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ABSTRACT

Background Myosteatosis is defined as low skeletalscle radiedensity withelevated amounts

of intermuscular adipose tissue, assessed using computed tomodvbisyeatosishas been
recently observed to be associated with mortality in people with cancer. Previous work from our
lab reported that depoigih of intermuscular fat occurs as patients progress through chemotherapy.
However, when patients supplemented their daily intake with eicosapentaenoic acid3(20:5n
EPA) and docosahexaenoic acid (22%1HA), areductionin intermuscular adipose tissuas
observed. Mechanisms underlying myosteatosis in cancer have not been explored and no
preclinical model of cancer associated with myosteatosis has been devélmrefbrethis study

aimed to first establish a preclinical modekahcerand chemothapy treatmet associated with
myosteatosisand then assess if feeding a diet containing fish oil was efficacious in reducing
tumor and chemotherapgssociated fat accumulation within skeletal muddethods: Fischer

344 rats were fed either a contr@tfor the entire study (control), or switched to a diet containing

fish oil (2.3 g /100 g of diet) one week prior to tumor implantation (long term fish oil) or at the
start of chemotherapy (adjuvant fish oil). Chemotherapy (irinotecan pflugrduraci) was
initiated 2 weeks after tumor implantation (cydleand 1 week thereafter (cye2d. Reference
animals received no tumor or treatment and consumed the control diet. Gastrocnemius and tibialis
anterior muscles were frozen in melting isopentane caolkguid nitrogen {156°C), and stored
at-80°C until subsequent analyses. To assess myosteatosis, lipids were revealed histologically by
Oil Red O staining and triglyceride fatty acids were quantified by gas chromatography. Expression
of adipogenic trascription factors and mitochondrial density were assessed at the mRNA level by
reattime RT-PCR. Mitochondrial enzymatic activities were assessed using spectrogiigtom

Myosin Heavy Chainsoforms werddentified by mmunofluorescencdresults:Feeding aiet



containing fish oil reduced tumoand subsequent chemotherag®gociated increases in muscle
neutral lipid content, triglyceride fatty acid levels, and expression of adipogenic transcriptional
factors that occurred in control diet fed animals. Loweutral lipid content within the muscle
following chemotherapy treatment in rats fed fish oil diet was associated with higher mitochondrial
oxidative capacity. The adjuvant fish oil diet was as effective as the long term fish oil diet in
mitigating chemdterapyassociated muscle fat conte@bnclusion:Long term and adjuvant fish

oil diets are both efficacious in reducing chemotheraggociated myosteatosis by reducing
expression of transcriptional factors involved in adipogenesis/lipogenesis, and imgprov
mitochondrial oxidative capacity and densiffjhe data we have assembled suggests that
myosteatosis, an independent prognostic factor in cancer, is modifiable through dietary intake of

EPA and DHA.
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CHAPTER 1
Introduction and Literature Review
1.1Introduction
The relationship between body composition and risk of disease has become more clearly
understood in recent years, as the technology available tanwasively quantify body
components hasnproved.The advent of noninvasive radiological techniqeegsh asmagnetic
resonance [MR]imaging and computed tomography [CHas enabled new expldi@ns of
physiological and pathological variation in musdteparticular the widespread use of CT scans
to assess tumors in the oncological setting enables accurate and precise determination of body
composition over the cancer trajectory and has bedbmegold standard for body composition
measuvements in people with cance&T imaging usedo assess body composition have been
instrumental in revealing low muscle mass in people with cancer, affecting about half of patients
at diagnosig1-3). CT imaging has also revealed altered radiation attenuation characteristics of
muscle in people with cancéreviewed by(4)]. This is of particuhr interest as low muscle
radiadensity, detected by CT imaging, has been identified as an independent predpmor of
outcomes andnortality in cancer patient®-12). Low radiation attenuation of muscle has been
well correlated with fat content of muscle biopsy specini&8) therefore enabling categorization
of muscle with pathological fat accumulation, or myosteatdéymsteatosis has been associated
with insulin resistance andiabeteg14), detraining andinjury (15). Most recently, myosteatosis
has also been described in cancer patients, and is associated with worsened outcomes, including
poorer survival6-11). Thesestudieshaveprompted investigation into the causes and biological
features of canceaelated muscle pathology in an animal model to derive mechanisms of change

in bady composition



In oncological settinggne approach to improve the therapeutic indesheimotherapyis
to combinethesedrugs with adjuvant factors that enhamtemotherapyefficacy anddecrease
toxicities Then-3fatty acidssicosapentaenoi&€PA, 2:5 and docosahexaenoiDHA, 22:6 are
bioactive lipids reported tomprovetumor toxicity of chemotherapylrugs andwith decreasing
hosttoxicitiesassociated with chemotherapy drsgsh asisplatin,anthracyclines and alkylating
agens in a varietyof animal models including breast, colorectal, prostate, and lung cgncers

reviewed by(16-18)].

Few clinical studies havbeen conducted to demonstrétat inclwsion of EPA and/or
DHA in diet improves outcomes of patients actively undergoivegnotherapyreatmentncluding
enhancedumor response to treatment, redilitexicities associated with chemotherapy drugs,
improved quality of life, and overall survivi?,19,20)Thus, the human studies investigating drug
efficacy in combination with fish oil supplementation align with the wealth of experimental

evidence demonstrating enhantledrapeutic index.

In addition toan enhancd therapeutic index of chemotherapy when EPA and DHA are
provided in the dietpur previous work1) established an important relationship between skeletal
muscle massral EPAand DHA The amount of EPAnd DHAIn plasma of newly diagnosed
patients with advanced colorectal and lung cancer is(B#23) and relates to the amount of
musclethe patient has as well as the intensity of loss the patient may expdfgrden-small
cell lung cancer patients undergoing platinum based doublet chemotherapy experienced muscle
loss and exhibited an increage intermuscular adipose tissue over the course of treatment,
however, dailfEPA and DHAsupplementation [2.2g/dagluring chemotherapy stabilized muscle
mass and significdly reduced the amount of inteuscular fat assessed by sequential CT

imaging, compred to patients who received standard of (24¢ Therefore, restoringPA and

2



DHA through supplementation prevented muscle loss in the majority of patients and reduced fat
accumulation in muscl€ollectively, these results suggest that EPA and DHA could potentially

be usal as adjuvant factors tenhancechemotherapyefficacy and to prevent or treat fat
accumulation that occurs in the presence of tumor or during chemotherapy; however, this has not

been directly stdied

While EPA and DHAappearto exhibit promising e#cts on body compositiorthe
mechanisms by which these alterations occur are unknown in the neoplastitnstatéer to
investigate the biological features and causes of caet@ed myosteatasi as well as the
mechanisms through whi&PA and DHA may be exerting protecteects in the tumebearing
state, with and without chemotherapppropriate preclinical models need to be identifiedour
knowledge,no neoplastic model of myosteatosiscancer has been reportesccordingly, a
discussion of existing mechanistic literature pertainifgRé and DHAIn other conditionsvhere
myosteatosis is presentedcluding obesity and insulin resistance are discussed, and the
applicability of thesamechanisms t&PA and DHAactivity on muscle condition in cancer are

considered.

1.2 Colorectal Cancer

The number of new colorectal cancer cases and deaths continue to rise as the Canadian
population ages. In Canada, there are approxima&l)0 diaghosesper yearand9,300 deaths
reported from colorectal canc@5). On average69 Canadians will be diagnosed with colorectal
cancerand 25 Canadians will die fromavery day(25). Colorectal cancer is diagnosed at one of
five stages. This staging system ranges from 0 to 1V, indicating the severity of the (Ré3ase
Stage 0, the cancer is in the earliest phase, and it has not progressed beyond the inner layer, or

mucosa, of the colon or rectuithe treatment during this stage involves effectively removing the



polyp via colonoscopy. I8tages | and I, the tumor has grown through the wall of the colon and
may extend into nearby tissue; however, at this point, the cancer has not yet reached the lymph
nodes. The tumor becomes increasingly aggressive until Stage 1V, which indicates taaucer

has spread to other organs within the b(#6). In order to determine the size and location of the
primary tumor, the involvement of the lymph nodes, and the extent of metastasis, specialists utilize
TNM descriptors, where T indicates the primary tumor, N denotes regional lymph nodes and M
signifies distant metastasis. If the tumor is detected in Stage |, the patient has a 90% chance of
surviving for five years and surgical removal of the tumor may dugecancer. However, in
advanced stages of cancer, the medianigal duration is 56 months(27) and combination
treatment may be provided. This treatment includes options such as surgical resection,

chemotherapyradiation therapy and biotherapy or immtheyapy(27).

1.3 First Line Chemotherapy Treatment Colorectal Cancer

Chemotherapy remains an essential step in the treatmewivahcedcolorectal cancer.
Most chemothRrapy agents target cells that divide rapidly, regardless of whether or not these cells
are cancerous. As a result, toxic side effects are associated with chemot{&3apihe
combination of Hluorouracil [5FU] ard irinotecan [CPTL1] represents an effective combination

of drugs used to treat colorectal cancer pati€t¥

5-FU, which was developed in 1957, has become part of the standard therapy for most
malignancies iasing in thegastrointestinairact and breast as well as for head aadk cancers
5-FU belongs to a family of anthetabolite chemotherapy drugs. Antetabolite factors replace
biological substances such as folic acid; when the cells incorporatestitesances into cellular
metabolism, cells are unable to divide=8 is converted into fluorodeoxyuridine monophosphate
and fluorodeoxyuridine triphosphate which both inhibit thymidylate synthase, an enzyme
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responsible for DNA synthesis and rep&hFU could alsoconvert to fluorouridine triphosphate
which causes RNA damage and produces apoptosis in the (8dxdBeveral toxicities have been
associated with FU, including vomiting and nausea, cytopeniasosdary to bone marrow
suppression, palmaalantar erythrodysesthesia (hafodt syndrome) and cardiotoxici@1). The
overall response rate forFJ as a single agent in metastatic colorectal cancer is <3@%o
however, when #U is combined with other drugs, such as €RT the rate of response is

significantly increased to 460%(29).

Irinotecan is a watesoluble semsynthetic hat is isolated from the Chinese/Tibetan
ornamental treeCamptotheca Acuminat&33). This drug was produced in Japan and has
demonstrated antitumor activity against a wide range of tumors, including colorectal, eagphage
leukemia, gastric, neamalkcell and smaikell lung cancers as well as lymphon¢a4). In vivo,
irinotecan is converted in the liver to a metabolitestify10-hydroxycamptothecin [SN38]
which appears to contribute the antitumor activity of CRT1. Irinotecan possesses a novel
mechanism of action that depends on the inhibition of the eukaryotic enzyme DNA replication and
cell deatHreviewed by(35)]. Irinotecan has emged as one of the most effective antitumor drugs
for a wide range of tumor types, especially when combined with) $29). However, diarrhea

and myelosuppression remain common doséing toxicities of this antumor drug[reviewed

by (35).

1.4 Measuring Body Composition andM uscleCondition in Cancer

High resolution imagéased techniques such @ and MRI exhibit specificity and
precision that have been extensivedyidated and applied in body composition rese§B&H38).

Apart from the quantity of muscle and fat, imdgesed approaches also reveal additional features



such as exess inter and intramyocellular lipid accumulation within muscle tiss(86). The

overall fat content of muscle can be indirectly and-imwasively assess€89,40)by making use

of the fact that adipose tissue attenuates the applied radiation in a characteristic manner. The value
and sign of attenuatiomeasurementare determined by the speed at which radiation passes
through the tissue, arate meaured mostypically in Hounsfield Units [HU] where water and

air have a value @ HU and 1000 HU, respectivel\Radiation passes more slowly through lean
tissue than through water, giving lean muscle tissoreanradiation attenuation with a positive

sign, most prominently aroun€l50 HU. By contrast, radiation passes more quickly through-ipid
containing tissue than it does through water, and therefore the mean attenuation of adipose tissue
has a negativeign, usually-100 HU The attenuation ranged muscle [4550 HU] and total

adipose tissue-190 to-30 HU] have been definel3,36,4042). Within the range of radtion
attenuation values for muscle, the fat content of muscle can be evaluated, since the overall
attenuation value of muscle is decreased when a high amount of intramuscular fat is present.
Altered radiation attenuation of muscle has been well cortelaith triglyceride contentof

muscle biopsy specimend4). Thus, HU values defined using CT reflect the amount of
intramuscular adipose tissue and are usifutategorizingmuscle as normal or hibiting a
pathobgical triglyceride and/ or intramuscular adipose tissuaccumulation, defined as
myosteatosidmagebased methods of assessing muscular density have been applied primarily in

research settings, and are not yet in routine clinical use.

Very little dataexists todefinethe biological and physiological features of lowscles
attenuationMuscle tissue normally contains only small amounts of fat not intended fetdong
lipid storage, but to be used as a short term source of energy. There aatdntal fat depots

within skeletl muscle: fat within myocytes [intramyocellular fatjd visible fat within the fage



surrounding skeletal muscle [intermuscular.fdrther studies are required to determine the site
of fatin myosteatosiintermuscularjntramuscular or bothjand the mechanisrby which muscle
is apparently replaceoly adipose tissue in conditiombaracterized by low radiatiesttenuating

muscle.

1.5 Myosteatosign Cancer

Until recently, low attenuating musc¢layosteatosishas oty been described in conditions
of aging,injury, insulin resistance and Type 2 diabg®&%40,4345). Recent studies apphg CT
imaging to understanding featuresindlividualswith cancer have revealed a wide variation of
muscle radiation attenuati@a6-48). Loss of skeletal muscle mass in canappears to generally,
but not alwaysbe concurrenwvith myosteatosis Strikingly, compared to normal value4350
HU], the median value for cancer patief85 HU; (8)] comparable to results reported for obese
or diabetic patientsith somepatients exhibihg values of muscle attenuation in the range of 20
25 HU. Low muscle radiation attenuation has now been identified as an independent risk factor
for mortality in cancer patien{§-9). Other studyeported that muscle of cancer patients contained
more and largeintramusculatipid droplets as severity of weight loss progregg€). The nature

and characteristics of these pathologies and why they confer greater risk are unresolved.
1.6Lipid and Essential Fatty Acids

Fatis not only an important source of energy in the form of triglyceride, but it is also
essential fothe survival and functiang of human and animal orgarispid is essential foevery
cell membrane in the bodiPhosplolipid actas an interface between external environments and
the cells, and also partition intracellular compartmdrdsalso stimulags the release of hormones

and cytokines as signaling molecules and it fglGhucial functions as enzyme cofactors, electron



carriers and intracellular messengers. There are several different types of fatty acids, including
saturated with no double basidnonounsaturated with one double bond@oigunsaturatedvith
two or more double bondshich beirg further divided into omega [n-3] and omeg® [n-6] fatty

acids(50).

Essential fatty acidarethe fatty aails that cannot be synthesized in animal and human
tissues, and therefore must be obtained through theHlimans and animals can synthesize
saturated and monounsaturated acyl chains frortylaoeenzymeA [acetyl CoA] However,
mammals lack an enzymeathadds a double bond before th@ position, and, aa result, alpha
linolenic acid [18:3r3] and linoleic acid [18:24%] must be obtainedrdm diet Plasma
phospholipid composition reflects endogenous and dietary fatty acids, and has been used as an

index of fatty acid statugl7).

1.7EPA and DHA Status in Cancer Patients

Several studies suggest the existence of abnormalities in the fatty acid metaifolism
people with cancef21,23,49) Wasting syndrome in advanced cancer patients can constitute a
marker for not only adipose tissue wasting but also muscle w#8td®y47) Alterations in fatty
acid metabolism may cause a reduction in the availability3fatty acidswvithin the body, which
maysubsequentlgnhance thevasting conditionPratt et alshowed that in comparison to healthy
subjectsadvanced cancer patients who lost five percent or more of theiinagsbodyweight
had depleted stores of plasessential fatty acidsithin phospholipidractions.Depletionbecame
even more evident after higlose chemotherapy, when DHA and ER®els were reduakto
approximately7% of the control valueg1). Clinical evidence suggests that newly diagnosed

cancer patientexhibitedlow level of n3 fatty acids. From this perspective, both cancerthad



therapeutic treatments for this disease may represamnitibuting factors in # decrease of-8
fatty acids[reviewed by(22)]. Fatty acidpatterns ofgastrointestinailmumsahave been reported
to bealtered in humamastric cancer. Specificallyhe researchers analyzed the tdty acid
contentsand evaluated their relative composition among the fatiyd acics in mucosa as well as
in thephospholipid fractionsontained in paired cancerous and-gancerous gasc tissuesThe
results of this investigation showed that cancerous mutasa higher ratio of #6 to n-3 fatty
acids in phospholipid fraction This finding occurredrom high levels ofarachidonicacid
concurrent withow levels of DHA and EPAn bothtotal fatty acids and phospholipid fractions
(51). Similarly, a studyby our groupreported aeduction inplasmaphospholipidn-3 fatty acids,
including EPA and DHAjn nonsmall cell lung cancer patientEhis loss wasissociated with a
decrease in fat tiss{23) and muscle mass compared with patients of stable w@ightowever,
the mechaniss controlling the alteratiorof essentialfatty acids in cancer patients remain

unknown.

