinical

models as well as target mitochondria pharmacologically within this disease to 1) establish direct
links between mitochondria and myopathycancerand 2) evaluate the efficacy of mitochondrial

therapy in cancer cachexia.

3.20bjectivesand Hypothesis for Chapter 4, Chapter 5 and Chapter 6.
The purpose of this dissertation ifdd: to 1) better identify the timelependent and musele

specific metabolic and whole muscle responses that occur within cancer cauteskiaical
modelsand 2) target mitochondria pharmacologically thereaftedeatify direct mitochondrial
relationships to cancer myopathy and explore the efficacy of mitochondrial therapeutics as a cancer
cachexia treatmentWe inten@dto do this through 3pecificobjectives:

1) Characterize timelependent and muscle specific responses in muscle force, mass and
mitochondrial alterations within a commonly used subcutaneous ectopic colon cancer
model (C26) of cachexi@Chapter 4)

2) Using a similar research design@jective 1, characterize tirdependent and muscle

specific responses in muscle force, mass and mitochondrial alterations but awmthin
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understudied type of cachexXiaovarian cancei using a novel orthotopic, metastatic
preclinical mode(Chapter 5)

3) Given Complex | was identified as a source of ROS for Objective 1 ande2the
mitochondrialtargeted therapeutic SkQ1 to evaluate the efficacy of targeting mitochondria
pharmacologically in a clinically relevant orthotopic, metastatic model of ovarian cancer

cachexigChapter 6)

Objective lallowedus to identify skeletal muscle myopathy throughout cancer progression using
a rapid, ectopic and commonly used model within the cachexia literature. Objeative/@dus

to identify if the sameskeletal muscle myopathgxistsin a clinically relevant metastatic, and
understudied type of cancer cachexia. Characterizing myopathy in two rstréeigthenedur
confidence in identified changes induced by cancer, especa@ilideringsomemyopathywas
paralleled between both modeBbjectives 1 and 2 weeemed to characterize the mussleecific

and timedependent myopathy of cancer and therefore insufficient evidence existed to form a

hypothesis.

Finally, given from the data generated in Objective 1 and Objective 2, Complex | was identified
as a source of ROS, therefonee usedthe orthoptic, metastatic model of ovarian cancer cachexia

to pharmacologically target mitochondria and evaluate its efficacy as a cancer cachexia
therapeuticWhile there are several mitochondrial antioxidants that could be used for the purpose
of this investigationSkQ1 was used given it @dommerciallyavailable over the counter in some
European countries ardeemed safeén a small clinical trial for dry eye dise&8®and herefore

has a history of use in humaige therefore hypothesized the following for Chapter 6:
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1)

2)

3)

SkQ1 administration will reduce complex | oxidative stress in cancer skeletal muscle.
Lowering oxidative stress with SkQ1 will improve skeletal muscle health by attenuating
skeletal muscle mass and force.

Modulating skeletal muscle oxidative stregith SkQ1 will improving skeletal muscle

healthand thus delay the onset of cachexia in tumour bearing mice.
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4  Muscle weakness precedes atrophy during cancer cachexia and
is linked to musclespecific mitochondrial stress

This chapter is an original published article. It is presented in its published form.

Muscle weakness precedes atrophy during cancer cachexia and is linked to-spesdie
mitochondrial stressLJ Delfinis CA Bellissimo,S Gandhi, SN DiBenedettoMC Garibotti, AK
Thuhan,S Tsitkanou,ME RosaCaldwel, FA. RahmanAJ Cheng MP Wiggs,U Schlattrer, J
Quadrilatero, NP Greene, andCGR Perry. The Journal of Clinical Investigation Insight.
DOI:10.1172/jci.insight.155147.

Author Contributions: The majorityof experiment®r this project were carried about by Luca
Delfinis. L.J.D grew C26 cancer cells, injected and monitored all mice required for this project.
L.J.D performed all functional testing and separated fibers for bioenergetic assessments. Due to
the nature of these experiments, two people were required in order to efficiently complete all force
and bioenergetic assays on fresh viable tissue. As such, lothpleted surgery while C.A.B
completed force assessmewsile S.G assisted with collecticard running bi@negeticsL.J.D,

C.A.B, M.R.C., N.P.G. and C.G.R.P.rtdbuted to the rationale and study design. L.J.D., C.A.B.,
S.G. and C.G.R.P. conducted all experiments and/or analyzed all data. C.G.R.P. and L.J.D. wrote
the manuscript. All authors contributed to the interpretation of the data and manuscript preparatio
All authors have approved the final version of the manuscript and agree to be accountable for all

aspects of the work. All persons designated as authors qualify for authorship, and all those who

gualify for authorship are listed.
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MSc Vs PhD Data Collection:

Some of this work wasollectedin part throughout L.J.® MSc. Below is a detailed table of the
data that was collected exclusively within the MSc, partially throughout the MSexelndively

throughout the PhDNo data collected exclusively within the MSc have been included in this

dissertation.

Data collected Data collectegbartially during | Data collecteakxclusivelyin

exclusivelyin MSc | MSc PhD
Figure4-1 A-F, J(7 of 10) G-I (3 of 10)
Figure4-2 ALL
Figure4-3 ALL
Figure4-4 ALL
Figure4-5 ALL
Figure4-6 ALL
Figure4-7 G, H, K(3 0of 12) A-F, 1,J,L(90f 12)
Figure4-8 G, H, K(3 of 12) A-F, 1,J,L(90of 12)
Figure4-9 E, F, M, N(4 of 16) A-D,G,H, L, O, P(12 of 16)
Figure4-10 ALL
Figure4-11 ALL
Figure4-12 ALL
SFigure4-1 B,D,F, H,J, L6 of12) A C E, G, I K(6of 12)
SFigure4-2 B,D, F, H,J, L6 of 12) A C E G, I K(6 of 12)
SFigure4-3 ALL
SFigure4-4 E-H, M-P (8 of 16) A-D, I-L (8 of 16)

STable 41: Division of work completed in LID MSc vs PhD.
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Abstract

Muscle weakness and wasting are defining features of camhared cachexia. Mitochondrial

stress occurs before atrophy in certain muscles, but the possibility of heterogeneous responses
between muscles and across time remains unclear. Using mice iadowittt Colonr26 (C26)

cancer, we demonstrate that specific force production was reduced in quadriceps and diaphragm
at 2 weeks in the absence of atrophy. At this time, pyres@deorted mitochondrial respiration

was lower in quadriceps while mitochondrigeO, emission was elevated in diaphragm. By 4
weeks, atrophy occurred in both muscles, but specific force production increased to control levels
in quadriceps such that reductions in absolute force were due entirely to atrophy. Specific force
production remaied reduced in diaphragm. Mitochondrial respiration increased ax H
emission was unchanged in both muscles vs control while mitochondrial creatine sensitivity was
reduced in quadricep$hesefindingsindicate muscle weakness precedes atrophysalintkied to
heterogeneous mitochondrial alterations that could involve adaptive responses to metabolic stress.
Eventual musclespecific restorations in specific force and bioenergetics highlight how the effects

of cancer on one muscle do not predict trgpoase in another muscle. Exploring heterogeneous
responses of muscle to cancer may reveal new mechanisms underlying distinct sensitivities, or

resistance, to cancer cachexia.
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Introduction

Cancerinduced cachexia is a multifactorial syndrome characterized, in part, by a loss of skeletal
muscle mass that cannot be fully reversed by conventional nutritional supast condition

leads to progressive reductions in functional independence and quality®f IBech declines in

muscle mass also reduce tolerance to anticancer therapies and overall sur§ivatality is
associated with increased hospitalization fHh&0-80% of cancer patients are thought to develop
cachexia depending on the type and stage of candewever, the timelependent relationship
between muscle atrophy and weakness remains unclear, as does the degree to which this
relationship may vary between muscle tyfegloring the natural divergence of muscle responses

to cancer may be an opportunistic approach to idedisfiinct mechanismainderlyingmuscle

weakness and wasting during cancachexia.

Contemporary theories posit thatiscle wasting duringachexia isnducedby circulating factors
generated duringancerwhich trigger protein degradation and loss of myofibrillar proteins
throughvarious mechanisrff$. However, recent literature suggests skeletal muscle mitochondria
are also subject to damage during cancer cacliExiand may be direct contributors to either
muscle weakness or atropl@urrent literature suggests oxidative phosphorylation is impaired in
the soleus, gastrocnemius and plantaris muscle of tubearing mice while reactive oxygen
species (ROS) in the form of mitochondrial kD> emission (mHO2) - can be increased or
decreased depending on the muscle and duration of &&fcdihis suggests cellular mechanisms
contributing to muscle loss during cancer cachexia may be more complicated than previously
believed Moreover, in the Lewisuhg carcinoma (LLC) xenografhousemodel, certain indices

of skeletal muscle mitochondrial dysfunction preceded the onset of muscle atrophy, suggesting
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mitochondria may be a potential therapeutic tafg&his theory was supported by subsequent
studiesreporting positive effects othe mitochondriatargetingcompoundSS-31 in preventing
certain indices of cachexia 8ome but not all muscles of the C2énograftmousemodel39-14
However, given the multifactorial contributions to cachexia during cancer, it seems likely the
relationship between mitochondria and myopattay differ between muscle type and throughout

cancer progression.