1.8 MechanismsUnderlying Myosteatosisand The Potential Role of EPA and DHA on

Each of TheseM echanisms

Several mechanismsmay contribute with the developmeat myosteatosis in nen
cancer conditions suas obesity and insulin resistance. These mechanisms include: 1) idcrease
expression of genes involving the adipogenesiprocessand lipid synthesis in muscle such as
CCAAT/enhancebinding protein C/EBP$, peroxisome prolif@atoractivated receptoragnma
[P P AJRand sterol regulatory elesnt binding protein 1c isofornSREBPL1(]; 2) alteedskeletal
muscle triglyceride and phospholipid compmsit 3) chang in skeletal muscle fiber

composition and) modulatednitochondrial oxidative capacifffigure 11].



1.8.1 Adipogenesis TranscriptionalFactors

At the molecular level, the crucial roles of adipogenesis transcriptional factors have been
studied in preclinical models of other conditions associated with myosteatosis such as obesity and
diabetes(52). These genes are involving in activation of adipogenesis, lipid uptake, and
lipogenesis by regulating downstream pathways of fatty acids synthesis and catabolism such as
lipoprotein lipase, hormone sensitive lipase,tdcEoA carboxylase, and fatty acid synthase,
stearoyl coA desaturagb2-55). P P A B ®xpressed in skeletal muscle in response toE B P b
andC / E BaRithtion (56,57)and has been associated with ectopic fat accumulation into skeletal

musclein an animal modedf high-fat-dietinduced insulin resistan¢g2,58)

EPA and DHA are known to have aatiipogenic functiong59,60)and may have the
ability to decrease mRNA expression of these genes in musddmaibasing th&PA and DHA
content of bovine muscle through diet resulted in a reduction in the transcriptiorSlR&BP1c
and subsequent genes regulating downstream pathways of fatty acid synthesis in muscle tissue
including acetylCoA carboxylase, fatty acid syntlesstearoyl coA desaturafgl). Expression
of SREBP1c in muscle of cattle is reported to bddd lower when fish oil versus soybean oil
dietsis provided(62). Collectively,these resultsuggested that adipogenesis transcriptional factors
should be considered as one of the mechanisms underlying myosteatosis that occur ,n cancer

however, this has not beemplored in cancer

1.8.2 Skeletal Muscle Fatty Acids Composition

Alterations in the composition pfasmamembraneghospholipidfatty acids modify the
thickness and fluidity of the lipid bilayer, which can subsequently imgdadetal muscléunction

Several cross sectional studies on obese and insulin resistances satig@st that skeletal muscle
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membrane phospholipid display a different fatty acid composition compared with lean subjects,
with a higher proportionf the saturated fat palmitate [C16&3]d lower concentrations of linoleic

acid i 6 fatty acid(63-65). Differences in membrane phospholipid fatty acids can impact skeletal
muscle anabolism and increase intramyocellular triglycdfagure 11]. For examplea study
evaluated th association between the level ofuscle triglyceride and insulin resistancein
nondiabetic normalveight or obespeople Skeletal muscléiglyceride levelwas higher inobese
patients compackto people with normal weighdand itwas negatively correfed with glucose
uptake In addition thetriglyceridefatty acidcompositionwas significantly differenbetween the

two groups Obese people exhibited higheoncentration of saturated tiatacidscompared to

normal weight peopland it was positively aoelated with insulin resistan¢é6).

Antunes et a{67). studied the effect of cancer on mitochondrial phospholipid remodelling
in wasted skeletal muscle and the consequences of this relationship for mitochonchi@h&lity.
These authors used an animal model of urothelial carcinoma, which was itithocegh exposure
to N-butyl-N-[4-hydroxybutyl}nitrosamine [BBN] The model experienced a significant loss of
body weight due to a deiction in skeletal muscle magsdditionally, histologicalevidence of
muscle atrophy relates to reduced respiratory chain activity and enhanced expression of
mitochondrialuncoupling protein 3UCP3 (67)]. In combination, these two factors deceghe
ability of wasted muscle to produce AT#hich could also result in fat accumulation within the
muscle due to mitochondrial dysfunctionhe implications of these observations suggest the
regulation of phospholipid biosynthetic pathways as poterntiakapeutic targets for the

management of muscédterationin cancer.

Improvement of the insulin response is the most widely explored mechanism for the

beneficial effects of EPA and DHA fatty acids on muscle and has been studied in many
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experimental systes and in a number of narancer disease stat&8-73). Dangardt et a(74).
reportedmproved insulin sensitivity and reduced triglyceride accumulation in the muscle of obese
children when EPA and DHA were providéd.a crossover desigadolescent children [147 y]

were randomizedotreceive 1.2 g fatty acids [930 mg EPA, 290 mg DiAplacebo for three
months with a skxveek washout period. Skeletal muscle biopsies revealed increased3daadyn

acids, EPA and DHA concentrations in muscle phospholipids during the supplemental period
which was accompaniedy improved glucose toleraa [by 39%]and restaation of insulin
concentration [by 34%#s well as improved insulin sensitivity. While improvement in insulin
response was observed only in female subjects, all subjects exhibited lower muscle triglyceride
content after EPA and DHA pplementation compared to placeb(/4). In a
hypeinsulemic/hyperglycemic stat§mith et al.reported increases in mTOR signaling, muscle
size and muscle protein synthesis after 8 weeks of supplementing-@ithity acids in healthy

adults(75).

In several experimental studies, EPA and DHA have been reported to support the anabolic
potential of musclg68,70,72,76) In rats, R3 fatty acid incorporation into muscle increased
membrane unsaturation concurrent with improved insulin sensitivity and decreased muscle
triglyceride conten{77). Fatl mice, which are capable of endogenoti fatty acid synthesis,
exhibit better glucose tolerance than control n{g®). Some,(70,76,78,79but not all(80,81)
studies have shown an effect e8fiatty acidson AKT activation, a regulatorfanuscle growth.
Incorporation of EPA andHA into the muscle membrane alters its composition, and may
modulate key membrane substrates involved in the insulin signaling pathway and subsequent

protein synthesiand improve muscle anaboligi8R).
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1.8.3 Skeldal MuscleFiber Type Composition and Mitochondrial Oxidative Capacity

Lipids stored in muscle usually serve as a fuel for mitochondria oxid@&®)nsuggesting
that a change in mitochondrial function and/or conteithin skeletal muscle may cause lipid
accumulation inside of the muscRecent research has shown thatalteration irmitochondrial
homeostasis irskeletal muscle has been associated with muscle wasting in (@4c&6).
Dysfunction of mitochondria has been linked to increased intramyocellular lipid content-in non
cancer conditions, such aselderly populationreviewed by87)], insulin resistance and obesity
[(88), Figure 12]. However, no existing studies have associated mitochondrial content and
dysfunction to myosteatosidevelopment in preclinical modeif cancer. Ths, the potential
association between mitochondria content or function and myosteatosis in cancer needs to be

addressed in response to tumor and chemotherapy treatment.

Mitochondrial content ofskeletal muscle could be affectéy altering muscle fiber
compositions[Table 12]. Skeletal muscle fibers are classified according to the type of myosin
(slow or fast) and the degree of oxidative phosphorylation that the fiber undergoes. The type | and
[1A fibers [slow acting] are rich in myoglobin [red fibershd mitochondria compared with type
IIB and IID/X fibers. Furthermore, type | and IIA have a slow contraction speed, low myosin
ATPase activity, rely on oxidation phosphorylation ATP production, and are highly resistant to
fatigue, thus they are called sl@aging. Type IIB and IID/X fibers [white fibersjre fast acting,
mitochondria poor, and rely on glycolytic ATP production. Muscle fibers vary in intramyocellular
triglyceride contenfTable 12]. Several researchers used electron microscopy and bioehemic
analysis to assess the concentration of intramyocellular triglyceride on single fibers in healthy male
subjects. These studies have shown that intramyocellular triglyceride content was threefold higher

in type | fibers than in type Ifibers (89). Suggeshg that intramyocellular triglyceride
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concentration may be influenced by the amount of mitochondria inside the fibers as the greater fat
oxidative capacity in the type | fiber is associated with greater intramytazetiiglyceride
storage. Changes skektal muscle fibecomposition and / or size could influence mitochondrial
content within the muscle and interfere with fat metabolism. Experimenta¢shavereported

the relationship between the oxidative capaof muscles and depleted muscle mass during the
development of cancer. In this study, the researchers collected gastrocnemius musAlecfrom
[Min/+] mice at 20 weeks of age. Mitochondrial oxidative capacity was reduceideofsevere

loss of muscle @mss. Specifically, muscle loss entailed a threefold reduction mdje regulation
enzymes for oxidative phosphorylation includicygochromec oxidase complex subunit IV and

a 50% reduction in the level of succinate dehydrogenase of gastrocnemius ofuseApc

[Min/+] mouse compared to wittype control mice. Specifically, these alterations occurred in the
typellA andlIB fibers of the gastrocnemius muscle which was distinguished byR{ER(86).

These finding suggest an association between the specific fiber type in cancer and the reduction
of muscle oxidative capacity. However, this study neglected to assess the amount of lipids inside
of the muscleA recent study used Male C57BI6/J mice to assess fiberdyp speci fic
accumulation as well as muscle oxidative c@yagoy using tibialis anteriorHighly glycolytic

fiber, mainly type IIB] and soleushighly oxidative muscle; mainly type | fioemuscles in
response to 12 weeks high fat diet inteti@n reported that triglycerekscontent in the soleus of

the control group was a two ti m@a. Triglyjceriteer t ha
accumulationin musclecould bespecific to fiber types. If the tumdrearing state is de@asing

the amount of specific fiber types, this may also affect which muscles accumulate intramyocellular

triglyceride. However, fiber typebs specific
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Many beneficial effects of EPA and DH# mitochonrial content and oxidative capacity
have been reported, includingreasingnitochondrianumber{ Figure1.2], improved function of
the enzyme complexes within the electron transport chain, and an improved capacity to
appropriately use physiologically alable fuels(91,92) Several experimentatudies have shown
that EPA and DHA enhance lipid oxidation in skeletal muscle via AMPK and RPARi c t i vat i o
In addition, these two fatty acidsciease mitochondrial biogenesis through the activatiola:P
10U in skel e(hd2) Anothercstudy usederhale $Vistar rats received either EPA or
DHA for three months. In compaon to rats fed a DHA diet, rats fed EPA exhibited higher
mitochondria biogenesis in type | fibres of soleus and diaphragm muscles as well as an increase in

the size distributions of mitochondrial areas, which were associated with decreased lipid droplets

in this specific type of fib€B3).

UCP3is a mitochondrial membrane transporter expressed mainly in skeletal muscle where
it plays an important role in energy expenditure and fat oxidation. EPA and DHA have been
reported to upregulate UCP3 mRNA and promotor activity in a ddspendent manner in C2C12
muscle cells, potentially through an AMRKediated pathwag94). In the liver, lipogenesis is
reduced and beta oxidation is edéad during 8 fatty acid interventiongeviewed by(95)]. Thus,
there is a growing body of evidence suggesting the presene8 tdtty acidsare beneficial for
energy homeostasis and body composition, with fatty acids reducing body fat in general,
potentially through a greater partitioning of energy into lean versus fat tissue, combined with an
improved capacity to appropriately use physiologically available {f&8%96) processes which

collectively support muscle anabolism and lower fat content of muscle.
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1.9 Animal Model of Myosteatosis and Diet

An animal model has been developed and refined in our lab that corresponds to the
delivery of trerapy for colorectal cancer in humg@3,98) Fischer rats bearing the Ward colon
26 tumor receive two cycles of irinotecplus 5-fluorouracil [CPF11 plus 5FU] therapy which
carefully recapitlates first line therapy for colorectal cancer in hum@as98) Diets resembling
human diets in Westernized countries with respect to all mac@ micronutrients, including
guantity and composon of dietary lipids(98) were providedWhen this diewas supplemented
with n-3 fatty acidg2.7% EPA + DHA] fatty acid enrichment of the muscle tissue occurred within
6 days at 2% and 4%, respectivé89). This enrichment thus represents a biologically relevant
dose of A3 with a resulting ¥6: n-3 fatty acid ratio of 3.2, which is identical to th&nn-3 ratio
reported for humans in muscle phospholipid after 3 weeks ofeamgpitation with fish oil [2.4 g
per day EPA + DHA(75)]. This model has en#édal us to demonstrate that turmearing animals
exhibit elevated muscle triglyceride content whhccelerated following chemotherapyngar
to what Murphy et al. reported in n@mall cell lung cancer patients. Triglyceride accumulation
in the muscle was prevented by dietary supplementation with EPA and DHA initiated prior to and
continued during treatmefi24). At present, no other reports exist regarding the effects of EPA
and DHA on lipid infiltration of muscle in the neoplastic state, and these encouraging results will

initiate further research in this area.

1.10 Conclusion

Low muscle mass anuhfiltration of muscle with fat are features of body composition
which contribute to worsened outcomes in cancer and other diseases. The pathogenesis of muscle
wasting and myosteatosis in cancer is incompletely understood. Low muscle mass and low
attenuahg muscle have recently emerged as independent risk factors for death and disability in
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people with cancg@7,48) Low plasma concentrations of EPA and Dk independently and
strongly relatedo the presence of muscle loss over the treatment p@®&)dwhich suggests an
important and potentially modifiable relationship between skeletal muscle metabolism3and n
fatty acids. The ability to modify muscivasting and intramuscular fat accumulation has a broad
scope of application to aging, diabetes, obesity and various forms of muscle atrohysheare
these common featuresuiber of mechanisms magrribute to the ability of 43 to alter body
compodgion, including alterations inadipogenesis transcriptional factors, phospholipid
composition, and fiber types and mitochondrial density as well as oxidative cajiefitye
mechanisms can be more thoroughly defined for benefitsPégf and DHA a more cmplete
understanding of the features of the muscle characterizied infiltration is required anth order

to investigate thatappropriate preclinical models of cancer associatgdsteatosis neeid be

identified.
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Table 1-1 Elongation and deduration

Docosahexaenoi c

f r o m-lihotemc r

pathway of Arachidonic, Eicosapentaenoic, and

parent Linol

N-6

N-3

Linoleic (LA) (18:2 n-6)

l Desat ur as¢{
o-linolenic (18:3 n6)

l Elongase
Dihomo- o-linolenic (20:3 n6)

l Desatur as ¢
Arachidonic(AA) (20:4 n-6)

l Elongase
Ardanic (22:4 r6)

l Desatur as¢
Docosapentaenoic (22:58)

UHinolenic (ALA) (18:3 n-6)

Desatur ase &6

Stearidonid18:4 n3)

l Elongase
Eicostrienoic (20:4 8)

l Desatur ase &5
Eicosapentaenoic (EPA) (20:53)

Elongase

Docosapenraenoi@2:5 n3)

l Elongase
Tetracosapentaenof24:5 n3)

lDesaturase x4

Tetracosahexaeno{24:6 n3)

l peroxisomal oxidation
Docosahexaenoic (DHA) (22:6-8)

The red colors are the essential fatty afids n-6 and R3 families
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http://en.wikipedia.org/w/index.php?title=Tetracosapentaenoic_acid&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Tetracosahexaenoic_acid&action=edit&redlink=1

Table 1-2 Skeletal muscle fiber type composition

Type | Type lIA Type IIDX Type 1IB
Contracting Duration Hours (Slow) Less than 30 minutey Less than 5 minutey Less than 1 minute
9 (Moderately Fast) (Fast) (Very Fast)
Resistance to Fatigue High High Moderate Low
Mitochondrial Density . .
and Oxidative Capacity FTEI A igelziEe O
Main Fuel Storage Triglyceride Glycogen and Glycogen and Creatine Phosphat

Creatine Phosphate

Creatine Phosphat
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CHAPTER 2

Research Plan

2.1Rationale

The number of new colorectal cancer cases and deaths continue to ris€Casdt=n
population ageg25). Chemotherapy remains one of the essential treatments for advanced
colorectal cancepatients (29). However, chemotherapy is associated with muscle wasting
(1,3,6,24,48,100Recently, norinvasive radiologicaimagebased techniqe such as computed
tomography [CT] have revealed that in addition to low musuless, a pathological accumulation
of fat in skeletalmuscle (myosteatosis) also occurs in cancer pat(érfs9,24,4648). The fat
content of muscle can be evaluated by using CT, since the overall attenuation value of muscle is
decreasedsathe triglyceride content of muscle incregseeChapterl section 1.4]Low muscle
attenuation has been found to be associated with shorter progressibdiseaséree survival
(6,9), and oveall survival(6-8) in cancer patients. Although the relationship between myosteatosis
and poor outcomes is observed, the charatiterisf increase fat content within skeletal muscle
has not been resolved and mechanisms associated with myosteatosis have been established in

cancer.

Clinical practice aims to improve the effectiveness of chemotherapeutics to reduce tumor
growth while mitigating associated side effestsch as alterations in skeletal muscle condition
One approach to improve the therapeutic index of antineoplastic therapies is to combine cytotoxic
drugs with adjuvant factors that enhance-t&untior efficacy and redudearmful side effect€101-

105) Therefore, identification of an adjuvant factor to chemotherapy that can protect against
myosteatosis wodlbe of great benefithe omegeB polyunsaturated fat acids eicosapentaenoic

acid [EPA, 20:5m)] and docosahexaenoic acidHA, 22:6n-3], which arehighly abundant in fatty
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fish and their oilsareemerging as promising nutritional adjuvants to chenrafheas they have

been reported to enhance antinor effects and reduce dragsociated toxicities of antineoplastic
agents including cisplatin, anthracyclines and alkylating agents in a variety of animal models
including breast, coloreal, prostate, anlding cancer$7,16,97,106112). A Previous clinical trial

in our laboratory(1) established an important relationshiptween skeletal muscle mass and
plasma level oEPA and DHA. Nonrsmall cell lung cancepatients undergoing chemotherapy
experienced muscle loss and exhibited an increase mmuoscular adipose tissue over
chemotherapy treatment, however, datfA and DHA supplementation [2.2g/dayduring
chemotherapy stabilized muscle mass and significantly reduced the amoustrodigailar fat,
assessed by CT imaging, compared to patients who received standard (@4afderefore,
restoring R3 fatty acids through supplementation prevented muscle loss in the majority of patients
and reduced fatccumulation in muscle. Collectively, these results suggest that EPA and@HA
important for muscle healtand could potentiallymitigate fat accumulation that occurs in the
presence of tumor or during chemotheraplyis has not been directly studieddaro biological
measure of fat in muscle was obtained in that study. Also, the meckabernd these

observationsrenotdefined

Mechanismassociated with myosteatobigve beemeportedn non cancer conditions
such as obesity and insulin resince. These mechanisms include: 1) increase of expression of
genes involving in adipogenesis program and lipid synthesis in muscle SOEAAd /enhancer
binding protein C/EBPS, peroxisome prolifator-activated receptor gammg P A JRand sterol
regulatory element bindingrotein 1¢c isoform BREBPLlc]; 2) altering skeletal muscle

phospholipid composition 3) changing in skeletal muscle oxidative fiber composition and 4)
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mitochondrial dysfunction. The association between eachesetmechanisms and myosteatosis

has been discussed in details in the previous chapter [ see Chapter 1 section 1.8].

To investigate the biological features and causes of caeleted myosteatosis, as well as
the mechanisms through whief?A and DHA maybe exerting its protectiveffects in the tumer
bearing state, with and without chemotherapatmentappropriate preclinical models need to be
identified An animal modehas been developed and refined in our laboratory that parallels the
delivery ofdrugtherapy for colorectal cancer in hum#@8,99)is used Specifically, Fischer rats
bearing the Ward colon 26 tumor receive two cyclasmftecan [CPT11] and 5fluorouracil [5
FU] therapy, whib carefully recapitulates first line therapy famorectal cancer in humanghis
model closely features the same doses, cycles, and level of toxicity observed in [feigaes
2.1]. Tumor bearing animals show considerable eleuaiglgiceridecontentwhichis accelerated
with chemotherapyfFigure 2.2(97,99], similar to what is observed clinical(4). To evaluate
mechanisms associated with myostsss, this animal model enablaterventiors at different
time poins before and after myosteatosiasbeendeveloped to assess the ability of EPA and

DHA to prevent and treayosteatosis.

2.2 Research Objectives and Hypotheses
Objective 1

The objetive of this workwasto characterize a preclinical model of caressociated
myosteatosis and then, use this model to investigate the effects of dietary EPA and DHA
supplementation on tumasnd subsequent chemotherasgociated fat content of muscle yveell

as the tumor response to chemotherapy. Additionelyanted to determine whether EPA and
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DHA supplementation beginning at thétiaion of chemotherapy [adjuvartths similar efficacy

compared wittstartingEPA and DHA supplementath prior to tumor implantation [long term]

Hypothesis 1
It was hypothesized that compared to healthy rats not bearing a tumor, rats bearing the Ward
colorectal tumor will exhibit:
i)  Higher content of neutrdipid between muscle fibeand ligd droplets within muscle
fiber
i) Higher conient of triglyceride fatty acith skeletal muscle

i)  Higher mRNA expression of genes invetlin adipogenesis program

Hypothesis 2
It was hypothesized that compared to twibeaing rats, rats receiving br 2-cycles of
chemotherapy wilexhibit
1)  Higher content of neutral lipidetween muscle fibemdlipid droplets within muscle
fiber
i) Higher content of triglyceride fatty acith skeletal muscle

iii)  Higher mRNA expression of genes invetlin adipogenesis program

Hypothesis 3
It was hypotlesized that compared to rats fed a control diet, rats regétumor aloneor 1- or 2-
cycles of chemotheraggd a long term fish oil diet will exhibit:
i)  Lower content of neutral lipid between muscle fibemd lipid droplets within muscle
fibers

i)  Lowercontent of total triglyceride fatty acith skeletal muscle
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i)  Lower mRNA expression of genes invetlin adipogenesis program
iv)  Lower tumor volume following 1land2- cycles of chemotherapy
v)  Adjuvant fish oil diet will be as effective as long term fish oiltdag each of the

measures

These hypotheses are investigated in Chapter 3.
Objective 2

The objective of this workvasto characterize the fatty acid composition of phospholipid
and triglyceride of muscle tissue in a preclinical model of colon cawir or without
chemotherapy treatmer¢d a contol diet or fish oil diet prior [long termhnd after tumor
implantation [adjuvant diet]This will allow us to determine the association between the
proportion ofEPA and DHAIn gastrocnemius muscle atatal triglyceride content of musclén
addition, we want to determine whethsupplementationbeginning atthe initiation of
chemotherapyddjuvant] will result in similar fatty acids proportions in gastrocnemius muscle and

similar effect ortotal triglyceridecontent of musclas long term fish oil feeding

Hypothesis 1
It was hypothesized that compared to healthy rats not bearing a tumor, rats bearing the Ward
colorectal turor will exhibit:
i)  Lowertotal phospholipictontent
i)  Lowerproportion ofEPA and DHAard total i3 fatty acids
iii)  Higher proportion oh6/n3fatty acid ratio

iv)  Higher proportion of saturated fatty acid

Hypothesis 2
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It was hypothesized that compared to twiearng rats, rats receiving br 2-cycles of
chemotherapy will exhibit

i)  Lowertotd phospholipid content

i)  Lowerproportion ofEPA and DHA
i)  Higher proportion oh6/n3fatty acid ratio

Iv)  Higherproportion of saturated fatty acid

Hypothesis 3
It was hypothesized that compared to rats fed a control diet, ratse@teivor aloneor 1- or 2-
cycles of chemotheraggd a long term fish oil diet will exhibit:
i)  Higher totalphospholipid content

i) Higher EPA and DHA

i)  Lowern6/n3fatty acid ratio

Iv)  Lower saturated fatty acid

vi)  Adjuvant fish oil diet will be as effective as long term fish oil dagteach of the

measures

These hypotheses are investigated in Chaptdr
Objective 3

The objective of this workvas to evaluate skeletal muscle neutral lipid content and
location fiber compositionand if the accumulation is related to specific fiber type pmeclinical
model of colon cancer fed a caoltrdiet or fish oil diet prior [long term] and after tumor
implantation gdjuvant dietlandif there is a relationship between lipid accumulation within the
tibialis anterior muscle anditochondrial contentral oxidative capacityAdditionally, we wanted

to determine whether EPA and DHA supplementation beginning at the amt@ftchemotherapy
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[adjuvant]was able to elicit similar effects compared with begigrprior to tumor implantation

[long term]

Hypothesis 1
It was hypothesized that compared to healthy rats not bearing a tumor, rats bearing the Ward
colorectal turor will exhibit:

1)  Higher content of neutral lipid stainingthin muscle fiber

i)  Lower numbeiof oxidative fiber

iii)  Lower mitochondrial cotert andoxidative capacity

Hypothesis 2
It was hypothesized that compared to twieaing rats, rats receiving br 2-cycles of
chemotherapy will exhibit

1)  Higher content of neutral lipid stainingthin muscle fiber

i)  Lower numbeiof oxidative fiber

iii)  Lower mitochondrial catent ancbxidative capacity

Hypothesis 3
It was hypothesized that compared to rats fed a control diet, ratse@t¢emor aloner 1- or 2-
cycles of chemotheraggd a long term fish oil diet will exhibit:
i)  Lower content of neutraldid staining between muscle fiber
i) Higher number of oxidative fiber
iii)  Higher mitochondrial content and oxidative capacity
vii)  Adjuvant fish oil diet will be as effective as long term fish oil dagteach of the

measures
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These hypotheses are investigated {Dhapter 5.
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Figure 2.1 Feature®f thepre-clinical model that has been developed in our GI®T-11,

irinotecan;5-FU, 5fluorouracil; EPA, eicosapentaenoic; DHA, docosahexaenoic
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Figure 2.2 A fish oil containingdiet fed prior to tumor implantation prevented fat accumulation
within gastrocnemius musclériglyceride fatty acid content of gastrocnesimuscle in a Ward
colon tuma-bearing rat model, 7 days following treatment with €HTand 5FU and provided
diets with or without fish oil thatvasfed prior to tumor implantatio(2% w/w; n = 8 in each
group).CPT-11, irinotecanb-FU, 5fluorouradl; EPA, eicosapentaenoic; DHA,

docosahexaenoic
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CHAPTER 3

Fish Oil Mitigates Myosteatosisand Improves Chemotherapy Hficacy in a Preclinical
Model of Colon Cancer

3.1 Introduction

Clinical practice aims to improve the effectiveness of chemotherapeutics to reduce tumor
growth while mitigatingharmful side effectsOne approach to improve the therapeutic index of
antineopastic therapies is to combine cytotoxic drugs with adjuvant factors that enhance anti
tumor efficacy and redudearmful side effects. Pathological alterationskeletal muscle have
been identifiedin cancer patients undergoing treatment, including neudoks and fat
accumulation(5-9,100,113) Specifically myosteatosis,afined as the pathological accumulation
of fat in skeletal muscle, is emerging as an important prognostic factor in the oncology(6etting
9). Low skeleal muscle density, which reflects high skeletal muscle fatty infiltration, is associated
with shorter progressierand diseaséree survival(6,9), and oerall survival (6-8) in cancer
patients treated with various therapies including chemotherapy. Therefore, identification of an
adjuvant factor to chemotherapy that can proégeinstmyosteatosis, in addition to enhancing

tumor cytotoxicity, would be of great benefit.

The omega8 polyunsaturated fatty acideicosapentaenoic acidEPA, 205n-3] and
docosahexaenoic acid [DHA, 22:8f which are highly abundant in fish odre emerging as
promising nutritional adjuvants to chemotherags/ they have been reported to reduce -drug
associated toxicities and enhance -amtnor effects in a variety of antineoplastic agents in a
number ofin vitro andin vivo preclinical modelsreviewed by(16)]. There is also accumulating
evidence from clinical trialshat EPA and DHA supplementation improves patient outcomes

during cancer chemotherapy, includingproved muscle conditioanda greater tumor respse
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rate feviewed by(18)]. Specifically we showedhatadvancecdonsmall cell lung cancer patients

who supplemented with EPA and DHA during treatment had a preservation of muscle mass, less
intermuscular adipose tissueydabetter tumor responses compared to those not taking fish oil
[standard of care[2,24) Therefore, EPA and DHA may protect against myosteatosis while
improving tumor response to antineoplastgents. While EPA and DH#&ducednyosteatosis in

other human pathological conditions [reviewed (BY)], it has yet to be investigated in the
oncology setting. ppropriate preclinical models are required to Biigate the biological features

and causes of caneassociated myosteatosis, as well as the mechanisms through which EPA and
DHA may be exerting their protective effects in the twearing state, wit and without

chemotherapy.

While conditions such amsulin resistance and obesity suggest that impaired skeletal
muscle fatty acid metabolism may be responsible for pathological fat accumulation in muscle
(114) cancerassociated myosteatosis may also involve meshanirelated to adipogenesis.
Specifically, cancer has been shown to upregulate the expression of adipogenic genes in skeletal
muscle, including CCAAT/enhancéinding protei C/EBPIb, a potent activator of adipogenesis
(115) C/ E B PéndU aind peroxisome proliferat@ctivated receptdiPPAR]o, are important
transcriptional factors involved in robust adipocyte gene expresdidf) For example,
overexpression of / E BaRdlorP P A Rawve been shown to convert myoblasts into adipocytes
by promoting adipogenesis and lipogengsik/), and increase slatal muscle triglyceride [TG]
in vivo (58). Whereas, reducing the@in-3 ratio decreased the expressioi?d® A Bl inhibited
adipogenesis in the 3713l pre-adipocyte cell ling59). In vivo, feeding a diet rich in fish oil
prevented myosteatosis [induced byaed-basedhigh fat diej] with no changes irfatty acid

oxidation suggesting an alternative mechanism by whiéhfatty acids modifies fat content of
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muscle (118) Collectively, it appears that caneassociated myosteatosis may involve
mechanisms related to adipocyte gene expression, which can potentially be modified in the

presence of 43 fatty acids supplementation.

We have estdished an animal model to study interactions amongst tumor [rats bearing
the Ward colon tumor] and chemotherapy, combined irinotecan-faPand Sfluorouracil [5
FU], (98,110)that represents the firihe chemotherapy treatment regime for colorectal cancer,
and elicits a similar level of toxicity as observed in humans treated with this drug combination.
The current study aimed to identify a preclinical model of caassociated myosteatosis and then,
use this model to investigate the effects of dietary EPA and DHA on tuandr subsequent
chemotherapyassociated fat content of muscle, as well as the tumor response to chemotherapy.
Additionally, we wanted to determine whether feeding dietary EPA and bBétdnning at the
initiation of chemotherapy [adjuvant] was able to elicit similar effects compared to a diet fed
beginning prior to tumor implantation [long term]. We hypothesized that EPA and DHA
supplementation would prevent turrassociated myosteatediefore treatment, and that both the
long term and adjuvant fish oil diets would similarly mitigate chemotheaspygciated fat
accumulation in muscle through the inhibition of adipogenic/lipogenic transcriptional factor

signaling, as well as enhance thenor response to chemotherapy.

3.2 Materia and Methods
Experimental procedures were reviewed and approved by the University of Alberta
Institutional Animal Care Committee and conducted in accordance with the Guidelines of the

Canadian Council on Animal @a
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3.2.1Animal Model and Experimental Design

Female Fischer 344 rats [n=7#&2¢ighingan average of 127 + Ifiaged 1112 weeks wee
received from Charles River [St. Constant, QC, CanaRals were housed two per cage
containingbedding and filter topsuting thesevenday acclimation period and one per cage when
initial diets were assigned. Rats received twelve hours of a light:dark cycle pandayere kept
in apositive air pressur®om at a constant temperature [22°@Jater and food was provided

libitum throughout the entire experiment.

Experimental design is outlined in Figure 1. wdtswere initially fed a control diet during
the severday acclimation period and then, one week prior to tumor implantation, rats were
randomly assigned to orud three diets: 1) control diet [n=24]; 2) long term fish oil diet [n=24];
3) adjuvant fish oil diet (control diet until chemotherapy was initiated, then ®alitcithe fish oil

diet; n=16).

To examine a potential preclinical model of carassociated yosteatosis, two weeks
after tumor implantation, rats on the control diet were either euthanized [n=8] or underwent one
cycle [cyclel; n=8] or two cycles [cyck2; n=8] of chemotherapy. To investigate the effects of
EPA and DHA supplementation before ahding chemotherapy treatment, a group of rats on the
long term fish oil diet were euthanized two weeks after tumor implantation [n=8], while the
remaining rats on the long term and adjuvant fish oil diets underwent one cycle [n=8 each] or two
cycles [n=8esach] of chemotherapRats serving as a reference group [ndi] not undergo tumor
implantation or receive chemotherapy, consumed only the control diet throughout the entire study,

andwere otherwise handled in the same manner as the experimental groups.
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3.2.2Tumor Injection and Chemotherapy

The Ward colorectal carcinom@.p5 g; provided by DiY Rustum, Roswell Park Institute
Buffalo, NY, USA] was transplanted subcutaneously into the flank of the rats under mild
isoflurane anesthesia. Tungize wascdculated as described previougd8,110) Tumor volume
was recorded every other day prior to initiation of chemotherapy, and every day during the two
weeks that chemotherapy was administeleaing chenotherapy, relative tumor volume for each

animal is compared to the baseline volume [Day 0].

The day when chemotherapy was initiated was designated as Day G1@yxrisisted of
CPT-11 [50 mg/kgbody weightjntraperitonea] administered oDay 0 and 5U [50 mg/kgbody
weight, intraperitonea] administered orDay 1. Cycle2 consisted of the same drug regime
occurring one week after cycle [Days 7 and 8]. Atropinel] mg/kgbody weight subcutaneods
was administeretnmediatelyprior to each CPL1 injectbnto alleviate early onset cholinergic

symptomg98).