Indeed, skeletal muscle mitochondria are known to be highly adaptable to metabolic stressors and
can supecompensate during an energy cfig® In this light, the available literature does not
provide sufficient information to predict the extent to which cancer will affect individual muscles,
particularly in relation to their underlying mitochondrial responses to the systemic stress of this
diseae. Understanding the tintependent nature of unique mitochondrial signatures during
cancefrinduced cachexia might better inform the development of mitochondrial therapies that have

so far yielded disparate resudtsross various muscle typiesthe C26 ancer mouse modéf-14:

In this study, v comparedthe time-dependent relationship of muscle dysfunction and
mitochondrial bioenergetic responses to cametweenlocomotor (quadriceps) and respiratory
muscles (diaphragm). In so doing, we employed a careful considerationto€hondrialsubstrate
titration protocolsmodeling key parameters governingiitochondrial bioenergeticgn vivo.
Similar assay design consideratiomsve been essential for identifying precise mitochondrial
bioenergetic contributions toellular function in our previous researéty 2%, Using the C26
tumourbearing mouse modelye reveal muscle weakness precedes atrophy in quadriceps and

diaphragm. Energetic insufficiencies were more pronounced in quadriceps whereas mitochondrial
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redox stress was more evident in diaphragm, yet both muscles showed a delayed correction, if not
supercompensation, as cancer progressed. In quadriceps, increased mitochondrial respiratory
control was related to a surprising increase in specific forcauption at 4 weeks that likely
mitigated the magnitude of reduction in absolute force due to atrophy. These findings demonstrate
the effects of cancer on one muscle do not necessarily predict the response in another muscle type.
Moreover, the heterogeneomsisclespecific and timalependent mitochondrial relationships to
cancer may provide an opportunity for informing a more targeted approach to developing

mitochondrial therapies to improve muscle health in this debilitating disorder.
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Results

C26 tumour-bearing mice show progressive reductions in body weight, muscle mass, fat

mass and grip strength

All results were in male mice. Body weights were reduced 4 weeks after subcutaneous
implantations of C26 cell{Figure 4-1A), while tumouffree body weights progressively
decreased beginning at 3 weeks to a net loss of 27% by 4 (feglee 4-1B, C) at a time of
substantial tumour growtlr{gure 4-1D). Tumours grew to ~0.2g at 2 weeks and ~2.2g at 4 weeks
(Figure 4-1E). C26 spleen mass (marker of inflammatory stress) was not different from PBS at 2
weeks but was significantly greater at 4 wekgure 4-1F). Adipose tissue from the inguinal fat

pad was not different at 2 weeks, but significantly lower at 4 we@&%o;Figure 4-1G). A similar

pattern was observed with grip stren{fiigure 4-1H). The mass of specific muscles was similar
between C26 and PBS at 2 wedksyure 4-11). At 4 weeks soleus (L) mass was similar
between C26 and PBS while lower muscle masses were observed in C26 for extensor digitorum
longus (EDL;-23%), plantaris (PLA:20%), tibialis anterior (TA:26%), gastrocnemius (GA;

21%) and quadriceps (QUADB29%) vs PBSFigure 4-1J).
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Figure 4-1 The effects of C26 colon cancer cells implantation on body size, tumour size, muscle
mass and force. Analysis of CD2F1 mice with subcutaneous C26 implantations or with PBS were
performed. Body weightsA( n=8-16) and tumoufree body weightsg, n=8-16) were analyzed

every week (2 mice were measured at a-1% day window and%mice were measured on a-26

29 day window). Percent change in tumour free body weights were analyzed from day 0 to end
point (C, n=8-16). In vivo tumour volume measurements were made using calipers=16).
Tumour massH, n=7-16) and spleen mas§,(n=8-16) measurements were also completed.
Subcutaneous fat from the inguinal fat depot was weigBea£10). Grip strength was assessed

in all groups [, n=10). Evaluation ohindlimb muscle wet weights were made in the/éek

cohort (, n=8) and 4week cohortJ, n=16). Results represent m¢aBD; Two tailed Ftests were

used to determine the difference between PBS(2wk) vs. C26(2wk) and PBS (4wk) vs. C26(4wk).
Oneway ANOVA was used to determine the difference between PBS(4wk) vs. C26(4wk) tumour
growth. # P<0.05 PBS(2wk) vs C26(2wk); P<0.05 PBS(4wk) vs C26(4wk)*** P<0.0001
PBS(4wk) vs C26(4wk).
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Muscle atrophy occurs in both the quadriceps and diaphragm after 4 weeks of tumour

bearing.

Muscle atrophy is a hallmark of cancer cachexia. In both quadriceps and diaphragm, fibore CSA
was similar between C26 and PBS groups for specific MHC isof@ffigare 4-2A-D) and when
pooling all MHC isoforms (data not shown) at 2 weeks. However, at 4 weeks, quadriceps muscle
exhibited lower CSA in pooled fibres40%, p<0.05,data not shownwith specific reductions in

MHC 11X (-32%) and MHC IIB {49%) but not the MHC 1A isofornfFigure 4-2E, F) vs PBS.

MHC I-positive fibres were not detected in the quadricéjgu¢e2B, F). At 4 weeks, diaphragm
muscle also showed lower CSA in pooled fibréd ¢, p<0.05,data not shownwhich mirrored
changes in MHC 1-28%), MHC IIA (-21%), MHC IIB (30%) and MHC 11X {35%) vs PBS at 4

weeks(Figure 4-2G, H).

We validated that these reductions in fibore CSA were a result of muscle atrophy by measuring key
proteasomal markers of muscle wasting. In the quadriceps, muscle-fRigdE proteinl
(MURF1) mRNA content was significantly increased at 4 weeks of tumaumigecompared to

PBS controlgFigure 4-3A). This was also the case for atrofiigure 4-3B), ubiquitin C (UBC;

Figure 4-3C) and growth arrest and DNA damaigelucible 4 (Gadd45afigure 4-3D). The
diaphragm demonstrated similar results, such that MLJRfrogin and Gadd45a were all
significantly increased at 4 weeks of tumdn@aring, however this did not occur in UBlgure

4-3E-H).
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Figure 4-2 Evaluation of quadriceps and diaphragmditype atrophy inskeletal muscle from

C26 tumoutbearingmice. Analysis of fibe histology on MHC isoforms of PBS and Chtice

was performed. Crossectional area of MHC stains was evaluated in the quadriéeps§; B,
representative image, magnification x 20) aimphragm at 2veeks of tumour bearing:( n=6;

D, representative image, magnification x 20). The same was completeddoatirecepgE, n=9;

F, representative image, magnification x 20) diephragm at 4 weeks of tumour beari@gn=9;

H, representative image, magnification x 20). Results represent tm8an Two tailed T-tests

were used to determine the difference between PBS(2wk) vs. C26(2wk) and PBS (4wk) vs.
C26(4wk).* P<0.05 PBS4wk) vs C26(4vk).
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Figure 4-3 The effects of C26 colon cancer on the activation of atrophy markers in quadriceps and
diaphragm muscle. mRNA content of atrophy markers muscle RiizNg@r proteinl (MURF1)

(A, n=10), Atrogin (B, n=10), Ubiquitin C (UBC) (®=10) and growth arrest and DNA damage
inducible 45 (Gdd45a) (Dn=10) were measured usingCR in the quadriceps of all groups.