3.2.3Diet and Food Intake

Diets were based on American Institute of Nutritimodified basal ingredients witie
fat-source omittedHarlan Teklad, IndianapolisN, USA]. Control and fish oil diets contained
40% of total energy fronfat, 40% from carbohydratesnd 20% from protein [Table-3],
represenng the estimated average proportion of macronutrients typically consumed by humans.
The fish oil diet containethe same proportion of macronutrients as the control diet, differing only
in the additimm of 2.3 g fish 0il/100 g dietQcean Nutrition Canaddartmouth, NS, Canada]
Added fish oil replaced 2.3 g of other fat in the diettsthat the total fat contef20 g100g diet]
and the polyunsaturated to saturated fat ratio did not differ between control and fish oil diets. Food

intakewasmeasured every other day prior to initiation of chemotherapy, and every day during the

36



two weeks that chemotherapy was adstegried.During chemotherapy, relative food intake for
each animal is compared to the average relative food intake prior chemotherap¥4Dayay

a].

3.2.4Body Weight
Body weight was recorded on the same days as tumor volume. Body weight was converted
to tumorfree body weight for data interpretation and statistical analsidy weight during

chemotherapy was expressed relative to each a

3.25 Study Termination and Tissue Collection
All rats wee euthanized by carbon adide [CO;] asphyxiation. At euthanization,
gastrocnemius muscles were isolated, weighed, and frozen in melting isopentane cooled in liquid

nitrogen[-156°C], and stored aB0°C until subsequent analyses.

3.2.60il Red O and Hematoxylin Staining
Frozen gatrocnemius muscdaverecryosectionedransversely [10 um thickgnd stained
for neutral lipid content using Oil Red O as previously descrf{b&€) Sections were then rinsed
in distilled water, and counterstainédl [ mi n] i n May eSigraaldridre St.dous,x y | i n
MO, USA], to delineate fibers for crosectional area [CSA] measuremetuisfore another rinse
in distilled water. Sections were visualized und&fEdSS AXIO Compound Light Microscope
[AX10 Scope Al, Carl Zeiss Group, Toronto, ON, Canpaie200x magnificationColour images
were taken with a®@ptronics MacroFire Digital Camef®ptronics Goleta, CA, USAJusinga
Leica TCSSP2 spectral anfocal and multiphoton systenhdica Camera, Solms, Germany
Qualitative and quantitative analysis ©fl Red Ostaining was performed in blinded manner.

Quantification of neutral lipid accumulation was rad by Volocity 6.3 SoftwarderknElmer,
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Inc., Waltham, MA, USA] An average of 800 = 23 fibersas analged per muscle for the
delineation of the proportion of fibers expressing Oil Red O stailihgscle fiber CSA wvas

measured using Image J software on 200 fiperamuscle

3.2.7Fatty Acid and Triglyceride Quantification and Composition

Gastrocnemius muke[100 mg]was homogenizkin a 1.6 ml calcium chlorideClaCb;
0.025%] solution with glass beads% mm diameter; FastPrepZt, MP Biomedicals$anta Ana,
CA, USA]in 20 sec interval®r 1 min total. Samples were placed on ice for at least 15 seedretw
each homogenization interval. Lipids were extracted using chloroform/methanol as previously
described120). The TG fraction was isolated on-@ates as previously describ@d21) TheTG
band was scraped from-@ates andhe C15:0 internal standard [10.2 mg/100 ml hexaves
added, followed by saponification. TG was then methylated as previously degtjilbeaty acid
composition was determined usiggs chromatograpkyame-ionisation detector analysis on a
Varian 390 Varian Instuments, Georgetown, ON, Canada] previously describgd). Peaks
of saturated, monounsafited andoolyunsaturated fatty acidgere separated between 6 and 24
carbon chain lengths and identified usinfathly acidstandardof known compositiofGLC461,
SigmaAldrich]. Quantity of FA within the TG fractions was calculated by comparison with the

known concentration of the C15:0 standard.

3.2.8RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction (QRTIPCR)

Total RNA was extreted from gastrocnemius muscle [10 mugjng MagMax-96 total
RNA isolation Kit [Ambion, Austin, TX USA] following the manufacturé s pr ot oc ol
assessing RNA quantity and qualitg, NanoDrop spectrophotometefhprmo Scientific,
Wilmington, DE] and Agilent 2100 BioanalyzeAgilent Technologies, Santa Clara, CIASA]

were usedrespectively.Sampleswere thendiluted with nucleaséree water to 7 ng/plHigh
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CapacitycDNA Reverse Transcription kiApplied Biosystem, Foster City, CA, USAlas used

to reverse transcribe RNA to cDNA following the manufacitire p r o t-adesignéd. Pre
TagMan® probes with a-6aboxyfluorescein ph® p h o r a mi d i labelon the & &mé dnd

primer sets Applied Biosysterh were used to target the following gene€./ EBP b
[RN01764319 m1] C/ E B P[Rn02532096 _s]1] C/ E B P[Rn00560963 s1] PP AR
[RN00440945 m1JandSREBP1c [Mm00550339 g1]18SrRNA [Rn0328990_gl)was stable

among all samplesand herefore used abeendogenous contralRT-PCRwas performed od

pl cDNA samplesin triplicate, on an ABF900HTthermocycler [Applied Biosystems]. Relative

changes in gene expression were determined usirBj®f method of analysi€l21)

3.2.9Statistical Analysis

Data are summered as mean + SDOneway and a tweway repeatedneasures analysis
of variance [ANOVA]wereused to test differences in food intakbanges irbody weight and
tumor volume beforand duringchemotherapy treatmenespectivelyA Oneway ANOVA was
usedto test differences i@il Red O staining, total TGMRNA fold changes in gene expression,
and fatty acidscontent. When a significant difference was observed,-lpmstanalysis was
completed using the Bonferroni model.FAe ar son6s c or r dektadaiionship was u
between mMRNA expressiaf variousadipogenic/lipogenic transcriptional factors and total TG
Statistical significance was reported whewalue <0.05. All statistical analysegre performed

using SPSS 21.@hicago, IL, USA] for Windows.

3.3 Results
3.3.1Food Intake and Body Weight
After tumor implantation and prior to chemotherapy, the rats consuming fish oil had higher

relative food intake copared to rats in control groymean relative value€.0 + 0.09 g/g food
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intake prior tumowersus 0.9 £ 0.1 g/g food intake prtamor, p<0.001; data not showiihe fish
oil group gained 1% 5g of their body weight compared Tat 3 gin the rats consuming the
control diet[p< 0.03]

After each cycle of chemotherapy, food intake decreasedl group, and returned to
baseline by the end of the cycle, however there were no significant differences between the groups
[0.8+ 0.1 gHay; data not shown]. Body weight decreased after each chemotherapy cycle and was
significantly lower than basele on the second, third and fourth day following chemotherapy
injection [body weight decreased by 5%; p=0.04]. Average intakPéfplus DHA during the

chemotherapy perioa the fish oil groups wa$12+ 25 mdday.

3.3.2 Identification of a Potential Model of Tumor- and ChemotherapyAssociated
Myosteatosis

Fat accumulation in muscleFirst, to confirm thathe Ward colon tumobearing raind
CPT-11/5FU delivery modelsnducedskeletal muscle fat accumulatione quantified both the
neutral lipid accumlationandTG content in the gastrocnemius musclead$ onthe control diet.
Neutral lipids were quantified according to strong positive staining for Oil Red O within muscle
fibers, and qualitatively for the presence of intermuscular fiber variatiamsrf=3.2]. Two weeks
following tumor implantation, the proportion of fibers expressing Oil Reah® themean total
TG content in the gastrocnemius muscle wifeld [P<0.001 Figure 3.2] and -3old [P<0.001,
Figure 3.3] higher, respectively, in the caoot diet groupcompared with the reference group,
reflecting tumorassociatedat accumulation in muscle. Subsequgnthemotherapyreatment
further increaed fat accumulation in the gastrochnemius muscle. Rats on the control diet who
underwent cycle displayed a large amount of intermuscular fiber Oil Red O staining [Figure 3.2],

and significant increases the proportion of fibers expressing Oil RedFigure 3.2]Jandmean
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total TG contenfFigure 3.3] compared with tumdrearing only rats§<0.001and P<0.001,

respectively] and rats who underwent cytlf?<0.001 and P<0.001, respectively].

Adipogenic transcriptioml factors in muscle.Next, we assesse&m@ession of genes
involved in the adipogenittanscriptionakascadencluding the upstream gensterol regulatory
element binding proteiflSREBRP-1c, C/ E BdadC / E B &ilwell as the downstream genes
C/ E BandP P A Rdhe gastrocnemius muscle tdentify a potential mechanism fakeletal
muscle fat accumulatioim response tthe tumorbearing state before and during chemotherapy
treatment While expression ofSREBP1 c , C /ariel B P & Bwiete either not altered [i.e.
SREBPlcandC/ E BAppendix A] or displayed a moderate increase in expressiof[i.eE B P U
P<0.02; Figure 3.4A],expression ofC/ E BahdlP P A Rlaowed remarkable increases in
respones to the tumobearing state and subsequent chemotherapy treatment in rats on the control
diet [Figure 3.4A]. Specifically, in these animats/ E BaRdP P A Rxpression increased 26
fold [P<0.001] and 59fold [P<0.001] respectively, in the tumdrearing state before
chemotherapy thatignificantlyfurther increased in response to cy2leompared with reference

animals[Figure3.4A].

We further explored theetationshig betweenC/ EB P U, a@iP P B Rxpression
and total TG content ithe gastrocnemiusnuscle[Figure 3.4B] The expressionf C/ EBP U ,
C/ E BaRdP P A Rerepositively correlated withotal TGcontent Figure3.4B], revealingthat

key transcription factors involved in adipogenesis are related to the TG comeugdle

Muscle weight and fiber crosssectional area. Further characterization of the
gastrocnemius muscle showed that while muscle weigist not different between the groups

[overall mean 76& 60 mg; data not shownthe tumorbearing stateH<0.01 and subsequent
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chemotherapy [R0.001] resulted in lower mean muscle fiber CSA in rats on the control diet
compared with reference animals [Figure 3.5]. This shows that moderate muscle atrophy occurred

concurrent of fat accumulation in this animal model.

3.3.3 Effects of the i5h Oil Dietson Tumor- and ChemotherapyAssociated Myosteatosis

EPA and DHAcontent in muscleSince chemotherapy treatment significantly reduced the
EPA [i.e. cycle2] and DHA [i.e. cyclel and cycle?] content in the gastrocnemius muscle TG
fraction of rats on th control diet compared with the reference animals [Tai2lp ®e wanted to
first confirm that the fish oil diets restored muscle EPA and DHA. Indeed, both fish oil diets were
efficacious in maintaining or elevating EPA and DHA throughout both cyclebashatherapy

compared to reference [Table2R

Fat accumulation in muscleTo test the hypothesis that in a Ward colon tuesiring
rat modelof myosteatosis, dietary EPA and DH#ould mitigate tumor and chemotherapy
associatedlat accumulation in skefal muscle we measured neutral liE@ndTG content in the
gastrocnemius nacle of rats fed a diet containing fish oil beginning one week prior to tumor
implantation [long term] and beginning when chemotherapy was initiated [adjuBsifre
chemotherayp, tumorbearing rats onhe long term fish oil diedisplayed proportions dibers
expressing OiRed O[Figure 3.2] and total TG content [Figure 3.3] in the gastrocnemius muscle
similar tolevels observedh reference animals, which were significantbyver compared with
tumorbearing rats on the control diet [P<0.001 and P<0.003, respecti8elysequentlyafter
both cyclel and cycle2, tumorbearing rats on the long term fish oil daisplayed minimal
intermuscular Oil Red O staining [Figure 3.@hd exhibited over 40% less fibers expressing Oll
Red O [Figure 3.2&nd over 40% less total F@&uscle content [Figure 3.3] in the gastrocnemius
musclecompared with their respectivdhemotherapyreated cycle,umorbearing control diet
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groups Additiondly, cycle-1 and cycle2 rats on the adjuvant fish oil diet displayed similar
amounts of inter[Figure 3.2] and intranuscular [Figure 3.2] Oil Red O staining and total TG
[Figure 3.3] in the gastrocnemius muscle compared with their respective longdierail diet
group. Collectively, these resultshow that before chemotherapy, the long term fish oil diet
prevented tumeassociated fat accumulation, and the adjuvant fish oil diet was equally efficacious

as the long term fish oil dié& mitigating chenotherapyassociatedat accumulation in muscle.

Adipogenic transcription factors in muscldn the gastrocnemius muscle, the long term
fish oil diet prevented tumeassociated increases@/ E B P U, a@P P B Bipression, as
the expression of these transcription factors were similar to reference animals and significantly
lower compared to tumdrearing rats on the control die€ | E B P<0).001;C/ E B P<0.02;
P P A RPg0.02; Figur&.4A]. Subsequently, both fish oil diets greatly suppressed chemotherapy
associated expression of these transcriptional factors that eddarrats on the control diet
[Figure 3.4A]. Specifically, expression ¢/ EB P U, aGd/P P B\ MRdanained at reference
levels in the gastrocnemius muscle of rats on the long term fish oil diet who underwent
chemotherapy, with the lone exception of cy2I€ / E BeRpession that wasfdlder [P<0.05]
greater compared with reference, but remainetbD[P<0.03]lower compagd to cycle2 rats
fed control diet [Figure 3.4A]. Similarly, the adjuvant fish oil diet was able to fully reverse and
significantly decrease expression ©f EB P Ui, a6dPHEBAMRIber cyclel and cycle2,
respectively [Figure 3.4A]These results showhat both fish oil diets greatly reduced tumor
and/or chemotherapgssociatedncreases in thexpression okey adipogenic transcriptiah

factors.

Muscle weight andiber crosssectional areaAll groups orthelong term fish oildiethad

similar musclefiber CSA compared with reference animadsd were significantly greater than
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their respective control diet groups following one and two cycles of chemothé&a@yp2 and
P<0.005, respectivelyrigure 3.5]. Additionallymusclefiber CSA was not diffenat between the

long term fish oil and adjuvant fish oil groud$ea either cyclel or cycle2 [Figure 3.5]

3.3.4 Effects of the i5h Oil Dietson Tumor Response to Chemotherapy

Tumors grew to 1.8 + 0.4 chin size and were similar between all groups befiarting
chemotherapy treatmentong term and adjuvant EPA and DHA supplementation similarly
enhanced the antiimor activity of CPT11/5FU chemotherapy compared with the control diet
[Figure 3.6]. In each of the 7 dajallowing initiation of cycle-1, rats in both the long term and
adjuvant fish oil groups had significantly smaller tumor volumes compared with -beaong
rats in the control diet group [P<0.0Notably, tumor volumes were not significantly different

between the long term and adjuvéish oil diet groups during either cyeleor cycle2.

3.4 Discussion

To our knowledge, this study is the first to descrbpreclinical model of tumerand
chemotherapyassociated myosteatosis. Using this model, we investigated the effeets of
physiobgically attainable levebf EPA and DHA supplementation on the turb@aring state
before and during chemotherapgsociated myosteatosis, as well as on the tumor response to
chemotherapy. We show for the first time that feeding a diet containing EPBH#Wgrevents
tumorassociated myosteatosis, and that adjuvardimilarly efficacious to long ternEPA and
DHA feeding in greatly mitigating chemotherapgsociated myosteatosis, and in enhancing the
tumor response to chemotherapy. Specifically, we ghatin the gastrocnemius muscle of tumor
bearing animals before and during chemotherapy, neutral lipids and TG were elevated along with
increased expression of key transcriptional factors involved in adipocyte gene expression, which

were all greatly redted in animals fed a diet containing fish oil either beginning before tumor
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implantation [long term] or at the initiation of chemotherapy [adjuvant]. Additionally, after-cycle

1, tumor volume decreased in animals on the long term and adjuvant fish sitaigh equal

extent, compared with those on a control diet. Collectively, our results suggest that EPA and DHA
supplementation is a recognized effective adjuvant to chemotherapy to combat myosteatosis, in

addition to its welldocumented effect of enhangitumor cytotoxicityreviewed by(16)].

3.4.1 Identification of a Potential Model of Tumor- and ChemotherapyAssociated
Myosteatosis

Myosteatosis is emerging as an important prognostic factor in the oncology,setihg
has been found to be associated with shorter survival in cancer patients treated with various
therapies including chemotherafy9). In this stug, the Ward colon tumor model displayed
robust fat accumulation within skeletal muscle that was exacerbated by successive chemotherapy
cycles. Rollinset al. (7) has reported that the majority of cancer patientslaysmyosteatosis in
concert with muscle loss; twieatures hat share a poor prognosis in advanced cachexic cancer
patientg(8). Similarly, the Ward colon tumor model alstisplayed decreased muscle fibEnese
pathdogical changes in muscle have been identified duohgmotherapy(1,5,7,8,113)and
represent one of the toxig effects ofantineoplastic treatmentollectively, this preclinical model
displays features of human cancer with regards to skeletal muscle changes that occur in the

majority of cancer pgéents undergoing chemotherapy.

Determining the anatomical locati of pathological fat in cancer patients can be
informative towards the identification of potential underlying signaling mechanisms. However,
there is a dearth of information on this topic. Stepretra. (49) examined intramuscular lipid
droplets in weightosing cancer patients, and their results suggest that the number and size of lipid

droplets increase with cancer. Similarly, we observed an increase in neutral lipid content primarily
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within muscle fibers, inidative of lipid droplets, in the tumdrearing state that was exacerbated

by successive chemotherapy cycles. Neutral lipids were also evident between muscle fibers, but
only after the second cycle of chemotherapy, which may be attributed to the forroftion
intermuscular adipocytes. Collectively, it appears that signaling mechanisms involved in lipid

droplet and adipocyte formation are involveatancerassociated myosteatosis.

Lipid droplet formation occurs in various tissues in response to cellulas@tg?), which
can occur VisSREBP1c (123), an adipogenic transcriptional factor that plays a key role in fatty
acid biosynthesi€l24). Additionally, cellular stress responses occur in cancer and cancer therapies
[reviewed by(125). Therefore, we examined skeletal musSREBPLc expression, but found
that it was not altered in sponse to the tumdrearing state or subsequent chemotherapy.
HoweverC/ E B P I/ BnEMBRJA Bxpression, which were all elevated in the skeletal muscles
of tumorbearing animals before and after chemotherapy in our study, are involved in both
lipogenesis and adipogenesis in skeletal mugd&,126,127) Specifically, increase@€/ EB P U
expression occurs in myopathic murine skeletal muscle that contains abnormally high amounts of
lipid droplets within muscle fibers along with intermuscudatipocytes(126). Additionally,
C/ E BaRdlbrP P A Buverexpressioin vitro increases fatty acid uptake and incorporation into
muscle lipids including TG, and augments lipid droplet accumuléfitid,127) Likewise, these
key transcriptional factors were related to skeletal muscle fat accumulation in this animal model
that occurred mainly within, but also between muscle fibers. Collectively, it apihedrghe
mechanisms responsible for canessociated myosteatosis involve key regutatmf

adipogenesis/lipogenesis.
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3.4.2 Effects of the Ksh Oil Dietson Tumor- and ChemotherapyAssociated Myosteatosis

Nutrient deficiencies have been observed in capegients undergoing chemotherapy
including low levels of plasma EPA and DHA that appear to occur concurrently with muscle loss
and fat deposition, which can be corrected when fish oil is provided to patients during treatment
[10, 26]. We showed that patients receiving filise chemotherapy for advanced remall cell
lung cancer lost muscle mass and gairegletal muscle fat, while patients who supplemented
with EPA and DHA [2.1 g/day] beginning on the first day of chemotherapy exhibited a
maintenance or gain in muscle mass and reduction in intermuscular fat over the same time period
(24). However, the mechanisms through which EPA and DHA supplementation exert this
beneficial effect are unknown. Also, the extent to which adjuvant EPA and DHA supplementation
during chemotherapy is as efficacious as beginning prior &meec diagnosis is important for

application in the clinical setting.

EPA and DHA are known to have aatiipogenic effects on adipose tissue and metabolism
that occurs through multiple mechanisifi®8), but little is known about this mechanistic
regulation in canceassociated fat accumulation in skeletal muscle. Here we demonstrate, for the
first time, that EPA and DHA supplementation prevents tdassociated increases in the
transcriptional expression6f EB P U, a@dPEPB\MRIdd greatly mitigates further increases
during chemotherapy. These findings reveal that EPA and DHA exert their beneficial effects, at
least in part, through the suppression of key adipogenic transcriptional factors that weeshow ar
related to total TG content in skeletal muscle. Additionally, findings from our study also
demonstrate that adjuvant feeding of EPA and DKfarfed on the same day as initiatian
chemotherapyjs as effective as long term feeding [started prior to eunmmplantation]in

mitigatingmyosteatosis and inhibiting the expression of uiydeg transcriptional factors.
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3.4.3 Effects of the Fsh Oil Dietson the Tumor Response to Chemotherapy

Thein vivo model used in the current study represents a prevalematherapy regime
for colorectal cancer patients, and mimics the human colon cancer response-1d/&PU
treatmeni(98,110,129) Our results contribute to the large body of preclinjcaveiwed by(16)]
and emerging clinica{19,24)evidence suggest that providing EPA and DHA concurrent with
antineoplastic agents enhaneas-tumor effectsWe additionally demonstrate that adjuvant is as
effective as longer term EPA and DHA supplementation in enhancing thei@ot activity of
CPT-11/5FU chemotherapyThese effects are most likely due to the incorporation of these EPA
and DHAIn to cancer cell membrane phospholipids, thus modifying tumor properties. In doing
so, a wide range of biological functions can be altered, such as eicosanoid production, signal

transduction, membrane fluidity and cell interaction [ reviewe(PRy130).

3.5 Conclusions

The novel observations of pathological fat accumulation coupled with the expression of
key adipogenic/lipogenic transcriptional factors in the skeletal musclesrofiao tumorbearing
model that underwent chemotherapy treatment, reveal a potential mechanism underlying
fundamental alterations that may be involved in the development of myosteatosis in cancer
patients. Long term and adjuvant dietary EPA and DHA feediage equally efficacious in
markedly improving the therapeutic index 6fPT-11/5FU chemotherapy by concurrently
enhancing drug efficacy to the tumor while redudimgtoxicity effect of fat accumulation within
skeletal muscleOur study highlights the #rapeutic potential of EPA and DHA as promising
nutritional adjuvants to chemotherapy, which is of particular importance giveprdlgaostic
value of myosteatosis as an independent predictive factor of simortlongterm outcomes in

cancerFindings fran the present study are novel and encouraging, warranting future research to
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determine further mechanisms by whidretary EPA and DHA supplementation attenuate

pathologicalfat accumulationn theskeletalmuscles of cancerpatients.
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Table 3-1 Composition of experimental diets.

Ingredient Control diet Fish oil diet

Constant portior(80% w/w of diet)
Modified AIN-76 basal miXg/100g of diet):

Casein 22.7 22.7
DL-Methionine 0.3 0.3
Corn Starch 25.5 25.5
Sucrose 204 204
Vitamins (AIN-76) 1.2 1.2
Minerals (AIN-76) 4.1 4.1
Inositol 0.6 0.6
Choline Bitartrate 0.2 0.2
Cellulose 5.0 5.0

Variable portion(20% wi/w of diet)
Lipid source (g/100g of diet):

Canola Stearine 11.7 12.0
Olive ol 0.0 0.8
Sunflower oil 5.2 3.3
Canola oll 3.1 1.6
Fish oil 0.0 2.3

Fatty acid composition (% of total fatty ac
in the lipid source):

Saturatd fatty acids 58.7 59.9
Monounsaturated fatty acids 17.3 14.3
Polyunsaturated fatty acids 20.6 22.5
Total n-6 (18.6) (13.6)
Total 3 (2.0) (8.9)
EPA (0.0) (5.1)
DHA (0.0) (2.1)
Other fatty acids 3.4 3.3

Diets were isocaloric and isonitrogenous. AIN, American Institute of
Nutrition; DHA, docosahexaenoic aGiEPA, eicosapentaenoic acid

Fatty acid composition was measured by gas chromatography.
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Table 3-2 EPA and DHA content within the rat gastrocnemius muscle tryglyceride fraction.

n3 fatty

acids Study Groups P Value

Control Diet Long Term Fish Oil Diet Adjuvant Fish Qil Diet
Reference  Tumor Cyclel Cycle2 Tumor Cyclel Cycle2 Cyclel Cycle2

EPA (ug/g) 0.9+0.5a 0.4+0.2& 0.7+0.5a 0.2+0.2 0.9+0.4a 0.9+0.1a 1.3+0.7c 1.5+0.% 1.1+0.5x P<0.001

DHA (ug/g) 0.7+0.4a 0.6+0.4a 0.1+0.0b NDb 1.7+05 26+1.3 26+0.7d 2.7+0.8 1.7+0.5 P<0.001
Values are presented as means * SD. Different letters iadicatificant differences amomggoups. DHA, docosahexaenoic acid;

EPA, eicosapeng&moic acid; ND, not detectable.
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Figure 3.1 Experimental study design. The first day of chemotherapy -dydesigned as day O

and the first day of chemotherapy cy@elesignated as day 7. Rats were euthanized 7 days
following the completion of each cycle. CAT was administered on day 0 and day-Flbwas
administered on Day 1 and Day 8. Rats bearing tumoe euthanized two weeks following tumor
implantation. Healthy rats received no tumor and treatment and were on control diet. Long term
fish oil diet started one week prior to tumor implantation on 24y Adjuvant fish oil diet started

at the same dagf the first cycle of chemotherapy on Day 0. CPT, irinotecan; U, 5

fluorouracil.
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Figure 3.2 Oil Red O staining and analis of neutral lipid localization in rat gastrocnemius
muscle. In photomicrographs of Oil Red O stained muscle, solid arrow shows an example of a
fiber stained positive foDil Red O; dashed arrow shows an exampleositiveOil Red O staining
between mscle fibers. Scale bar represents 100 Bars represerproportion of fibersstained
positive forOil Red O. Values are means = SD. Different letters indicate significant differences
among groups [P<0.05].
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Figure 3.3Total triglyceride fatty acid levels in the rat gastrocnemius muscle quantifiedgesng
chromatographyalues are means + SD. Different letters indicate significant differences among

groups [P<0.05].
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Figure 3.4Patterns of adipogenic transcriptional factor mMRNA expression in the rat gastrocnemius
muscle.A) Fold changes i€/ EP B U, a@P P B Bipression levels as determined by the
2'®®Chethod of analysid/alues are means + SD. Different lettedidgate significant differences
among groups [P<0.09R) The correlation between each gene and the total triglyceride fatty acid

level.
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Figure 3.5Fiber crosssectional area in the rat gastrocnemius musa@ies are means + SD.

Different letters indicate significant differences among groups [P<0.05].
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Figure 3.5Relative tumor volume of tumdrearing rats who underwent one or twoles of CPFT
11/5FU treatment. Relative tumor volume is compared to the baseline volumien
chemotherapy was initiated [Day 0]. Black arrow shows the days when singié¢ ICiRjEctions
[50mg/kg] occurred [Days 0, 7]; white arrow shows the days when sin§ld fjections

[50mg/kg] occurred [Days 1, 8]. Values are means + SD.
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CHAPTER 4
Phospholipid and Triglyceride Compositions ReflecDietary EPA and DHA Intervention
in an Animal Model of Colorectal Cancer Receiving CPT1l1and 5FU

4.1 Introduction

Application of computed tomography [CTdcars obtainedn an oncological settingo
evaluate body compositidmas revealed thahuscle withlow radiodensity and elevated amounts
of intermuscular adipose tissue, definedm®stetosis,occurs in cancer patiens,7,9,24,46
48). It has been reported recently thatgenece of myosteatosis reduces the length of survival in
cancer patient$6-9). We have reported that intermuscular fat infiltration occurs as patients
progress through chemotherapy. However, when cancer patients supplemented their daily intake
with eicosapentaenoic acid [20:3nEPA] and docosahexaenoic acid [228HA], reductions
in intermuscular adipose tissue were obser(&#). This clinical result is supported by a pre
clinical study where we observed marked triglyceride accumulation to occur within muscle during
tumor growth. Feeding dietary EPA and DHA lowered the triglyceride content of muscle to that
of healthy animals after only 6 days of feed{sge Chapter 3, Figure 3.3 herefore, these data
suggest that myosteatosis, an independent prognostic factor for mortality in cancer, is modifiable

through dietary intervention with EPA and DHA.

Clinical evidence suggests that the3 polyunsaturated fatty acidtatus of newly
diagnosed cancer patients undergoing chemotherapy ig1@4) In comparison to healthy
subjects, advanced cancer patierdd depleted stores of plasm ratty acids withinplasma
phospholipid[PL] fraction after highdose chemotherapy, whdfPA and DHA levels were
reduced to about 7% of the control val{2$). Our grouphasreported aeduction in EPA and

DHA and total R3 fatty acid, in norsmall cell lung cancer patien{d). Another study aimed to
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investigate the way in which fatty acids patterngastrointestinamucosa are altered in human
gastric cancer. Specifically, researchers assessefhttigeacid composition of PL fraction of
mucosa in paired cancerous and-eancerous gastric tissudis study showed that theGin-3

ratio was higher ifPL of cancerous mucosaainly due to lgh levels of arachidonic acid [20:4n

6] coupled bylow levels of EPA and DHAS51). Therefore, both the disease as well as the
therapeutic treatments may be contributing factoreducingn-3 fatty acidq7,9,24,47,48,100)
Collectively, these results suggest that EPA and DHA are important for muscle health and could
potentially mitgate fat accumulation that occurs in the presence of tumor or during chemotherapy
[discussed in detaila Chapter 3] However, &tty acidcompositiorof skeletal muscléom cancer
patients has not beamaracterized and no biological measure of fat irscteuwas reported in

cancer associated with myosteatosis or neither during EPA and DHA intervention.

In order to investigate thekeletal muscléatty acids profile in canceaelated myosteatosis,
as well as during EPA and DHA intervention, Fischer ratsing the Ward colon 26 tumor and
receivingtwo cycles of CPT11 plus 5FU therapy were used. Tumbearing animals show
elevatedriglyceride[ TG] content, which is accelerated with chemothelapgChapter 3Figure
3.2], similarto what is observed idically (24). Additionally, findings from our studylso
demonstrate both adjuvafeeding of EPA and DHAstarted on the same yas initiation of
chemotherapy] as well as long term feedistguifed prior to tumoimmplantation]were effective in
reducing TG content of gastrocnemius muscle khatvn to occur in the presencétamor and
during chemotherapysee Chapter 3,Figure 3.3. The objectives of this study were 1) to
determine the fatty acid profile of TGhé PL fractions of gastrocnemius muscle tissue in a
preclinical model of cancaassociated myosteatosisher prior or after rats receiveddr 2-cycles

of CPT-11/5FU, and 2) to determine the fatty acids profile of TG and PL fractions in
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gastrocnemius oscle wherdietary EPA and DHAs provided eithebeginning athe initiation

of chemotherapy [adjuvantpr beginning prior totumor implantation [long term]lt was
hypothesized thatompared to healthy rats not bearing a tumor, rats bearing the Warelctallo
tumor alone or receiving-land-2 cycles of chemotherapy and associated with myosteatosis will
exhibit lower PL content, higher saturated fatty acids and n6/n3 fatty acid ratiavesidHPA

and DHA and total 48 fatty acid. However, providing aet containing EPA and DHA fed prior
[long term]to, and following[adjuvant] tumor implantation would increase total PL content,
decrease saturated fatty acids and n6/n3, and increase EPA and DHA ang@ fatabth PL and

TG fractions compared to rdiesd a control dietAlso, adjuvant fish oil diet will be as effective as

fish oil diet in all measures.

4.2 Material and Methods
Experimental design including, animal model, dietary design, tumor and chemotherapy
description, body weight and food intakeasurements, and total muscle weight are reported in

Chapter 3 sectioB.2.

4.2.1 Phospholipid and Triglyceride Quantification and Composition

Gastrooemius muscle [100 mdjomogenization and preparation for lipid extraction has
been described i€hapter3 section 3.2.6Lipids were extracted using chloroform/methanol as
previously describeq120) The TG and PL fraction was isolated onrplates as previously
described1,21) The TG and PL bands were scraped frorpl&es and C15:(10.2 mg/100 ml
hexane]and C17:0 [10 mg/100 ml hexane$tandards were added respectively, followed by
saponificationfor TG only. TG and PL were then methylated as previously rilesd (1). Fatty
acid compositions were determined using gas chromatograime-ionisation detetor analysis

on a Varian 3900Varian Instuments, Georgetown, ON, Canada| previously described).
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Peaks of saturated, monounsaturated @oigunsaturated fatty acidsere separated between 6
and 24 carbon chain lengths and identified using a fatty atahslard of known composition
[GLC461 SigmaAldrich]. Quantities of fattyacids within the TG and PL fractions were

calculated by comparison with the known concentration of the C15:0 and C17:0 standards.

4.2 .2 Statistical Analysis

Data are summarized as mean = SD. A-@ag ANOVA was used to test differences in
total PL and TGas well as the fatty acid composition in PL and TG fractions. When a significant
difference was observed, pdsic analysis was completed using the Bonferroni model. Statistical
significance was reported whpivalue <0.05. All statistical analyse®re grformed using SPSS

21.0 [Chicago, IL, USAJor Windows.