This was also completed in the diaphragrH{En=10). Results represent measD; Two tailed

T-tests were used to determine the difference between PBS(2wk) vs. C26(2wk) and PBS (4wk)
vs. C26(4wk)# P<0.05 PBS(2wk) vs C26(2wk);P<0.05 PBS(4wk) vs C26(4wkj** P<0.001
PBS(4wk) vs C26(4wk); ****P<0.0001 PBS(4wk) vs C26(4wk).
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Force production is reduced prior to atrophy in quadriceps and diaphragm but returns to

normal in quadriceps

At 2 weeks and 4 weeks, C26 absolute muscle force was lower in quadriceps relative to PBS as a
group main effec{Figure 4-4A). Interestingly, when absolute quadriceps force was normalized

to muscle wet weight, specific force production remained decreased at 2 weeks of tumour bearing
compared to PBS as a group main effect. However, at 4 weeks of tumour bearing, specific force
washigher compared to 2 weeks and not different compared to PBS controls as a group main effect
(Figure 4-4B). In addition, there waan interaction whereby C26 at 2 weeks produced less force

at 80Hz, 100Hz and 120Hz compared to both PBS groups and the C26 at 4 weeks (not shown).
We are unable to report absolute force in the diaphragm as dissected muscle strips of diaphragm
were used to complete thevwiiro force assay, not the whole diaphragm. At 2 weeks and 4 weeks

of tumourbearing C26 specific muscle force was lower in the diaphragm relative to PBS controls

as a group main effe@igure 4-4C).
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Figure 4-4 The effects of C26 colon cancer on quadriceps and diaphragm force produactian.
quadriceps force production was assessed using the force frequency relatiabisiplite force,

B normalized force to total quadriceps weigit6-14) andin vitro diaphragm force production
was also measured using the force frequency relationShiprimalized force; absolute force is
not included ashe method was performed on muscle strip6-12). Results represent mean
SD; A two-way ANOVA was used to determinkeet difference between PBS(2wk) vs. C26(2wk)
vs. PBS (4wk) vs. C26(4wk}# P<0.05 PBS(2wk) vs C26(2wk); P<0.05 PBS(4wk) vs
C26(4wk); $P<0.05 C26 (2wk) vs C26 (4wk).
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Mitochondrial electron transport chain protein contents are reduced in quadriceps but do

not change in diaphragm by 4 weeks of tumour development

At 2 weeks, electron transport chain (ETC) subunit contents in both muscles were unchanged in
C26 relative to PBS controfEigure 4-5A, B). At 4 weeks, C26 showed lower contents in subunits

of complex | €31%), complex I {18%), complex IV {37%), complex V {11%) and total ETC
subunit content-22%; Figure 4-5C) relative to PBS that were significant. ETC subunit contents

did not change in diaphragm at 4 weeks relative to {Eftire 4-5D).
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Figure 4-5 Musclespecific changes in markers efectron transport chain complexesC26
tumourbearing skeletal muscle. Protein content of electron transport cudianits were
guantified in the quadricepé(n=8) and diaphragm at 2 weel&, (=8) and 4 week€, D n=12).

E, representative image for quadriceps dndrepresentative image for diaphragm. Results
represent meah SD; Two tailed Ftests were used to determine the difference between PBS(2wk)
vs. C26(2wk) and PBS (4wk) vs. C26(4wk)P<0.05 PBS (4wk) vs C26 (4wk).
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Mitochondrial respiratory control by ADP is greater in both muscles by 4 weeks of tumour
development despite early reductions in the quadriceps

We determined if the central role of ADP in stimulating respiration was impaired in both
guadriceps and diaphragm at 2 and 4 weeks after subcutaneous implantations of C26 cancer cells.
We stimulated complex | with NADH generated by pyruvate (5mM) and ené2atM) across a

range of ADP concentrations to challenge mitochondria with a spectrum of metabolic demands.
The ADP titrations were repeated with (+Creatine) and withdtite@tine) 20mM creatine to

model the two main theoretical mechanisms of energysfiearirom mitochondria to cytosolic
compartments that utilize or bypass mitochondrial creatine kinase (mtCK) respg@igate 4-

6). Briefly, the +Creatine system stimulates mitochondria to export phosphocreatine (PCr) whereas

the-Creatine condition drives ATP export.
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Figure 4-6 Schematic representation of energy homeostasis in low metaboliwgldiiyjh metabolic (right) demand states. When ADP

is low, less ATP is produced. A concomitant accumulation of fidthe inner membrane space (IMS) increasesnbrane potential

(DY), attenuates H+ pumping, induces premature electron slip and generates supef)xitiécfOs dismutated to kD> by manganese
superoxide dismutase (MnSOD; top left). Only Comptebeiived superoxide is displayed. When ADP is high, more ATP is produced
as [H] diffuse from the IMS to the mitochondrial matrix through ATP synthase. The decreB¥elawers premature electron slip,
generating less ©and HO; (top right). ADP generated by ATPases throughout the cell enter the thadtigh the voltage dependent
anion channel (VDAC) on the outer mitochondrial membrane (OMM) and the adenine nucleotide translocase (ANT) on the inner
mitochondrial membrane (IMM; bottom left). Creatine accelerates matrix ADP/ATP cycling and ATP sybthesiducing the
diffusion distance of the slower diffusing ADP and ATP while shuttling phosphate to the cytoplasm through rapidly diffusing
phosphocreatingvhich is used by cytosolic creatine kinase (cCK) to recycle local ATP to support the activityiafsvATPases.
Rapidly diffusing creatine returns to the IMS to bghmsphorylated by mitochondrial creatine kinase (mt@iOn-ATPase sites of

ATP hydrolysis are not displayed but also contribute to net metabolic demand (kinases, and ottepéient processes). The net
effect of metabolic demand (global ATP hydrolysis) on matrix ADP/ATP cycling is displayed under the obnteatine independent
(-Creatine) and creatine dependent (+Creatine) conditions. Figure adaptediéoet al.,2011,Guzwn et al.,2012,Wallimann et al.,

2011 ancdNicholls 20139183185 Created with BioRender.com
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In both the-Creatine and +Creatine conditions, pyruvate/madatgorted ADFstimulated
respiration normalized per mass of fibre bundles (not corrected for ETC subunit content) was lower
2 weeks after C26 implantations in the quadriceps compared to RB& miain effect across all

ADP concentrations with or without creatir{€igure 4-7A, B). The general reduction in
respiration for C26 normalized per mass of fibre bundle was also seen when data were normalized
to ETC subunit conter(Figure 4-7C, D). This suggests respiratory control was reduced within
mitochondria due to an inherent property of the ETC not related to ETC abundance. We also
evaluated if creatine sensitivity was altered in the C26 tushearing muscle by calculating the
+Creatine/Creatine respiratory ratio. This creatine sensitivity index is a measure of the ability of
creatne to stimulate respiration by accelerating matrix ADP/ATP cycling and represents coupling
of the creatine kinase system to ATP generatiogure 4-6), particularly at submaximal ADP
concentratior§®-?%which we have reported previou&ly2° In quadriceps, creatine sensitivities

at 100vM and 500M ADP were unchanged at 2 weeks in C26 vs PBS at this time (pagpire

4-7E, F). Collectively, these findings indicate respiration was reduced to similar extents in both
Creatine and +Creatine conditions of energy exchange between mitochondria and cytoplasmic

compartments.

These early decrements in quadriceps respiration in C26 at 2 weeks were reversed by 4 weeks.
This apparent compensation was seen in bOtieatine and +Creatine conditions. Specifically,
respiration was similar to PBS control mice at 4 weeks when normaderemass of fibre bundle
(Figure 4-7G, H) and higher than controls when normalized to ETC subunit protein content
(Figure 4-71, J) despite reductions in ETC content as described aftieigeire 4-5C). These

findings suggest mitochondria in quadriceps aghlly plastic and can supeompensate by
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upregulating their responsiveness to ADP to levels exceeding PBS controls. Additionally, at 4
weeks, quadriceps mitochondrial creatine sensitivity was impaired in C26 relative to PBS when
considering respiration normalized to ETC subunit content giveratitedid not exceed a value

of 1.0 which indicates that creatine could not stimulate respiration above the level elicited by ADP
alone(Figure 4-7L). Thus, while C26 cancer strongly increased Addlifulated respiration by 4
weeks(Figure 4-71), it compronised the coupling of creatine kinase energy transfer, suggesting

that this system did not contribute to restored force at this time (fagutre 4-4B).
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Figure 4-7 Complex tsupported mitochondrial respiration in quadriceps muscle of C26 tdineauing miceADP-stimulated (State

lI) respiration, supported by complex | supported (NADH) substrates pyruvate (5mM) and malate (2mM), was assessedrnoghe abs
(-Creatine) and presence (+Creatine) of 20mM creatine at a range of [ADP] until maximal respiratiohigxsed to model a spectrum

of metabolic demands. Respiration was assessed in the quadiaceyadized to bundle sizg 2 weeksA, B) and normalized to ETC
subunit content@, D) to permit comparisons of intrinsic mitochondrial respiratory responseacim groupCreatine sensitivity was
assessed by calculating the +creattreatine ratio E, F) given creatine normally increases AlRfmulated respiration. The same
measurements were completed at 4 weékk)( Results represent mearsD; n=8-16; A two-way ANOVA was used to determine the

difference between PBS(2wk) vs. C26(2wk) and PBS (4wk) vs. C26(#4#90.05, PBS(2K) vs C26(2vk); * P<0.05, PBS(WK) vs
C26(4wk).
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In the diaphragm, respiration was similar between C26 and PBS at 2 (Fagk® 4-8A-F) but

was greater in C26 compared to PBS at 4 weeks in bottCtieatine and +Creatine conditions
(Figure 4-8G-J). This upregulation by 4 weeks occurred despite no changes in ETC subunit
content as noted aboyeEigure 4-5D) which suggests mitochondria increase their responsiveness
to ADP through mechanisms that may be independent of mitochondrial content. No changes in
creatine sensitivity were observed in C26 vs PBS at 4 w@eagiare 4-8K, L) suggesting that
coupling of creatine kinase to ATP generation was maintained, in contrast to impaired creatine
sensitivity seen in the quadriceps as noted above. Lastly, thereas&nificant interaction
whereby respiration was greater in C26 vs PBS at fado&nd 700 ADP when normalized

per mass of fibre bundlg&igure 4-8G, H) and at all ADP concentrations exceptn®b and