4.3 Results
4.3.1 Phospholipid Fatty Acid Profile

Fatty Acid Composition of PL in a Preclinical Model of Tumerand Chemotherapy
Associated MyosteatosiBirst, to confirm that the Ward colon turdoearing rat and CRT1/5FU
delivery models induced an alteratiorfatty acidcomposition withirthePL fraction,we quantified
total PL fatty acids as well as PL fatty acid composition in the gastrocnemius muscléetratg
tumor with or without reeiving 1- or 2- cycles of chemotherapy and wene control dietThe mean
total PL fatty aciccontent in the gastrocnemius muscles of rats bedaumgr only was not different
from reference ratg-igure 4.1] On the other hand, ratsceivingl- cycle chemotherapy exhibited
a significant reduction ahean PL fatty acid compared togdtearingtumor only [P<0.02, Figure

4.1). After 2- cycle of chemotherapy, amount of PL was returned to baseline levels.
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Tumorbearing rats exhibited similar proportion ofdl n3 and r6 fatty aci compared
to reference grouprable 41]. However, the proportiaof total saturated and monounsaturated
fatty acid driven by higher proportion a218:1n-9, were significantly higher inumorbearing
rats compared to refereecanimas [P<0.001 and P<0.001 and P<0.001, respectiveple 41].
After both T and 2cycles of chemotherappyoportiors of C18:1 A9 and totamonounsaturated
fatty acics were significantly higher than tumbearing animals[P<0.001 and P<0.001,
resgectively, Table 41], whereagotal proportion ofsaturated fatty acid significantly increased
after the second cycle on]#<0.00]. Proportion of n6 fatty acid were significantly decreased
following cycle-1 and cycle2 chemotherapjf<0.Gt and P<0.Q, respectively driven by lower
proportion 0fC18:2[P<0.00land P<0.001, respectivelyotalproportions of i3 fatty acids were

comparable betweeall groups on control diet

Effects of Fish Qil Diets on PL Fatty Acid Composition in a Preclinical Mod#ITumor-
and ChemotherapyAssociated Myosteatosig/e nextwanted taconfirm the effect of a long term
compared to the adjuvant fish oil diets in total Pltha gastrocnemius musclédaimorbearing
rats and those went underahd 2 cycles of chemothepy and fed long term fish oil diet exhibited
> 2 fold higher total PL contentP[<0.001 and R%001 and P<0.001, respectively] the
gastrocnemius muscles compared to their respective corartgigyFigure 41]. Rats fed adjuvant
fish oil diet and wentnder  and 2 cycles of chemotherapy exhibited similar level of total P

compared to reference animal [Figure 4.1]

Before chemotherapy, tumbearing rats on the long term fish oil diet displayed lower
proportion of totakaturated fatty acids [P<0.00#}iven by lowemproportion of C16:0 [P<0.04]
as well adower proportion of R6 fatty acids [P<0.001ldriven by lower proportion 0€18:2

[P<0.005]andC20:4[P<0.05] compared to tumebearing rats on control digfable 41]. On the
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other handpropotion of n-3 fatty acids [P<0.001] including EPA [P<0.005] and DHA [P<0.001]
were significantly higher in rats fed long term fish oil diet compared to theirategpeats on the
control diet [Table 41]. In addition, long term fish oil diet induced a sigrant reduction in the

ratio of n6/n-3 fatty acidgP<0.001]in tumorbearing rats compared to animals fed a control diet.
After both cyclel and cycle2, proportion of all fatty acids remained unchanged compared with
rats bearing only tumor and fed @b term fish oil diefTable 41]. Additionally, cyclel and
cycle-2 rats on the adjuvant fish oil diet displayed similar proportions of total saturated fatty acid,
n-6, and K3 including EPA and DHA, and-&/n-3 ratio in the gastrocnemius muscle compared

with their respectivéong term fish oil diet groupTlfable 41].

4.3.2 Triglyceride Fatty Acids Profile:

Fatty Acids Compositions of TG in a Preclinical Model of Tumand Chemotherapy
Associated MyosteatosidVe next quantified total TG fatty acids asell as TG fatty acid
composition in the gastrocnemius muscle ¢ oa the control diet. The total TG fatty acid content
in the gastrocnemius muscle has been presented in chaitiguBe 3.3. Total saturated fatty
acids including C16:0 and C18:0 wexemparable between tumor bearing animals and reference
group.However tumorbearingrats exhibited higher t@l monounsaturated fatty acidd40.001],
driven by higheiC18:1 [P<0.001]and lower proprtion of total n6 fatty acid P<0.03 and r»3
fatty adds [P<0.(®], driven by lowerC18:3[P<0.001,Table 42]. Rats on the control diet that
underwent Zycles of chemotherapy displayed a higher proportiorsaifirated fatty acids
compared to tumoibearing rat only <0.04, &ble 42], driven by higher propgtion of C18:0
[P<0.00%. Rats receivin@2-cycles of chemotherapy exhibited significant decreaséstah n3

fatty acids [P<0.0024nd DHA was not detectet any time after chemotherapy treatmdmwo
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cycles of chemotherapy furtheausea significant mcrease in #6/n-3 ratio in TG fraction of

gastrocnemius muscle compared to rats bearing only tiRg0r001, Table 42].

Effects of the Fish Oil Diets on TG fatty acids composition in a Preclinical Model of
Tumor- and ChemotherapyAssociated Myosteats Since both tumor and chemotherapy
treatment significantlglecreased-3 fatty acidgTable 42], we wanted confirm that the fish oll
diets restored muscle essential fatty acids including EPA and DWalsowanted toconfirm
the effect of a long terrmompared to the adjuvant fish oil diets in total TGha gastrocnemius

musclegTable 42]. Total TG fatty acids in these rats were reporte@hapter JFigure 3.3.

Tumorbearing rats on the long term fish oil diet displayed lopreportion of R6 faity
acids P<0.09, driven by lower proportion C18:P<0.001] and higheiproportion of R3 fatty
acids [P<0.001]driven by higheEPA [P<0.05] and DHA [P<0.00,l¢ompared to tumebearing
rats on control digtTable 42]. In addition, long term fish odiet induced a significant reduction
in the prgoortion of r6/n-3 fatty acids [P<0.00lih tumorbearing rats compared to animals fed a
control diet. Subsequently, after both cyeleand cycle2, rats on the long term fish oil diet
exhibited lower propoidn of n-6 [P<0.00land P<0.001, respectivelgihd n6/n-3 ratio[P<0.001
and P<0.001, respectiveldriven by higher proportion of totad-3 fatty acids P<0.M1 and
P<0.001, respectivelyfiriven by higher proportion ddHA [P<0001 and P<0.001, nesctively]
compared to their respective control aninjdisble 42]. Additionally, cyclel and cycle? rats on
the adjuvant fish oil diet displayed similar effect on fatty acid composition in the gastrocnemius

muscle compared with their respective longntéish oil diet groudTable 42].

65



4.4 Discussion

This study is the first to use a preclinical model of tunamd chemotherapgssociated
myosteatosigsee Chapter 3p investigate the effects of tumor and chemotherapy oandLTG
content and compositioin skeletal muscle. Additionally, we investigated gféect of dietary
EPA and DHAfed prior to tumor implantatiofiLong term]and concurrent withhe first cycle of
chemotherapy [adjuvanth PLand TG content and compositiansskeletal muscle. We sv in
the previous study [se@hapter3] for the first time that feeding a diet containing EPA and DHA
prevents tumeassaeiated myosteatosis, and tl@juvantfeeding fish o is similarly efficacious
to long term EPA and DHA feeding in greatly mitigag chemotherapgssociated myosteatosis.
While in the previous study we show that total TG content in the gastrocnemius muscle ef tumor
bearing animals before and during chemotherapy that fed control diet incfsasedhapter 3,
Figure 3.3, in this stuly we show that total Pdecreasef~igure 41] following the first cycle of
chemotherapin control fed animals but is markgdncreasedn the gastrocnemius musaéfish

oil fed animals

Rats bearingumor alone or undgping one or two cycles of cimeotherapy and fed a
control diet exhibited higher saturated fatty acids, whi@ fatty acids includingePA were
significantly reducedDHA was not detectenh either PL and T@ompared to reference animals.
However, animals fed a diet containing fishaither begining before tumaermplantation [long
term] or atthe initiation of chemotherapy [adjuvargkhibited lower saturated fatty acidsgn
while n-3 fatty acids including EPA and DHA were significantly increased in gastrocnemius
muscle compared tileir respective control groups. Collectively, our results suggest that PL and
TG composition of gastrocnemius muscle reflect EPA and DHA intervention which may associate

with preventing and treating myosteatosis in these animal mgs®apter 3. Feeding EPA
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and DHA for short term [a weekjas as effective as feediifPA and DHA for long term [4

weeks]to be incorporated into gastrocnemius muscle tissue.

44.1 PL and TG Fatty Acid Composition in Gastrocnemius Muscle of Model of Tumor
and Chemothergy-Associated Myosteatosis

Myosteatosis is considered as an important prognostic factor in the oncology setting, as it
has been found to be associated with mortality in cancer patients tnatetiemotherapy6-9).
In this study, the Ward colon tumor model displayed robust fat accumulation within skeletal
muscle that was exacerbated by successive chemotherapy [sedagShapter 3] Biological
measure ofat in muscle of cancer associated with myosteatssistexplored.Muscle contains
different lipid species such @& andPL. In the present stugdyhe mean total PL fatty acids content
in the gastrocnemius muscles of rats beatimgor and received-1cycle of chemotherapy
treatment is lower than reference animals. The reduction in totdda®lwas observed following
the first cycle of chemotheragypuld beattributed to a reduction gither number or size afusce
fiber. In the previous study [s€&hapter 3we have reported thahemotherapy resulted in lower
mean muscle fiber cross sectional area in rats on the control diet compared with reference animals
[ see Chapter Figure 3.%. Total muscle PL fatty acids in the contfel ratsreceiving 2 cycles
of chemotherapwgignificantly increased to similar levels of turmgaring rats that received no
treatment. The increase in PL content of gastrocnemius muscle following the second cycle of
chemotherapy could be a result of increased adipsaytdor lipid dropletsmembranesince it
was concurrently associated with increase in TG fatty acid content. These findings are supported
by Oil Red O stining as it showedn increase in neutral lipid content primarily within muscle

fibers, indicative of lipd droplets, and also evident between muscle fibers, after the second cycle
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of chemotherapy, which may be attributed to the formation of intermuscular adip{estes

Chapter 3, Figure 3].

Not only the total amount of PL fatty acids is important bu gie fatty acid composition
of PL within the muscle can contribute to muscle metaboliterations in the composition of
membrane fatty acidsnodifies the thickness and fluidity of the lipid bilayer, which can
subsequently impact skeletal muscle lipiohtent In norcancer conditions associated with
myosteatosis such as oligsand insulin resistance, it has been reported that skeletal muscle
membrane PL display a different fatty acid compaosition compared with lean subjects, with a higher
proportion ofthe saturated fat and lower concentrations of polyunsaturated fatt{6&&). In
this study,we found thatumorbearing rats and those receivihgand2-cycles of chemdterapy
exhibited higher proportion of total saturated fatty aomnpared to eference animal in PL
fraction [Table 41]. Preclinical models of insulin resistance reported that higher saturaied fat
laden membranes are associated with insulin resistainieh v similarly observed in humans

(66).

Bordoni et al reported that tumour as well as chemotherapy treatmdeces alterations
in the desaturation and elongationatphalinolenic acid[C18:3 r3] to EPA andDHA in heart
muscle(131) Similarly, in this study we observed thamor bearing only rats and those received
1- and2-cycles of chemotherapgxhibited low proportion of total-8 fatty acids and DHAvas
not deected following chemotherapy treatm@mPL and TG frations of gastrocnemius muscle.

These results suggested a conditional essentiality of EPA and DHA in cancer and during treatment.

This study found that the proportion of6m-3 ratio was significanyl increased in the

presence of the tumor and followingahnd 2 cycles of chemotherapy in TG fractiaich driven
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by lower n3 fatty acidscompared to reference rats. Increase the ratio-6fH3 derives
eicosanoidsthat modulatethe production of pronflammatory cytokines(132), such as
interleukin6 [IL-6] and tumor necrosis factor alpha [TNJF thatmaycausean increase in muscle
catabolism and mitochondrial dysfuncti(86,133,134)Fats stored in muscle usually serve as a
fuel for mitochondria oxidation83), suggesting that a decrease in the size or number of
mitochondria may cause lipid accumulation inside of the muscle. Collectively, these results
suggest that fatty acid composition in both PL and TG are altered preékence of Ward colon
tumor and following chemotherapy treatment with higher saturated fatty a6id;3ratio and

lower n3 fatty acids including EPA and DHA compared to reference rats. Further investigation is
required to assess pathways that mayctdt due to the changes in fatty acid composition and

contribute to increase TG content within muscle tissue

4.4.2 Effects of the Fish Oil Diets on PL and TG Fatty Acid Composition in Gastrocnemius
Muscle of Model of Tumor- and ChemotherapyAssociated Myateatosis

Nutrient deficiencies have been observed in cancer patients following chemotherapy
treatment including low levels of plasma EPA and DHA that appear to occur concurrently with
muscle loss and fat deposition within the muscle, which can be cakdegtproviding fish oil

supplementation to cancer patients during treatrfie2d)

The animal model used in the present study demonstrated that incorporation of EPA and
DHA into both TG and Plfatty acids was similar between rats festh oil for either long term [3
weeks minimum] or short term [one week minimui@h the other handaturated fatty acids as
well as n6/A3 proportion were significantly decreased in PL fraction following fish oll
supplementation compared to rats fed a control diet. Healthy people supplemented with 5 grams

of fish oil per day hadn increase in8 fatty acids [3.8% to 5.1% total fatty aciddler 2weeks,
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and it further increased afterwieeks to ~6.8% total fattacids (135) Other studies have
demonstrated that®eeks of fish oil supplementation results in@ increase in muscle PL- n

3 fatty acid omposition in healthy subject$.p4% to 9.03% total fatty acid§75,76) In the

present study, we observed similar increases in proportios3 ¢atty acid content in both TG and

PL fatty acids, even \th one week of supplementation [adjuvagtle-1 chemothernay]. In cancer
patients, a temporal assessment-8ffatty acid incorporation into tissue has not beemducted
Furtherwork similar to McGlory et al.}32) could be replicated in a cancer model to determine
whether a prolonged period of fish oil supptartation may be required to reach a saturation of n

3 fatty acids in skeletal muscle, especially during chemotherapy treat2igrnimprovement of

the insulin response is the most widely explored mechanism for tieéidel effects of EPA and

DHA fatty acids on muscle and has been studied in many experimental systems and in a number
of noncancer disease stat@8-73). In several experimental studies, EPA and DHA have been
reported to support the anabolic potential of mugél@,70,72,76) In rats, n3 fatty acid
incorporation into muscle increased membrane unsaturation concurrent with improved insulin
sensitivity and decreased muscle triglyceride con(ér). Fatl mice, which are capable of
endogenous-3 fatty acid synthesis, exhibit better glucose tolerance than contro{6BijceSome,
(70,76,78,79put not all(80,81)studies have shown an effect eBmpolyunsaturated fatty acids

on AKT activation, a regulator of muscle growth. Incorparatf EPA and DHA into the muscle
membrane alters its composition, and may modulate key membrane substrates involved in the

insulin signaling pathway and subsequent protein synthesis and improve muscle an@2alism

We have also observéldatPL content igastrocnemius musclegs significantly higher
in rats fed dietary fish oil compared to their respective control graupsincreasean total PL

could beattributed tancreasean either number or size ofusck fiber. In the previous study [see
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Chapter 3)we have reported that rats fed a fish oil @ehibited highemean mugcle fiber cross
sectional area following chemotherapy treatment compared to their respectika dietgroups
[seeChapter 3, Figure 8], however this observation would require further quantitative analysis
of the number of muscle fiber. The increase in PL content of gastrocnemius imtiseke groups
could bealsoa result of increasecklls within the muscle such as mitochondria.gignumber

of mitochondria in skeletal muscle has been repaftethg EPA and DHA interventiotinrough

the activation oPGG1 U i n s k e lrewiewedby (81)]. Howewer, further research is
needed to investage the mechanisms underlying the beneficial effect of EPA and DHA provided

in the diet on skeletal muscle in cancer.