100rM when normalized to total ETC subunit contéfigure 4-8I, J).
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Figure 4-8 Complex tsupported mitochondrial respiration in diaphragm muscle of C26 tubearing mice. ADPstimulated (State

lI) respiration, supported by complex | supported (NADH) substrates pyruvate (5mM) and malate (2mM), was assessedrnoghe abs
(-Creating and presence (+Creatine) of 20mM creatine at a range of [ADP] until maximal respiration was achieved to model a spectrum
of metabolic demands. Respiration was assessed dthapleragm normalized to bundle s&ie2 weeksA, B) and normalized to ETC

subunit content(, D) to permit comparisons of intrinsic mitochondrial respiratory responses in each Greapne sensitivity was
assessed by calculating the +creattreatine ratio E, F) given creatine normally increases AlRfmulated respiration. The same
measurements were completed at 4 weékk)( Results represent mearsD; n=8-16; A two-way ANOVA was used to determine the
difference between PBS(2wk) vs. C26(2wk) and PBS (4wk) vs. C26(3vAQ0.05, PBS(Wk) vs C26(4vk)
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These alterations were specific to pyruvate/madaigported ADFstimulated respiration as there

were no changes in respiration in response to glutamate (further NyDétation) and succinate
(FADH2) generation when comparing C26 to PBS at either time @oigtire $4-1, $A4-2). By 2

weeks of C26, diaphragm showed a decrease in State Il respiration (no ADP, supported by
pyruvate/malatezigureS1, S2) which is generally used as a marker of respiration driven by proton
leak into the matrix from the inner mérane space through various sites that are not coupled to
ATP synthesi®. However, State Il respiration was greater than control by 4 weeks in both muscles
suggesting greater uncoupling at occurs as cancer prog(egpae® 4-S2) Lastly, changes in
respiration noted above did not result in changes to the phosphorylation of AMPK in C26 relative
to PBS at either -2or 4-week timepointgFigure 4-S3), albeit increases in AMPK and the p

AMPK/AMPK ratio were trending in the C26 (4wk) group in the quadriceps.

H202 emission is increased in diaphragm early during tumoudevelopmentand restored to

normal by 4 weeksbut is unaffected in quadriceps

We stimulated complex | with pyruvate (10mM) and malate (2mM) to generate NADH in the
absence of ADP to elicit mi@2e mi ssi on and determined ADPOG6s ab
as occurs naturally during oxidative phosphorylation (see schematic represefrigtion 4-6).

At 2 weeks following C26 implantations, quadriceps2@kemission was similar to PBS controls

under maximal emission conditions (no suppression by ADP, St&iguke 4-9A, C) and during
suppression by ADEFigure 4-9B, D). By 4 weeks of C26 growth, quadriceps @b was lower

than PBS in both maximal and ABfRippressive stat¢Bigure 4-9E, F). However, when mbD>

was normalized to total ETC subunit content, no differences were observed between C26 and PBS

(Figure 4-9G, H). This finding suggests eventual decreases in quadricep®1bii 4 weeks were
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related to decreased ETC subunit content as shokiguire 4-5. Due to limited tissue availability,

pyruvatesupported mkeO> was assessed only in the +Creatine condition.
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Figure 4-9 Complex | stimulated m¢D. emission in quadriceps and diaphragm muscle of C26 tumour bearingAnZzcand 4 weeks,
guadricepsnH20. emission supported by pyruvate (10mM) and malate (2mM) (NADH) was assessed under maximal State Il (no ADP)
conditions in the presence of 20mM creatiAe ) and under a range of [ADP] to model metabolic dem&)d-). These measures

were also normalized to totBITC subunitcontent C, D, G, H to permit comparisons of intrinsic mitochondrial respiratory responses

in each goup. These measures were repeated in the diaphtagmResults represent mearSD; n=8-16; Two tailed Ftests were

used to determine the difference between PBS(2wk) vs. C26(2wk) and PBS (4wk) vs. C26(4wk) for staterfliskion. A tweway

ANOVA was used to determine the difference between PBS(2wk) vs. C26(2wk) and PBS (4wk) vs. CZeR40K)5, PBS(/k) vs
C26(2vk); * P<0.05, PBS(Wk) vs C26(4vK).
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In contrast to the lower mi@. in quadriceps, diaphragm @k was greater in C26 mice at 2
weeks relative to PBS in the presence of ADP despite no change in maxiatd (Ridgure 4-9I,

J). This finding reveals C26 induces early elevations in diaphraga©OatHat are likely due to a
specific impairment in the ability of ADP to attenuateO: emission. Moreover, when m8>
emission was normalized to total ETC subunit content at 2 weeks, maxim&:rehhission
remained unchangd@igure 4-9K), while the higher emissions in the presence of ADP did not
reach significanc@-igure 4-9L) but mirrored patterns observed when normalized to wet mass of
tissue as noted above. At 4 weeks, there were no differences in diaphra@nuntier maximal

or submaximal (presence of ADP) conditions using either normalization apgFogahe 4-9M-

P) suggesting diaphragm mitochondria are plastic and can eventually reste@® taHhormal

levels.

Succinatesupported mEO. emission generally did not change in either muscle in C26 vs PBS at
either time point(Figure $4-4). This finding suggests reverse electron flux to Complex | from
Complex If° was not altered by C26 cancer, and the responses mentioned above using
pyruvate/malate reveal a specific alteration in2@kemission supported by forward electron flux

through Complex |.

Inhibition of mitochondrial ATP synthase directly impairs force production in diaphragm

These observations suggest mitochondrial stress contributes to early weakness at 2 weeks in both
muscles, and that restoration of force in quadriceps by 4 weeks is related to a natural compensatory
increase in mitochondria respiratory control. In orderegiablish a direct link between

mitochondria and force production, we designed awitno experiment whereby we used
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oligomycin to inhibit ATP synthase in diaphragm strips from of healthy CD2F1 mice. Within each
strip, forcefrequency relationships were assessed in standard assay media (EifRikg 4-

10A). Strips were then incubated with 0.2% ethanol (Vehicle) while relaxing in the apparatus for
40 minutes. A % forcefrequency assessment was then performed which demonstrated no effect
of the vehicle (Figurd-10A). We then repeated this experimental design on separate muscle strips
but in the presence of &M oligomycin during the 4@minute incubation after a control
stimulation. There was a main effect whereby oligomycin lowered force prod{Eigure 4-
10B).Likewise, a main effect of lower force was exhibited within the oligomycin condition when

the change in force production relative to control strips was anal{fzgdre 4-10C).
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In-vitro Diaphragm Force Production
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Figure 4-10 Inhibition of mitochondrial oxidative phosphorylation acutely low@rsvitro

diaphragm force productionDiaphragm strips underwenh @n vitro force-frequency protocol

(CTRL) and were then incubated with 0.2% ethanol (Vehicle) while relaxing for 40 minutes
followed by a 29 assessmer(d, n=4. A si mi |l ar approach was used
separate stripgB, n=6). Therelativechange in force production in both vehicle aigomycin
conditionscompared to their respective CTRL was also analy@eeh=4-6). Results represent

mean® SD; A two-way ANOVA was used to determine the difference between CTRL vs. Vehicle,

CTRL vs. Drug and Vehicle vs. Drug=4-6; i P<0.05, CTRL vs Drugi P<0.05, Vehicle vs
Drug.

Reduced, oxidized and total glutathione are decreased in quadriceps after 4 weeks of
tumour-bearing despite an increase in the reducedxidized glutathione ratio
Noting the mHO: patterns were also tim@nd musclelependentwe the determined whether

there was a corresponding impact on cellular redox state by assessing the equilibrium of the
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glutathione redox bufferAt 2 weeks, there were no differences in reduced glutathione (GSH),
oxidized glutathione (GSSG), GSH:GSSG ratio and total glutathione in the either (figate
4-11A-D, I-L). At 4 weeks, quadriceps demonstrated a lower content of reduced, oxidized and
total glutathione but interestingly there was an increase in the GSH:GSSG-ratire (4-11E-

H). No changes in any measure were observed in diaphragm at 4 (gl 4-11M-P). A
summary of the timelependent and musespecifc adaptations to C26 cancer is provided in

Figure 4-12.
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Figure 4-11 Glutathione redox buffering in quadriceps and diaphragm muscle of C26 tlnmaxiing mice. Reduced glutathione was
measured in the quadriceps of the 2 and 4 week cohort (A, E) along with oxidized glutathione (B, F). The ratio of regidizeidto
glutathone was also analyzed (C, G) along with the total glutathione (D, H). This was repeated in the diapRjaB@s{lits represent
mean® SD; n=810; Two tailed Ttests were used to determine the difference between PBS(2wk) vs. C26(2wk) and PBS (4wk) vs.
C26(4wk).* P<0.05, PBS(4wk) vs C26(4wk)* P<0.01 PBS(4wk) vs C26(4wk); **P<0.001 PBS(4wk) vs C26(4wk).
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Quadriceps
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Conclusion
- Muscle weakness PRECEDES atrophy
- Early deficits in pyruvate-stimulated respiration PRECEDE atrophy

- Compensatory increases in pyruvate-stimulated respiration are
coupled to RESTORATION of force in spite of atrophy

- Creatine independent ATP synthesis up-regulates to a greater
degree than the creatine dependent system

Diaphragm
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Conclusion
- Muscle weakness PRECEDES atrophy
- Early deficits in pyruvate-stimulated H,O, emission PRECEDE atrophy

- Compensatory increases in pyruvate-stimulated respiration are coupled
to NO CHANGE in force

- Both creatine dependent and indpendent ATP synthesis systems up-
regulate to similar degrees

Figure 4-12 Summary of the timelependenaind musclespecific adaptations to C26 xenografts

in CD2F1 mice. At 2 weeks, early impairments in force generating capacity are associated with
reductions in mitochondrigdyruvate/malatesupportedADP-stimulated respiration in quadriceps

and elevatednH>02 emission in diaphragm. These distinct mitochondrial responses precede
atrophy in both muscles by 4 weeks. At this time, quadriceps and diaphragm responses to C26
become heterogeneous. The restoration of force generating capacity in quadriceps ifi spite o
atrophy is not observed in the diaphragm even though both muscles demonstrate apparent
compensatory increases in mitochondrial A&ifnulated respiration. The mitochondrial
responses to cancer are more diverse in quadriceps than diaphragm, with incressgesation

by 4 weeks occurring as a potential compensation for reductions in mitochondrial electron
transport chain markers. Mitochondrial creatine metabolism is impaired in quadriceps by 4 weeks.

® represents decreasej represents increase?
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Discussion

Certain indices of skeletal muscle mitochondrial stress have been associated with cancer cachexia
in various mouse modef§12:139.192.211ht the time and muscledependent relationship remains
unclear. Moreover, the early relationships between force production and atrophy have not been
understood. Here, we demonstrate how quadriceps and diaphragm have both common and distinct
time-dependat responses to cancer in the C26 colon carcinoma mouse model of cancer cachexia.
First, a reduction in specific muscle force was observed prior to atrophy in both muscles, yet an
eventual increase in specific force production to control levels by 4 weskgred only in
guadriceps. This restoration of specific force indicates an apparent intrinsic compensation given
absolute force was lower at this later timepoint due to atrophy. Second, atrophy in most fibre types
was preceded by altered mitochondriabdriergetics but the individual relationship differed
between muscles with decreases in respiration occurring in quadriceps in contrast to elevated
mH202 emission in diaphragm. Third, both muscles upregulated mitochondrial respiration
supported specificallipy pyruvate and malate substrates at 4 weeks which may reflect a hormetic
adaptation to maintain energy homeostasis during cachexia. Likewise, the diaphragm restored
Complex tsupported mitochondrial . emission to normal lower levels by 4 weeks which

demonstrates the transient nature of this potential redox pressure.

Collectively, these findings suggest muscle weakness can occur before atrophy during C26 cancer,

and this progression is related to dynamic tole@endent changes in mitochondrial bioenergetics

that are unique to each muscle.
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Mitochondrial bioenergetic alterations and skeletal muscle force reductions precede

skeletal muscle atrophy

Work from Brown et al. suggested mitochondrial degradation and dysfunction precedes muscle
atrophy in the LLC xenograft mouse model of cancer cachetimthis study, atrophy markers
occurred after earlier indices of mitochondrial degeneration in comparator muscles (flexor
digitorum brevis and plantaris) including mitochondrial degradation, respiratory control ratios and
H>0. emission. The findings of the present study support this proposal with a comparison of
atrophy, mitochondrial respiration and a4 emission within the same muscle types, namely
guadriceps and diaphragm. These findings also extend the proposal by showingspestie
mitochondri& alterations occur concurrent to muscle weakness and before atrophy. Specifically,
early decreases in respiratory kinetics in quadriceps were not seen in diaphragm suggesting more
oxidative muscle might avoid such respiratory decrements. Converselyineaglyses in mpD-

emission seen in diaphragm did not occur in quadriceps. These relationships suggest targeted
therapies to counter mitochondrial alterations during cancer cachexia could consider the specific

bioenergetic function that is altered at psedimepoints in each muscle type.

This relationship between early mitochondrial stress prior to atrophy in both muscles becomes
further complicated when considering force production. Muscle weakness occurred at 2 weeks in
both muscles before atrophy which highlights a shared pattern iprélggession of muscle
dysfunction during cancer. While the purpose of this investigation was not to address other
mechanisms regulating force production, reduced fibre sizes cannot be an explanation given
atrophy did not occur until after weakness wast fobserved. In this regard, the reduction in

absolute force in quadriceps at 2 weeks was therefore due to the lower specific force. However,
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the distinct mitochondrial signatures in both muscles at 2 weeks could guide additional questions.
For example, in the quadriceps, the early reductions in specific force were associated with early
decreases in mitochondrial respiratory control by ADP. Wégecific force production was
restored to control levels by 4 weeks, respiration actually increased above control levels when
normalized to ETC subunit content. This dynamic relationship is intriguing and suggests early
guadriceps weakness might be dueinhpairments in mitochondrial energy provision that is
nonetheless plastic and capable of adaptingpssibly as a hormetic response to the earlier

respiratory deficiency to correct this weakness through supempensations in energy supply.

In contrast, the diaphragm weakness seen at 2 weeks might be linked to an early redox pressure
given elevated mpD-> was observed. This observation is consistent with prior observations of
early and transient increases inQd emission in diaphragm in the LLC mouse model of cancer
cachexid!'’. However, these changes in p@ did not alter glutathione in reduced or oxidized

forms nor in the static measure of GSH:GSSG equilibrium. While these common measures of
glutathione redox buffering are often used to interpret changes in the redox protedinee
measures do not necessarily capture the kinetic aspect by which GSH is recycled through
glutathione reductases and glutathione peroxidases. As such, a lack of change in these variables
does not rule out a signaling role fos®ti n medi ati ng the diaphragmos
possibility may be that the diaphragm was capable of sustaining greater glutathione recycling rates.
These lysatdbased measures also do not rule out changes in glutatniediated thiol oxidation

in specific subcompartmats of the cell including mitochondrial or nuclear fractignst?213

Likewise, mitochondrial £ can also oxidize peroxiredoxins through a thioredowediated

recycling mechanism, the relevance of which to muscle adaptation during diseases is only now
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being unravelled in more detiit. Consideration of such complexities in redox signaling, much

of which is HO>-dependent, demonstrates how no single assay can capture the impagOpf mH

on redox signalingnediated adaptive responses yet exemplifies the considerable research required
to further explore the impact of the b} relationships to cancer cachexia reported in this and
other studie¥. Lastly, the degree to which & influences mitochondrial respiratory control

must also be considered moredepth. For example, the diaphragm did not show reductions in
respiration at 2 or 4 weeks yet demonstrated an unexpected increase in respiration at 4 weeks. The
explanation for tls increase is not apparent but might suggest an earlier energetic deficiency
occurred outside of our selected time points. Alternatively, the use of pyruvate as a-dkrocesd
substrate to stimulate respiration does not rule out a possible changstiateuselection that may

be occurring as part of grander adaptive processes. Future studies could compare both pyruvate
and fatty acid substrates to determine if such responses are ubiquitous across all substrate oxidation

pathways.