45 Conclusions

The novel observations pathological fat accumulation [see chaptec@)pled with lower
total PL,lower n3, driven ly undetectable DHA following chemotherapy treatment, laigtier
saturated fatty acids and@in3 ratio in the skeletal muscles of emvivo tumorbearing model
that underwent chemotherapy treatment, reveal a potential alteratfatty acid composition
within skeletal muscle that may be involved in the development of myosteatosis in cancer patients.
Long term and adjuvant dietary EPA and DHA feeding were equally efficacious in markedly
reducing TG fatty eids content wthin the muscle [see ChapterRgure 3.3Jand improving the
incorporation of EPA and DHA fatty acids in both PL and TG fraction within the muscle which
was also coupled by reducing proportion saturated fatty acids-&d3nratio. These resultare
novel future research to determinerther mechanisms by which dietary EPA and DHA

supplementatiomitigatemyosteatosig the skeletal muscles of cancer patients.
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Table 4-1 Fatty acids composition of muscle phospholipid of rats bearing tumor and receiving chemotherapy

Fatty Acids Study Groups P Value
(%) Control Diet Long Term Fish Oil Diet Adjuvant Fish Oil Diet
Reference  Tumor Cyclel Cycle2 Tumor Cyclel Cycle2 Cyclel Cycle2

C 16:0 209+26ac 211+1.lac 220+14ab 205+45ac 183+1.4b 21.1+20ac 20.2+1.6ac 195+1.6c 21.2+1.1ab P<0.001
C18:0 219+26a 214+25a 202+17a 225+35a 20.6+10a 222+2la 220+16a 212+12a 188+1.3b P<0.003
C 18:1n9 41+17a  10.3+1.8b 12.0+2.2c 123+39c 7.3+1.9d 95+14bd 105%24b  9.3+0.9b 9.4+11b  P<0.001
C 18:2n6 11.9+0.9a 120+1.2a 99+08b  9.6+21b 7.4+1.0c 80+1.1bc 85+09bc 84+09bc 8.2+08bc P<0.001
C18:3n3 0.1+0.1a 0.1+0.1a NDa NDa 0.1+0.1a 0.1+0.1a 0.2+0.1b 0.1+01a 02%01b P<0.021
C 204 n6 176+2.6a 169+1.2a  17.3+12a 162+2.0a 133+23bc 102+1.90 94+21b 150%09ca 144+1.3c P<0.001
C 20:5R3 0.1+0.1a 0.2+0.1a 0.1+01a 01+0la 1.7+0.3b 2.2+0.3c 25+0.2c 1.7 £0.5b 1.7+05b  P<0.001
C 22:6 R3 02+0.1a NDb NDb NDb 202+2.0c 205+1.1c 206+15c 20.2+0.7c 203+1.6c P<0.001
xSFA 50.7+1.7a 55.8+16b 557+1.8b 602+26¢c 453+1.7d 451+13d 43.8+11de 413+16e 41.3+19e P<0.001
x MUF A 46+17a  109+1.9b 12.7+23c 13.1+39c 7.8+20d 101+15b 11.0+25bp 9.7+10b  103+1.4b P<0.001
x n6 31.1+27a  30.3+2.0a 287+17b 26.7+20c 21.1+16de 187+13d 185+19d 239+14e 23.0+1.7e P<0.001
x A3 3.1+0.3a 3.2+0.3a 27+03a 23+02a 257%23b 261x12b 265+16b 250+1.2b 254+18b P<0.001
n-6/n-3 105+1.2a  9.5+05a 105+1.2a 11.3+1.0a 0.8+0.1b 0.7 +0.1b 0.7 +0.1b 1.0+0.1b 0.9+0.1b  P<0.001
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Values are presented as means * SD. Different letters iadiicatificant differences amomggoups Fatty acids composition of
musclephospholipid vas quantified uag gaschromatograph$FA, saturated fatty acidMUFA, Monounsaturated fatty acitD,
not detectableg 20:5 n3, eicosapentaenoic acjEPA); ¢ 22:6,docosahexaenoic acipHA).
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Table 4-2 Fatty acids composition of muscle triglycerideratls bearing tumor and receiving chemotherapy

Fatty Acids Study Groups P Value
(%) Control Diet Long Term Fish Oil Diet Adjuvant Fish Oil Diet
Reference Tumor Cyclel Cycle2 Tumor Cyclel Cycle2 Cyclel Cycle2

C 16:0 19.0+43ab 209+21la 17.4#27ab  175+23ab 200+1.7a 17.9+21lab 182+1.6ab 159+27b 16.2+4.4ab P<0.02
C 18:.0 10.0 + 2.9ac 79+15a 11.2 +2.3bc 15.2+4.3c 105+2.2ac 12.0+3.8bc 12.1+29bc 11.2+1.2bc 8.6 +1.6a P<0.02
C 18:1n9 33.9+6.5a  41.6+2.6b 452 +2.9¢c 425+56bc 37.9+27a 423+12bc 427+22bc 423+12bc 44.6+3.3bc P<0.001
C 18:2n6 20.8+3.8a 20.0+3.6a 15.2+1.5b 159+29b  158+3.0b 13.8+2.7bc 122+33c 195+1.6a 195+1.8a P<0.001
C 18:3n3 1.4+0.3a 0.6 +0.4b 0.4 +0.2bc 0.2+ 0.1bc 0.6 +0.3b 0.8+0.2b 0.6+0.3b 0.5+ 0.4bc 0.2+0.1c  P<0.001
C 20:4 n6 1.8 £0.4a 1.4 £0.2ac 3.0+1.2b 1.7+£0.7a 1.2+0.3ac  0.9+0.2c 0.9+0.3c 1.7 £0.4a 1.5+0.6ac P<0.001
C 20:5n3 0.9 +0.3ac 0.4 +0.2ab 0.7+0.2 0.2+0.2b 0.9+04ac  0.9z0.1a 1.3+0.7c 1.5+0.3c 1.1+£05¢c P<0.001
C 22:6 n3 0.7 £0.4a 0.6 £ 0.4a NDb NDb 1.7 £0.5¢ 26+1.1c 2.6+0.7c 2.7+0.8c 1.7+05c  P<0.001
xSFA 29.3+2.9a 289+11a 301+14ab  327+2.0b 31.8+34a 30.5#2.8ab 30.8+3.3ab 27.2+25ac 24.8+3.8c P<0.005
x MUF A 39.8+2.2a  46.3+3.1bc 48.1+3.0bd 456x3.3bc 408+3.3a 458+21bc 459+3.1bc 44.7+25c 500+1.7d P<0.001
X R6 26.9+2.3a 229+1.4b  202+20bc  19.0+20c 19.4+1.8c  16.3 +21d 148+26d 226+1.8b 222+25b P<0.001
x n3 3.3+0.6a 1.8+0.3b 1.7 £0.4b 0.5+0.3c 5.5+ 1.5d 6.1+2.0d 6.8 +2.0d 5.5+1.4d 51+07d  P<0.001
n-6/n-3 10.9 £ 2.9a 17.2+5.2b 153+3.1b  492+132c 3.8x1.2d 2.9+1.1d 2.4+1.0d 4.4 +1.2d 78+26a P<0.001




Values are presented as means * SD. Different letters iadiicatificant differences amomggoups Fatty acids composition of
muscle triglyceridevas quantified usingaschromatographySFA, saturated fatty acilMUFA, Monounsé#urated fatty acidND, not
detectableg 20:5 n3, eicosapentaenoic acfEPA), C 22:6,docosahexaenoic acfpHA).
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Figure 4.1 Total Phospholipid fatty acid levels in the rat gastrocnemius muscle quantified using
gaschromatographyalues are means * SD. Different letters indicate significant differences
among groups (P<0.05).
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CHAPTER 5
Role of EPA and DHA on Skeletal Muscle Mitochondrian an Animal Model of Colorectal
Cancer Associated Myosteatosis

5.1Introduction

In skelg¢al muscles, fat consists of intnayocellular lipid droplets within the cytoplasm of
myocytes and intermuscular adipocy(@86) These fat stores constitute the main substrate that
fuels skeletal muscle contractiqi37) however, excessive deposition of triglyceride within
skeletal muscle, which should contain only small amounts of fat, represents a pathological
condition. Specifically, this statepresents aberrant deposiion, synthesis andor elimination
of triglycerides The pathological accumation of fat within muscletermedmyosteatosis, ia
serious consequence of the tumor bearing state and chemotherapy treatments that is camsidered
a predictor of timeo-death(6-9) . Methods used to measure myosteatwsisumans have been
reported[reviewed by(97,138]), however,the mechanistic underpinnings of this condition still

require characterization.

Recent human and animal studies have investigated the manner infathidiitrates
muscle in the tmorbearing stateThe size and number of intramyocellular lipid droplets has been
shown to increase in the presence of ca(®x In our previous study (reported in chapter 3), we
revealed thapresence of th&Vvard colon tumor inan animalmodel significantly increased
triglyceride fatty acid contentmeasured biochemically and visually using Oil RedirOthe
gastrocnemius musclesmpared to healthy rats aindavas further increased following the second
cycle of chemotherapy compared tintreated tumebearing rats and it was associated veth

increase in gene expression involvedadipogenesis and lipogenesis. Collectively, these results
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showed that both tumor and chemotherapy treatment could increassyipigesis within the

muscle.

Increasd lipid synthesis within the muscle along with lower fat utilization would result in
fat accumulation within the muscle &pids stored in muscle usuallgre usedas a fuel for
mitochondria oidation (83). Skeletal muscle mitochondrial contenay be modified if there is a
changingin muscle fiber compositiomNormal rat gastrocnemiuand tibialis anteriomuscles, for
example arecomprised oimixed fiber typesncluding type land 11 (139). Type I fibers rely on
mitochondrial oxidative phosphorylation for ATP production, are high in oxidative enzymes, low
in glycolytic markers, and have high capacity to store and utdizevhile type 1l fibers primarily
use glycolysis [type [IBbr both glycolysis and mitochoridl oxidative phosphorylatiortyjpe 1A
and type IIDX] for ATP production, store glycogen, and have less mitochondria. Therefore,
biochemical properties of muscles with diffat fiber type composition may underlie differential
metabolic response in the turmearing stateAn experimental studyshoweda significant
reduction in themajor regulation enzymes for oxidative phosphorylation includiigchromec
oxidase complex $«wnit IV and a 50% reduction in thevkd of succinatelehydrogenase [SDH]
as well aghe main transcriptional factor for mitochondrial biogeneBexoxisomeProliferator
ActivatedReceptorGammaCoactivator] PGG-1 Pin gastrocnemius muscle of tdgc [Min/+]
mouse compared to witype control micg86). However fat content within the muscle has not

been assessed

In non-cancer conditionghe dysfunction of mitochondria has been linked to myosteatosis
in elderly ppulation (eviewed by87), insulin resistance and obes{88). An experimentbstudy
used tibialis anteriohighly glycolytic fiber, mainly type IIB] andoleus highly oxidatve muscle;

mainly type | fiberjmuscles of male C57BI6/J mice to assess lipid accumulation in specifi& fiber
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type as well as muscle oxidative capacity in response to 12 wéékgh fat diet intervetion
reported that triglycerideontentn t he oxi dati ve sol eus mu-scl e
fold higher compared with the glycolytic tibialis anterior mugé@). This studyshowedthat the
accumulation in muscle triglyceride content is higlmeoxidative fiber types. However, iihe

tumorbearing state of fiber type specific lipid accumulation has not bearhgedcterized

Many beneficial effects aficosapentaenoic [EPA, 20:8h anddocosahexaenoic [DHA,
22.6n 3] fatty acidson mitochomrial content and oxidative capacity have been reported including
the stimulatiorof mitochondrial biogenesis through activatiorP@G-1 (h skeletal muscle cells
andincreasedunction of the major enzymes in the electron transport dmaiwewed by(91)].
However, the role of EPA and DHA on mitochondrial density as well as oxidative capasity

not been investigated in relation to myosteatosanyneoplastic condition

The objective of this workvas first evaluatetotal neutral lipid contentwithin tibialis
anterior muscléo confirm our previous findings observed in gastrocnemius msi§ete Chapter
3, Figure 3.3],andthen assess the lipid accumulation is related ta specific fiber type in a
preclinical model of colon cancer fed a canhttiet or fish oil diet prioto [long term] and after
tumor implantation [adjuvant diet]. Wdsa wanted to explore if these observati@esild be
related to mitochondrial content and oxidative capadtditionally, we wanted to determine
whether EPA and DHA supplementation beginninghat initiation of chemotherapy[adjuvant]
had similar outcome compared with startig prior to tumor implantation [long termit was
hypothesized thatompared to healthy rats not bearing a tumor, both rats bearing the Ward
colorectal tumor alone or receivedand-2 cycles of chemotherapy will exhilbitgher conént of
neutral lipid staining within muscle fibeand neutral lipid accumulatiomould be associated with

lower mitochondriatensityand oxidative capacitydowever,rats feda dig containing EPA and
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DHA prior [long term] to, and following [adjuvantimor implantatiorwill exhibit lower neutral
lipid staining within muscle fibetand hgher mitochondrialdensity and oxidative capacity

compared to their respective control groups.

5.2Material and Methods
Experimental design including, animal model, digtdesign, tumor and chemotherapy

description, body weight and food intake measurements are reported in Chapter 3s2ction

5.2.1Tissue Collectionand Processing

All rats were euthanized by carbon dioxide [T@sphyxiation. At euthanization, tibig
anterior muscles were isolated, weighed, and frozen in melting isopentane cooled in liquid nitrogen
[-156°C], and stored aBO°C until subsequent analyses. For histology staining frozen tibialis
anterior muscles were serially cryosectioned transwef8eserial sections per sample, 10 pm
thickkusing a refrigerated cryostat [T20 AC, CTI
Needham Heights, MAfor Oil Red O stainimmunofluorescenc#yosin Heavy ChaifMHC]
stain, andSDH stain. One hundred nmprtions of muscles were kept frozen&Q2 for mMRNA and

protein analyses.

5.2.2Histology
5.2.2.1 Oil Red O, Laminin and Dystrophin Staining

Slides were air dried for 30 min at room temperature and then fixed in 10% neutral buffered
formalin [NBF, SigmaAldrich Canada Co., Oakville, Ontario] for one hour at room temperature.
Slides were washed in phosphate buffered saline with Tween® 20TPB&8lysorbate, Abcam
Inc, Toronto, ON] for 5 min followed by 2 x 5 min in PBXimary antibodief500ni; diluted in

blocking solution,Table5-1] were applied then slides were incubated in a humidity chamber for

80



two hours at room temperature. All slides were washed 3 x dithrPBS. Secondary antibodies
[500 mi; diluted in blocking solutionTable 5-1] were applied, then slides were incubated in a
humidity chamber for 2 hours at room temperatiB8kdes were then washed 3 x 5min in PBS and
stainedor neutral lipid content using Oil Red O as previously desciib&fl). Sections were then
rinsedwith deionized water 3 x 30 sec, then with running tap water for 5 min, and mounted with
ProLongE Mo | e c ul ar Eugenep ®Rmsuiting medium and 1-fhicknesscoverslips

and laid flat for 24 hours at rootemperatureFluorescent imagewere taken within B days.

5.2.2.2 Immunofluorescenc®etection of Myosin Heavy ChainBased Muscle Fiber Types

Fiber types were identified iibialis anteriomuscles by using Immunofluorescend4HC
staining technique. Slides were air doy 30 min at room temperature and then fixed with pre
chilled 100% acetone aR0°C for 10 min. Muscles were permeabilized for 5 min in #BS
followed by 3 x 5 min wash in PBS. Samples were blocked with blocking solution containing 10%
normal goat serumna 1% albumin in PBS and kept overnight in a humidity chamber at 4 °C.
On the second day, samples were washed with PBS followeithcbigation with primary
antibodies $00m, diluted in blocking solutionTable5-2] for 2 hours at room temperature. Skde
were then washed 3 x 5 min in PBS and incubated in a humidity chamber @ar \hith
secondary antibodiesQ0m, dilutedin blocking solution, Table-2] at room temperatur&lides
were then washed 3 x 5min in PBSides were mounted with ProLoBg[Mo | ecul ar Pr o b ¢
Eugene, ORmounting medium and I-thicknesscoverslips, and were laid flat for 24 hours at

room temperaturesnd fluorescent imagegere taken within B days.

5.2.2.3Myosin Heavy Chainand Oil Red O Confocal Imaging and Analyses
Muscle sections were visualized with arsping disk confocal microscop®[ympus X

81 motorised microscope base, Yokagawa CSUXaneng disk confocal scanead]equpped
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with pumped diode laserblpie: 44mW 405 nm, green: 50mW 491 nm, red 50mW 561nm, far
red: 45mW 642nm] and an EX@CD cooled camerdfamamatsu; QuorumeEhnologies, Guelph,

ON, Canada]individual zstacked images were taken across the entire muscle cross section with
a 20x oil lens, and then stitched and merged together into compositesinsaigy Volocity 6.3
software [PerkinElmer, Waltham, MA, USAtach muscle fiber typé, [lIA, 1IB, 1IDX, I/lIA, and
[IA/IIDX] was presented as proportion within an average of 7691 + 1074gdresampleEntire
muscle as well as make fiber cross seidnal area CSA] was measuredsing Volocity 6.3
software.Qualitative and quantitative analysis of Oil Red O staining was performed in a blinded
manner Minimum pixel intensity for positive Oil Red O staining was set manually. Neutral lipid
content withinmuscle fibers, indicative of lipid dropletgjas presented as proportion of fibers
expressing Oil Red O within an average of 4390 + 810 fiperssampleNeutral lipid content
between muscle fibers, which may be indicative to the formation of internausalipocytes, was
presented as proportion of arga] expressing Oil Red O between muscle fibers to whole muscle
cross sectional areBeutrallipid contentbasedmusclefiber typewas performed manually. The
two serial section slides, stained with eitldil Red O oMHC, were matched manually to identify
fibers associated with neutral lipid accumulation. The arsalyas conducted on 200 fibgsr
samplg50 fibers/ type, see example Figurdp.Data are presented positive Oil Red O mean pixel

intensty of each fiber/ minimum pixel intensity

5.2.2.4Succinate Dehydrogenaselistochemical Stain

Muscle oxidative capacity was identifiedtibialis anteriomuscles by usingSDH staining
as previously describgd40) SDH mean pixel intensitgf wholetibialis anteriormuscle CSA
was measured using Image J softwBraa are pgsented as mean SDitensity of whole muscle

CSA.
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5.2.3Mitochondrial Enzymes Activity and Measures

Frozen mus oMasepulferdzedD® Bnigd and under liquid N2. Samples then
were homogenized [1:10, wt/volh an icecold 100 mM KHPQs:-NaeHPQy buffer [pH 7.2]
containing 5 mM EDTA. Homogeni zed sampl es wer
Teflon pestle following by stirring wht a micrastair bar for 20 min. Saples went through three
freez [dry ice] and thaw [on ice¢ycles and then centrifuged for 30 min at{(@D xg at 4°C.
Supernatants were transferred to new 1.5 mL tubes oMicseletotal protein was determined
accordig to Bradford (141) Activities of citrate synthase [CS]and 3-hydroxyacytCoA
dehydrogenase [HADH)ere determined as previously descrilfg4) Samples were evaluated

in duplicate.Results were presentedldsit/gram [U/g] of total protein.