The mechanisms by which mitochondria contribute to weakness and atrophy continue to be an
area of considerable research and cannot be resolved by a single investigation. However, we
attempted to resolve whether mitochondrial stress can acutely suppoesprimtuction using an

in vitro approach that is removed from potential systemic responses to cancer that might also
contribute to weakness. As demonstrated in Figut®, acute treatment of diaphragm muscle

with the ATP synthase inhibitor oligomycin deased specific force production. Oligomycin
inhibits ATP synthesis but theoretically may also increase mitochondrial reactive oxygen species
through increased membrane potent@hted electron slfi. As this cannot be verified during

contractionin vitro using our system, the findings nonetheless demonstrate that mitochondrial

9%



stress can acutely depress specific force production. This observation matches previous findings
of various mitochondrial inhibitors on single fibre contraction performadtro®'®. Likewise, in

cultured myotubes, a mitochondriargeted antioxidant attenuated cisplatin (chemotherapy)
induced atrophy by preventing increases in mitochondrial reactive oxygen $fe8igsilarly, a
mitochondrialtargeted peptide administered to the same C26 cancer cachexia model used in the
present study preserved diaphragm force production and fiber cross sectional area by preventing
changes in indices of mitochondrial ATP synthesid @eactive oxygen specté$ By comparing

this prior literature to the timdependent and musedpecific responses to C26 cancer in the
present study, the dynamic relationship between weakness, atrophy and mitochondrial stress
specific responses could now be explored with suchamitedrial enhancing compounds using a

design that captures tirtependent responses across muscle types.

Perspectives orthe potential for mitochondrial hormesisin quadriceps and diaphragm

The findings of lower respiration and increased@#Emission at 2 weeks is consistent with prior
reports at various time points and muscle in the LLC, C26 and peritoneal carcinosis mouse models
1012,139,192.211Tg our knowledge, the eventual increase in pyrusafgorted respiration seen in

both quadriceps and diaphragm in the present study is novel, while, the attenuatiopOaf mH
emission seen in the diaphragm is consistent with past reports in the ptaatatidiaphragit*

in the LLC mouse model of cachexia. As noted above, mitochondrial respiratory control by ADP
increased above control lioth muscles despite a stress being observed earlier only in quadriceps.
We questioned whether this early reduction in respiration represented an energy crisis triggering
compensatory signaling through the energy sensor AMRIgathway that triggers compsatory

mitochondrial biogenesis or upregulation of substsakecific oxidatioR'”. We did not observe an
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effect of cancer on AMPK phosphorylation at either time p@tigure $4-3), although there was
a trend in the quadriceps at 4 weeks of tumour bearing whereby AMPK content was increased.
Nonetheless, these results do not rule out the potential for AMPK activation at other time points
or a more sustained phosphorylation of downstream AMfakKgets. There are also multiple
feedback control systems linking metabolic stress to respiratotyottimat are independent of

AMPK which might be considered in futuirevestigations'®,

The design of substrate titration protocols lends insight into the specific mechanisms by which
respiration and mpD-. become altered during cancer. For example, as pyruvate/malate were used
as the substrates to generate NADH to stimulate compkxpported respiration, future
investigations might consider the potential for cancer to upregulate complex | or pyruvate
dehydrogenase activity, albeit maximal activity given saturating pyruvate concentrations were
used. Also, the consistent increase in respmagicross a wide spectrum of ADP concentrations

by 4 weeks in both muscles suggests mitochondrial responsiveness to a wide range of metabolic
demands may have been enhanced such that key regulators of matrix ADP/ATP cycling could be
considered for future déctions Figure4-6). ADP was also more effective at attenuating®H

211in quadriceps by 4 week$igure 4-9) which supports this possibility. Collectively, these
findings suggest cancer disrupts mitochondrial bioenergetics by specifically desensitizing

mitochondria to ADP in both muscles.

Mitochondrial creatine metabolism appeared to be less capable of adapting in quadriceps by 4

weeks(Figure 4-7L) suggesting mitochondrial creatine kinakspendent phosphate shuttling is

more affected in this muscle than diaphragm which showed no such deficiency. In fact, the
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creatineindependent-Creatine) system showed homogeneous plasticity by upregulating in both
muscles by 4 weeks while the creataependent system upregulated only in the diaphragm. These
findings suggest mitochondrial creatine metabolism may be disruptgiadriceps muscle during
cancer which may impact energy homeostasis given the importance of this system in certain

muscled®.

In general, the diaphragm appeared to be superior to quadriceps with respect to maintaining
mitochondrial ETC content markers and respiratory control by ADP at 2 weeks with evidence of
supercompensation in respiratory function at 4 weeks. Furthermorectieds in ETC protein
contents were observed in quadriceps at 4 weeks after C26 implantation whereas no changes were
observed in diaphragm. This resilience of diaphragm appears to be a unique finding given prior
reports have also shown lower mitochondpiadtein markers from various pathways and muscle
types in LLC andAPCM™*) mouse models of cancer caché&faWhile the mechanisms for this

muscle heterogeneity remain unclear, one possibility relates to muscle contractile activity. The
diaphragm constantly contracis vivo whereas quadriceps is used during locomotion. As
mitochondrial content and substrate oxidation are regulated by contractile atfivityture
directions might consider whether the diaphra
cancer with respect to energy homeostasis which might support the growing notimmomt

contractile activity in improving muscle health during caft®er

In conclusion, this investigation reports muscle weakness precedes atrophy in quadriceps and

diaphragm in the C26 colon carcinoma mouse model of cancer cachexia. This progression was

associated with heterogenous musspecific and timedependent mitochomidl responses in both

98



muscles. Specifically, an early energetic stress (reduced respiratory control by ADP) was more
apparent in quadriceps in contrast to a mitochondrial redox pressure in diaphragm. These early
mitochondrial stressors were seemingly corrected as cancer [edj@sspite the development

of atrophy in both muscles and a unique increase in specific force production in quadriceps. This
apparent intrinsic compensation in quadriceps may have partially mitigated the contribution of
atrophy to the reduced absoluted®rseen at 4 weeks. Moreover, C26 cancer caused a unique
impairment in the coupling of the mitochondrial creatine kinase system to ATP generation in
guadriceps whereas this system was not affected in diaphragm. This dynamic plasticity across time
demonstrees how the effects of cancer on one muscle may not predict the response in another
muscle type. The findings also highlight how understanding heterogeneity may identify
mechanisms that determine whether a given muscle might be sensitive, or resistanteto

cachexia.
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Methods

Animal Care

48 aght-weekold male CD2F1 mice were purchased fr&mvigo (Indianapolis USA). Upon

arrival, mice were housed and given a minimum of 72 h to acclimatize before cancer implantations.
All mice were provided access to standard chow and water ad libitinife food intake was not
measured, reductions in food intake reported in this model of cachexia did not contribute to
reduced muscle weights, fibre cross sectional area or muscle force givéedpaice retained
normal muscle parameters compared t® @Gfice**??° Mice were monitored daily for general
well-being, tumour ulcerations and tumour size. If mice demonstrated signs of extreme distress,

mice wauld besacrificed as soon as possiltewever, this was never required

C26 Cell Culture and Tumour Implantation

C26 cancer cells (Purchased from N(Hrederick, MD USA) were plated at passag@id T-75
flasks in DMEM supplemented with 10% foetal bovine serum plus 1% penicillin and streptomycin.
Once confluent, cells were trypsinized, counted and diluted in PBS. C26 cellsY5sudfended

in 100 sterile PBS were implanted subcutaneously to both flanks of mice at 8 weeks%f age
For control, mice received identical subcutaneous injections ofril@ferile PBS and aged for 2
weeks(PBS (2wk); n= 8)and 4 weekgPBS (4wk); n= 16)Tumours developed for 147 days

(C26 (2wk); n= 8) and 289 days (C26 (4wk); n= 16J.umours were measured daily, recording
the length and width of tumours with digital calipers using the following formula to obtain tumour
volume(volume of a spheref4/3* * (| en gt h/ 2n)a&cérdancd witly drkUnige)sity
Animal Care Committeguidelines Thesame investigator was responsible for measuring tumour

sizes throughout the length of the study as preliminary work demonstrated that tumour size
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measurements can vary between individuals (data not showin; 2% between 3 individuals,

CV1 1.3 within designated individual).

Surgery Procedure

Quadriceps, soleus, plantaris, gastrocnemius, tibialis anterior, extensor digitorum longus and
spleen were quicklycollected under isoflurane anesthesia prior to euthanasia. Tissues were
weighed and snaftozen in liquid nitrogen and stored €80°C. Quadriceps and diaphragm
muscles were placed in BIOPS containing (in mM) 50 MES Hydrate, 7.E&KA, 2.77
CakK:EGTA, 20 imidazole, 0.5 dithiothreitol, 20 taurine, 5.77 ATP, 15 PCr, and 6.56:Mg&O

(pH 7.1) to be prepared for mitochondrial bioenergetic assays. Quadriceps from one leg and
diaphragm strips were harvested for mitochondrial bioenergetic assays whiledheapsafrom

the contracted leg and a separate diaphragm strip were used for force measurements. The
diaphragm strip used for force measurements was cut within 30 seconds of the entire diaphragm

being placed in BIOPS prior to transferring the striptoRingb s s ol uti on as note

In Situ Quadriceps Forceand In Vitro Diaphragm Force

In situ force production for quadriceps muscle was partially adapted from previous litérature
Mice were anesthetized with isoflurane and shaved of all hair on their hindlimb. An incision was
made above the patella to expose the femoral tendon which was then tightly secured with suture.
Once the knot was in place, the tendon was carefully sttvanel the suture was attached to an
Aurora Scientific 305C muscle lever arm with a hook (Aurora, Ontario, Canada). The knee was
secured with a vertical knee clamp immobilizing the knee joint with a 27G needle. Contraction of

the quadriceps was controll@isrough percutaneous stimulation of the femoral nerve anterior to
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the hip joint. Optimal resting length {L. was determined using single twitches (pulse width =
0.2ms) at varying muscle lengths. Oncewas established, force as a function of stimulation
frequency was measured during 8 isometric contractions at varying stimulation frequencies (1, 20,
40, 60, 80, 100, 120, 140 Hz). The quadriceps muscle was then weighed and used for normalization

of forceproduction( 6 specific forceo)

In vitro force production for diaphragm muscle was partially adapted from previous litéfature
Briefly, the diaphragm strip used for force production was placed in a petri dish°af RRtger 6 s
solution containing (in mM): 121 NaCl, 5 KClI, 1.8 Ca@.5 MgCt 0,4 NaHPQ. 24 NaHCG,

5.5 glucose and 0.1 EDTA,; pH 7.3 oxygenated with 95%ar@d 5% CQ. Diaphragm strips were

cut from the central region of the lateral costal hemidiaphragm. Silk suture was tied to the central
tendon as well the ribs, and the preparation was transferred to an oxygenated bath filled with
Ringer solution, maintained atZ5& The suture secured to the central tendon was then attached to
a lever arm while the suture loop secured to the ribs was attached to a force transducer. The
diaphragm strip was situated between flanking platinum electrodes driven by a biphadater

(Model 305C; Aurora Scientific, Inc., Aurora, ON, Canada). Optimalvas determined using
twitches (pulse width = 0.2ms) at varying muscle lengths. Opaegals established, force as a
function of stimulation frequency was measured during 10 isometric contractions at varying
stimulation frequencies (1, 10, 20, 40, 60, 80, 100, 120, 140, 200 Hz). Force production was
normalized( 6 s p e c i ftd tke cdlcalated erdsgectional area (CSA) of the muscle strip
(m/I*d) where m is the muscle masss lthe length, and d is mammalian skeletal muscle density
(1.06mg.mm). Absolute force for whole muscle was reported for quadriceps but not diaphragm

given the latter was assessed with muscle strips.
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Mitochondrial Bioenergetic Assessments

Preparation of Permeabilized Muscle Fibrdhe assessment of mitochondrial bioenergetics was
performed as described previously in our publicatiéf??%’. Briefly, the quadriceps and
diaphragm from the mouse was removed and placed in BIOPS. Muscle was trimmed of connective
tissue and fat and divided into small muscle bundles (~3.Z mg wet weight for quadricep and

0.67 2.1 mg for diaphragm). Each bunaVas gently separated along the longitudinal axis to form
bundles that were treated with @§/mL saponin in BIOPS on a rotor for 30 min at 4°C. Following
permeabilization, the permeabilized muscle fibre bundles (PmFB) for respiration assessments
were bbtted and weighed in ~ 1.5mL of taredqofelled BIOPS (muscle relaxing media) to ensure
PmFB remained relaxed and hydrated rather than exposed to open air. Wet weights were used
given small pieces of muscle can detach during respirometry assessmeittgjradily reduced

by blebbistatin (described below). Mean £ SEM wet weights (mg) were 2.4 + 0.07 for quadriceps
and 1.3 = 0.04 for diaphragm. The remaining PmFB fop@Hivere not weighed at this step as

this data was normalized to fully recovered dryighes taken after the experiments. All PmFB
were then washed in MiIROS5 on a rotator for 15 minutes at 4°C to remove the cytoplasm. MiRO5
contained (in mM) 0.5 EGTA, 10 KOy, 3 MgChi6H0, 60 K-lactobionate, 20 Hepes, 20

Taurine, 110 sucrose, and 1 mg/ml fatty acid free BSA (pH 7.1).

Mitochondrial RespirationHigh-resolution @ consumption measurements were conducted in 2
mL of respiration medium (MiRO5) using the Oroboros OxygrakHOroboros Instruments,

Corp., Innsbruck, Austria) with stirring at 750 rpm at 37°C. MiRO5 contained 20 mM Cr to
saturate mitochondrial creatinenkise (mtCK) and promote phosphate shuttling through mtCK or

was kept void of Cr to prevent the activation of mé#€¥as described ifrigure 5. For ADP
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stimulated respiratory kinetics, our previously published procedures to stimulate complexes | and
ll-supported respiration were employ&df°’. 5 mM pyruvate and 2 mM malate were added as
complex tspecific substrates (via generation of NADH to saturate electron entry into complex I)
followed by a titration of suima x i mal ADP (25, 100 and 500 & M)
eM in the pOresoeencdeO 0000 €M in the absence of Cr
and high points of previous estimates of free ADP concentrations in human skeletal muscle in
resting and high intensity exercise states and therefore allow the determination abrrdtoa
responsiveness to a physiological spectrum of low to high energy deifaitisSaturating

[ADP] were different depending on the muscle and presence or absence of creatine in the
experimental media. Mitochondrial respiration was normalized to mass of fibre bundles as well as
total content ofETC subuni detected with the antibody cocktail listed below. This normalization

was performed on a separate piece of the same muscle from the saméonevasgate whether

changes in respiration per mass were due to alterations in mitochondrial content or intrinsic
mitochondrial respiratory sponsesWhile normalizing bioenergetic fluxes to ETC content
markers within the same bundle would theoretically reduce variability, the occasional separation

of 1-2 fibres in chambers after an experiment may cause @stienations of total bundle ETC

marker congnts.

Kmapp for creatine to ADP was not established as we have observed that many permeabilized
fibres from past studies do not fit MichaeMgenten kinetics with these assay conditions (low to
modest R). Creatine accelerates matrix ADP/ATP cycling at submaximal [ADP] and lowers the
Kmapp for ADP in some muscf@é2® Therefore, in order to evaluate mitochondrial creatine

sensitivity, 100 and 500 &M ADP were wused to
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the ADP titration, cytochromewas added to test for mitochondrial membrane integrity. Finally,

succinate (20 mM) was then added to saturate electron entry into Complex Il

Al | experi ments were conducted in the presenc
to prevent spontaneous contraction of PmFB, which has been shown to occur in response to ADP

at 37°C that alters respiration raté$?2° Polarographic oxygen measurements were acquired in 2
secondintervals with the rate of respiration derived from 40 data points and expressed as
pmol/s/mg wet weight. PmFB were weighed in ~1.5 mL of tared BIOPS to relax muscle as noted

above.

Mitochondrial HO. Emission (mHO2). mH20. was determined spectrofluorometrically
(QuantaMaster 40, HORIBA Scientific, Edison, NJ, USA) in a quartz cuvette with continuous
stirring at 37C, in 1 mL of Buffer Z supplemented with ®0OM A mpl ex Ul tra Red,
horseradish peroxidase, 1ImM EGTA, 40U/mICug® D1, 5 €M BLEB and 20m
Z contained (in mM) 105 ®MES, 30 KCI, 10 KHPQ, 5 MgChk 1 6H20, 1 EGTA, and 5mg/mL

BSA (pH 7.4). State InH2O. (maximal emission in the absence of ADP) was indwssag the

Complex tsupporting substrates (NADH) pyruvate (10mM) and malate (2mM) to assess maximal
(State I, no ADP) mkD; as described previough. Following the induction of Staté mH.O,,

a titration of ADP was employed farogressively attenuate nm&h as occurs when membrane

potential declines during oxidative phosphorylatibig(re5). After the experiments, the fies

were rinsed in double deionized® lyophilized in a freezeryer (Labconco, Kansas City, MO,

USA) for > 4h and weighed on a microbalance (Sartorius Cubis Microbalance, Gottingen
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Germany). The rate ohH20, emission was calculated from the slope (F/min) using a standard

curve established with the same reaction conditions and normalized to fibre bundle dry weight.

Western Blotting

A frozen piece of quadriceps and diaphragm from each animal was homogenized in a plastic
microcentrifuge tube with a tapered Teflon pestle irciakel buffer containing (mm) 20 Tris/HCI,

150 NaCl, 1 EDTA, 1 EGTA, 2.5 N@P2, 1 NagVOs, 1% Triton X100 and PhosSTOP inhibitor
tablet (Millipore Sigma, Burlington, MA, USA) (pH 7.0) as published previdid8lyProtein
concentrations were determined using a bicinchoninic acid (BCA) assay (Life Technologies,
Carlsbad, CA, USA). 230ng of denatured and reduced protein was subjected1@%gradient
SDSPAGE followed by transfer to loMluorescence polyvinylidene difluoride membrane.
Membranes were blocked with Odyssey Blocking Buffer-QOR, Lincoln NE, USA) and
immunoblotted overght (4 C) with antibodies specific to each protein. A commercially available
monoclonal antibody was used to detect electronspait chain proteins (rodent OXPHOS
Cocktail, ab110413; Abcam, Cambridge, UK, 1:250 dilution), includir§gTWP5A (55kDa), Ik
UQCRC2 (48kDa), IWMITCO1 (40kDa), #SDHB (30 kDa), and -NDUFB8 (20 kDa).
Commercially available polyclonal antibodies were usedietect AMPactivated protein kinase
(AMPKa) (rabbit, CST, 2532; 62kDa; 1:1000) and PhospiwPKa Thr172 (RAMPK) (rabbit

CST, 2535, 62kDa; 1:500) as used previoti&ly

After overnight incubation in primary antibodies, membranes were washed 3x5 minutes in TBST
and incubated for 1 hour at room temperature with the corresponding infrared fluorescent

secondary antibody (LCOR IRDye 680nm or 800nm) at a dilution previousptimized (1:20
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000). Immunoreactive proteins were detected by infrared imaginGQR CLx; LFCOR) and
guantified by densitometry using ImageJ. All images were normalized to Amido Black total

protein stain (A8181, Sigma) using the entire lane corresponding to eackesampl

Immunofluorescence Analysis

Quadricepsdut longitudinally to include half theastus intermedius &ull vastus lateralis) and
diaphragm muscle samples embedded in O.C.T medium (Fisher Scientific) were cutrmte 10
thick sections with a cryostat (HM525 NX, Thermo Fisher Scientific, Mississauga, ON, Canada)
maintained at20 C. Muscle fibre type was determined as previously desc&ihedith minor
modifications. All primary antibodies were purchased from the Developmental Studies Hybridoma
Bank (University of lowa), and secondary antibodies were purchased from Invitrogen (Burlington,
ON, Canada). Briefly, slides were blocked with 5% gaatim (Sigma Aldrich) in PBS for 1 hour

at room temperature. Next, slides were incubated with primary antibodies against myosin heavy
chain (MHC) | (BAF8; 1:25), MHC IA (SG71; 1:1000) and MHCIB (BF-F3; 1:50) for 2 hours

at room temperature. Afterwds, slides were washed 3x in PBS for 5 minutes and then incubated
with secondary antibodies (MHCI; Alexa Fluor 350 IgG2b; 1:1000), (MHClla; Alexa Fluor 488
lgG1; 1:1000), (MHC lib; Alexa Fluor 568 IgM; 1:1000) for 1 hour at room temperature. Slides
were tken washed 3x in PBS for 5 minutes and mounted with ProLong antifade reagent (Life
Technologies, Burlington, ON, Canada). Images were acquired the next day using EVOS FL Auto
2 Imaging System (Invitrogen, Thermo Fisher Scientific, Mississauga, ON, Cahwatieidual

images were taken across the entire cross section and then assembled into a composite image. 20

30 muscle filbes per filve type were selected randomly throughout the cross section and traced



with ImageJ software to assess CSA after calibrations with a corresponding scale bar. Muscle

fibres that appeared black were recorded as NINE.

Reaktime RT-PCR analyses of mMRNA

Measurement omMRNA was completet as previously descrilé®2. Briefly, frozen tissues were
homogenized with TriZol agent (Life Technologies, Cat# 15596026) and RNA isolated with a
commercial kit. RNA concentrations were quantified with a Biotek Take3 rimitome
microplate with a BioTek PowerWave XS microplatedera(BioTek Instruments Inc., Winooski,
VT). RNA was only used if the sample was of sufficient quality (260/280 ratio >2). Isolated RNA
was then reverse transcribed into cDNA using commercial reagents (Superscript Vilo,
Cat#11755500; Life Technologies). NB was then serially diluted to 1:100 and used for
guantitative real time PCR analysis. cDNA was combined with appropriate proaster mix

and amplified in a reaction d0 cycles of denaturation, annealing, and extension at 95, 60, and
72AC. Data were quantified with the @pCt meth
was used as an internal housekeeping ¢elnae #Mm03928990 gBAnd did not differ between
groups. Probes of interest included: AtrdgBX032(Clone #Mm00499523 m1), MurflLrim63
(Clone #Mm01185221 ml), Gadd45a (Clone # Mm00432802_m1l), and Ubc (Clone

#Mm02525934_g1).

Glutathione Analysis
Glutathione was measured as previously publigie#?® Briefly, reduced (GSH) and oxidized
(GSSG) glutathione were measured using the Shimadzu Nexera X2 UHPLC system (Mandel

Scientific Company Inc. Guelph, Canada). Quadriceps and diaphragm were homogenized in
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50mM Tris buffer with 20mM boric acid, 2mM-gerine, 20riM acivicin, and 5 mMN-ethylamide,

and acidified using TCA (for GSH) and PCA (for GSSG). Samples were separated with a Zorbax
C18 column (Agilent Technologies, Mississauga, ON, Canada). GSH was assessetlByCV

(265 nm wavelength) monitoring of NERASH using a 0.25% glaciaketic acid mobile phase

with 6% acetonitrile at 1.05ml/min flow rate detected at 265nm. GSSG was assessed by
fluoresceHPLC (excited at 350nm and detected at 420nm emissisimg HPLC/UHPLC
fluorescence detector (Mandel scientific). GSSG samples were diluted in 0.5M NaOH and run
using 25mM NaHPQs in HPLC-grade water with 15% methanol mobile phase at a 0.5mL/min

flow rate by tracking &@thalymide (OPA) tagged GSH.

Statistics

Results are expressed as mearDt Bhe level of significance was established & 0.05 for all
statisti cs. i Hearson @iBug acsmalityntest was first performed to determine
whether data resembled a Gaussian distribuod, all data was subject to the ROUT test to
identify and exclude outliersNestern blot results for proteins in the electron transport chain
subunit complexes I, IV and V in quadriceps failed normality as did proteins in complexes I, I,
IV and V for diaphragmln addition, quadriceps and diaphragm dgltgamate respiration failed
normality and were analyzed usirgg nonrparametric ManitWhitney ttest. Quadriceps and
diaphragm mRNA content markers at 4 weeks all failed normality (MURF1, atrogin, UBC,
Gadd45a) and were assessed by aparametric ManitWhitney ttest. All other data passed
normality. A twotailed unpaired-test was usetb compare C26 to PBS within each time point
with respect tamuscle massfibre crosssectional arearemaining western blgtgj-PCR, and

glutathione measureA two-way ANOVA with factors of timepoint (2 vs 4 week) and treatment
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(C26 vs PBS) was used foiitochondrial respiration, miD. andall force-frequencyexperiments
followed by Benjamini Kr i eger  aposthocYan&ysi€>i evhen & ssignificant
interaction was observed. All statistical analyses were performed3nggphPad Prism Software

8.4.2(La Jolla, CA, USA.

Study Approval
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(AUP Approval Number 20190) in accordance with the Canadian Council on Animal Care.
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Figure $4-1 Multiple substrate evaluation of oxygen consumption in quadriceps permeabilized muscle fibre bundles. Oxygen
consumption was evaluated in the absence of creatine at 2 weeks and 4 we€R$§ puoptantation or PBS injectioms permeabilized

muscle fibes when stimulated with glutamata,(B), succinatek, F) and pyruvate/malate, (J). This was repeated in the presence of
20mM Creatine €, D, G, H, K, .. Results represent meanSD; n=8-16; Two tailed Ftests were used to determine the difference
betwea PBS(2wk) vs. C26(2wk) and PBS (4wk) vs. C26(4w#§<0.05 PBS (&k) vs C26(2wk); * P<0.05 PBS4wk) vs C26(4wk)
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Figure $4-2 Multiple substrate evaluation of oxygen consumption in diaphragm permeabilized muscle fibre bundles. Oxygen
consumption was evaluated in the absence of creatine at 2 weeks and 4 we€R$§ puoptantation or PBS injectioms permeabilized

muscle fibes when stimulated with glutamata,(B), succinatek, F) and pyruvate/malate, (J). This was repeated in the presence of
20mM Creatine €, D, G, H, K, .. Results represent meanSD; n=8-16; Two tailed Ftests were used to determine the difference
betweerPBS(2wk) vs. C26(2wk) and PBS (4wk) vs. C26(4widP<0.05 PBS (k) vs C26(2wk); * P<0.05 PBS4wk) vs C26(4wk).
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