5.2.4RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction (QRTIPCR)

Total RNA extraction andRNA quantity and qualitymeasurements were reported in
Chapter 3 sectio.2.7. High CapacitycDNA Reverse Transcription kitApplied Biosystems,
Foster City, CA, USAlvas used to reverse transcribe RNAto cDNAfollowg t he manuf act
protocol.Predesigned TagMan® probes withaéro x y f | uor escein phosphor
label onthe 5' end angrimer sets Applied Biosystermjere used to target the following genes:
PeroxisomeProliferatorActivated ReceptorGammaCoactivator[PGG1 URn 00580241 _m1]
and Transcription Factor A, Mitochondrial[TFAM; Rn 00580051 _mjL 18S rRNA
[RN03928990_ gljwas unaffecteqd andthus used as the endogenous control. RIR was
performed onl pl cDNA samplesin triplicate,on an ABI 7900HT thermocyer [Applied

Biosystems] Relative changes in gene expression were determined usinPthergethod.
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5.2.5Statistical Analysis

Data are summarized as mean + SIneway analysis of variance [ANOVAkereused
to test differences imuscle fiber type amposition, muscle cross sectional ar€al Red O
staining, SDH, mitochondrial enzymes activities amidRNA fold changes in gene expression.
When a significant difference was observed, st analysis was completed using the Bonferroni
model. AP e a r sarrelaientestwas used to test relationshipetween mRNA expressiaf
variousgenes as well as mitochondriahzymeactivities and neutral lipid content Statistical
significance was reported whervalue <0.05. All statistical analyseg&re performedsing SPSS

21.0 [Chicago, IL, USA] for Windows.

5.3Results
5.3.1Neutral Lipid Staining

To test the hypothesis thairesence olWard colon tumoras well as chemotherapy
treatment will increase neutral lipid content within muscle fibess, measured neuatr lipids
content in theibialis anteriomuscle of rats fed eontrol diet Neutral lipids weresemiquantified
accordingo strong positive staining for Oil Red O withimyocytes.Two weeks following tumor
implantation, the proportion of fibers expregsiOil Red O in theibialis anteriormusclewas23
% higher in the control diet group cqared with the reference groip<0.001,Figure 52],
reflecting tumorassociated fat accumulation in musatel these results asamilar to our previous
findings ingastrocnemius musclesee Chapter 3, Figure 3.23ubsequentlyiats that received
chemotherapy treatmeeihibited higher neutral lipid content following cy«dgP<0.3}] and

cycle-2 [P<0.00] compared to reference animaisdure 52].

To test the Wpothesis that in a Ward colon turdoearing rat model of myosteatosis,

dietary EPA and DHA would mitigate tumaand chemotherapgssociated fat accumulation in
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skeletal muscle, we measured neutral lipids content itildiadis anteriormuscle of rats & a diet
containing fish oilstartingone wek prior to tumor implantation [long termahd beginning Wwen
chemotherapy was initiated [adjuvarBefore chemotherapy, tumbearing rats on the long term
fish oil diet displayed proportions of fibers expregsOil Red O similar to levels observed in
reference animals, which were significantly lower compared with tdoesming rats on the control
diet [P<0.001 Figure 52]. Subsequently, after both cyeleand cycle2, fibers expressing Oil Red
O in thetibialis anteriormuscle were significantly lower itumorbearing rats on the long term
fish oil diet compared with their respective control grotpswever,ratson the adjuvant fish oil
diet displayed similar amounts dibers expressing Oil Red Gtaining conpared with their
respectivecontroldiet groupafter each cycle of chemotherapy [Figure 5/2¢ further quantified
neutrallipids stainingbetweemmuscle fibersNeutrallipid between muscle fibergas quantified
as proportional area @fil Red Ostainirg between muscle fibers to whole muscle CSA. Following
cycle-1 chemotherapytumorbearing rats on theontrol diet exhibitedthe highest proportion of
neutral lipids contenbetween muscle fibersompared with all groups including rats on control
and fish oil diets[P<0.(3%, Figure R2]. All other groups on control or fish die¢xhibitedsimilar
proportion of neutral lipids contentbetween muscle fibersompared with reference rats.
Collectively, these results show thoith Ward colon tumor and chemottagy treatment induced
myosteatosis in tibialis anterior muscle a&hd long term fish oil diet mitigatl chemotherapy
assocated fat accumulation in muscle similar to what was observed for gastrocnemales jses

chapter 3, Figure 3.2]

5.3.2Neutral Lip id Staining-Based Muscle Fiber Type
Fibers associated with neutral lipid accumulation were also assessed. Positive Oil Red O

staining was observed in Type |, IIA and IIDX and there was no positive Oil Redidngin
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type 11B for all groups including raton control diet, long term fish oil diet, and adjuvant fish oil
diet[see example FigureH. There was neignificant difference in fibeassociated neutral lipid
accumulation betweeall groups. However, the distribution of neutral lipid staining wslaifted
from IIDX<I<IIA in healthy and long term fish oil fed groups to IIDX=I=IIA in control can

adjuvant fish oil fed group$-jgure 53].

5.3.3 Tibialis Anterior Muscle Fiber Type Composition

Type |: Prior to chemotherapy treatment, turtmaring ratson control diet exhibited
similar proportion of type | compared to reference animals. However, following chemotherapy
treatments, rats reisng cycle-l and cycle2 exhibitedfewer type |fibers compared to tumer
bearing only rat$P<0.04 andP<0.®, respetively; Figure5.4A]. Before chemotherapyutnor
bearing rats othe longterm fish oil dietdisplayed similar proportion of type | compared with
reference animals and was significantly higher following eyiclend cycle2 chemotherapy
compared to theiesspective group on control di€®40.03 and R0.05, respectivelyFigure 5.4].
Rats on the adjuvant fish oil diet exhilgiteimilar proportion of typedompared to their respective

long term fish oil fed groups [Figure 5.4A].

Type lIA: In tumorbearing aly rats proportion of type IIA fibers was significantly higher
comparedto reference animalsPkO0.®d] and it restored to baseline following cyde
chemotherapy treatment. The proportion of type IIA was not significantly different following
cycle-2 chemdherapy treatment compared with turib@aring only rats and rats that received
cycle-1 chemotherapy on tre@ntrol diet Figure 54B]. The Proportion of type IlA fibers in long
term fish oil fed rats was similar to reference animals in tibialis anterrat®©bearing only tumor
and following cyclel chemotherapy. However, cyetechemotherapy treatment significantly

decreased the proportion of type IIA in rats fed long term fish oil diet compared to its respective
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control group [R0.001, Figure 5.8]. Following cyclel chemotherapy treatmengts on the
adjuvant fish oil diet exhibited similar proportion of type IIA compared to their respective long
term fish oil fed groupandwassignificantly higherfollowing cycle2 chemotherapyreatment

[Figure 5.4B].

Type IIDX and 1IB: The proportions of type IIXD and type IIB fibers were not
significantly differentbetweerngroups on the contr@lnd long term fish oil digtFigure 54C and
D]. Rats on the adjuvant fish oil diet exhibited similar proportion of typecompared to their
respective long term fish oil fed groups [Figure 5.4D] and the proportion of type IIDX fibers was

only higher after cycld chemotherapin rats on the adjuvant fish oil dig?<0.05, Figure 5.4C].

Hybrid fibers I/lIA and IIA/IIDX: The poportion of tybrid I/lIA fibers was significantly
higher in the presence of the tumor and following ajicknd cycle2 chemotherapyampared
with reference animal$?k0.01, <0.01, P<0.01, respectivelyFigure 5.%. Theproportion of type
[IA/IIDX hybrid fiberswas only higher following cycld chemotherapyreatmentcompared to
reference animalsPg0.05 Figure 5.5. The proportion of type IIA/IIDX was comparable to
reference animals in the presence of the tumor and folloeynbp-1 chemotherapy imats fed
long term fish oil diet anfligher following cycle2 chemotherapgompared to reference animals
[P<0.04]. The poportion of lybrid I/IIA fibers in rats fed adjuvant fish oil diet was not different
from their respective gropes on long term fidhdaat following cyclel and cycle2 chemotherapy,
and was significantly lower compared tbeir respective control group$40.01, F<0.01,
respectively;Figure 5.%. The proportion of type IIA/IIDX wasnot detectable after cyecle
chemotherapy in rats featjuvant fish oil diet antvas comparable to its respective rats on long

term fish oil dietfollowing cycle2 chemotherapjfFigure 5.5.
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5.3.4Muscle Cross Sectional Area

There were no significant differencestotal muscle cross sectional [CSA; mwitibialis
anteror muscles between all groupsg¢an muscle CSA: 16 + 1rBm?, AppendixB] and neiber
fiber cross sectional ardar each fiber typgmean fiber cross sectioralea: 1622.8+ 91.8 um?

AppendixC].

5.3.5 Mitochondrial Oxidative Capacityand Density
5.3.5.1Succinate Dehydrogenas8taining

Two weeks following tumor implantation and prior to chemotherapy treatment, intensity
of SDH staining was significantly higher in tibialis anterior muscle of rats bearing only tumor
compared to referemcrats P<0.M1, Figure 5.6]. Bllowing both cyclel and cycle?
chemotherapy treatme®&DH stainingwas significantly reducedompared to rats bearing only

tumor with no treatmenf<0.®M1, P<0.M1; respectively].

We next assessed SDH staining intensityats fed long term or adjuvant fish oil diets.
Rats bearing only tumor and fed long term fish oil diet exhibited similar level of SDH staining
compared with reference animals and was significantly lower compared with its respective control
group P<0.®1, Figure 5.6. Following cyclel and cycle2 chemotherapy, rats fed long term fish
oil diet displayed higher SDHKtainingcompared withheir respective control groupsygcle-1:
P<0.00landcycle-2: P<0.00]. Rats fed adjuvant fish oil diet and receivoygle-1 chemotherapy
treatment displayed higher SDH staining [Figure 6iibialis anterior muscle compared with
their respective group on control di€t40.00]. Following cycle2 chemotherapy, SDH staining

was similar to their respective long termhfigroup.
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5.3.52 Citrate Synthase, and HydroxyacylCoA Dehydrogenase

Since the presence of the tumor ahdmotherapy treatmesignificantlyincreasecdheutral
lipid content in theibialis anterior musclef rats on the control diet compared with te&rence
animals[Figure 5.2, we assesse@S and HADH to identifyassociations between mitochondrial
enzyme activities and lipid content within the muscle. Two weeks following tumor implantation
and prior to chemotherapy treatment, the activitg 8fwasot affected compared with reference
rats [Figure 5.7A] The activity of HADH on the other hand was significantly reduced in rats
bearing only tumocompared with reference rats [P<0.001, Figure 5.TA¢ activity of both CS
and HADH were similar with ratbearing only tumor following cyclé and cycle2 chemotherapy
treatment and were significantly lower than reference[cgtde-1: P<0.M1andP<0.M1, cycle

2: P<0.01 andP<0.®1; respectively].

We next assessed G#id HADH in rats fed long term or aglyant fish oil diets. The
activitiesof CS and HADH [Figure 5.7A] were significantly higher in tibialis anterior muscle of
rats bearing only tumor and fed loteym fish oil diet compared with tumdieaing rats fed the
control diet P<0.002 and P<0.002espectively] Following cyclel and cycle2 chemotherapy,
rats fed long term fish oil diet displayed higher CS and HADH activities comparedheith t
respective control groupscycle-1l: P<0.001 and P<0.001, cye&e P<0.001 and P<0.001;

respectively]

Similarly, rats fed adjuvant fish oil diet and receiving cytlehemotherapy treatment
displayed higher CS and HADH [Figure 5.7&qtivities in tibialis anterior muscle compared with

their respective control groupsP40.001 and P<0.001; respectivelyfollowing cycle2
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chemotherapy, HADH activity was similar to their respective long ternoflsjroups. However,

CS activity was significantly lower than rats fed long term fish oil dre0[(D1].

We further explored thestationshig betweenSC and HADHactivitiesandneutral lipid
contentin the tibialis anterior muscl&he goportion of fibers expressing neutral lipid content was

negatively correlated with SC and HAOHRigure 5.78.

5.3.53 Peroxisome Proliferator-Activated ReceptorGamma Coactivator :-Alpha and
Transcription Factor A Mitochondrial

Next, we assessed expression of genes involved in the mitochondrial biogenesis including
thePGG1 @GndTFAMin the tibialis anterior muscl&xpression oPGG-1Uand TFAM showed
remarkable increases in pesse to the tumdrearing stat¢P<0.M1 andP<0.001 respectively]
compared to reference animdlBigure 58]. Following cyclel and cycle2 chemotherapy
treatment in rats on the control digoth PGG-1U and TFAM were significantly decreased
compaed to rats bearingonly tumor fycle-l, P<0001 and P<0.001; cycl?, P<0.M1 and

P<0.001; respectively]

We further assessed the expressioR®C-1UandTFAMn rats fed a diet containing fish
oil either for long term or as an adjuvaAll groups onlong term fish oil dief including rats
bearing only tumor or those received one or two cycles of chemotherapy, exhibited similar level
of the expression dPGG-1U compared with referenceats [Figure 58] and was significantly
higher after cycl€2 compared withts respective control grou?<0.00]. The expression of
TFAMin rats fed a long term fish oil diet was comparable to reference animals in the presence of

the tumor and following cyclé chemotherapy. After cycl2 chemotherapy,TFAM was
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significantly hgher in rats fed long term fish oil diet comparedwit respective control group

[P<0001, Figure 58].

Similarly, therats onadjuvant fish oil dieéxhibited similar level of the expressionREC
1U compared with rats fed a long term fish oil diet after cyjicland cycle2 chemotherapy
treatment. The expression ®FAM was similar to reference animaddter cyclel and was
significantly higher compared with its respective control rats after @abemotherapy

[P<0.001 Figure 58].

We further explored theekationshig betweerPGG-1Uand TFAM expressiorandneutral
lipid contentin the tibialis anterior muscle and thesere no correlations observed [data not

shown]

5.4Discussion

This study islte first to describenechanisms underlying fat accumulation within skeletal
muscle using preclinical model of tumeand chemotherapgssociated myosteatodissing this
animal model, we investigated the relationship between neutral lipid contenttinihlis anterior
muscle andgenes involved inmitochondrial biogenesis as well as mitochondrial enzymes
activates We also examinedvhetherfat accumulatioroccurs in afiber-type-specific manner.
Furthermore,feeding a diet containing EPA and DHditigates tumor and chemotherapy
associated myosteatosisoughincreasing markers aofitochondrial oxidative capacity as well as
mitochondrial density thatvas observed to be reduced following chemotherapy treatments in
tumor bearing ratsSpecifically, we sha that in thetibialis anteriormuscle of tumobearing
animalsfollowing chemotherapy, neutral lipidgereelevated along witdecreased oxidative type

| fibers as well as SC and HADH activities, the major enzymes involving in mitochondrial
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oxidation patkwvay, which were all greatlyncreasedn animals fed a diet containing fish either
beginning beforéumorimplantation [long termpr atthe initiation of chemotherapyagljuvan].
Collectively, our results suggest that EPA and DHA supplementatiomesognized effective
adjuvant to chemotherapy to combat myosteattisisugh improving mitochondrial oxidative
capacity as well as density which in further may improve muscle health in the presence of tumor

and following chemotherapy treatments.

5.4.1Potential Mechanisms UnderlyingTumor- and ChemotherapyAssociated
Myosteatosisin a Preclinical Model

In the oncology settingmyosteatosisddetected by CT scan has been identified as an
important prognostic factor associated with shorter survival in candemisatreated with
chemotherapy6-9). However, mechanisms underlying myosteatosis have not been established
yet. In order to investigate the biologicatures and causes of canpelated myosteatosis,
appropriate preclinical models need to be identiflacthis study, the Ward colon tumor model
displayed robust neutral lipid accumulation wittibalis anterior muscle that was exacerbated by
the 2 cycle of chemotherapsimilar to what was observed in gastrocnemius muscle [see chapter
3, Figure 3.2] There is no neoplastic model of myosteatosis in cancer has been repbaised.
preclinical model displays features of human cancer with regards todamalation within
skeletal muscle that occur somecancer patients undergoing chemotherapy. Using this animal
model enablgus to investigate mechanisms associated with myosteatosis in-iaung rats

and following chemotherapy treatments.

In the present study, while untreated turdoearing rats exhibited a significant increase in
neutral lipid accumulation compared to reference @&sctivity wasnot altered, and HADH was

significantly decreased. On the other hand, the expression of the gertesigwomitochondrial
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biogenesis includin@GGC1 @nd TFAM were significantly increased in untreated tumor bearing
rats compared with reference animals combined by the increase in the proportion of oxidative fiber
type lIA. A reduction in mitochondrial adative capacity as well as mitochondrial conteas

been linked to increased intramyocellular lipid content in-cexmcer conditins, such as elderly
population [reviewed by87)] insulin resistance and odiey (88). However, no existing studies

have associated mitochondrial content and dysfunction to myosteatosis development in preclinical
model of cancelSimilar to our findings, a reduction themajor regulation enzymes for oxidative
phosphorylation includingytochromec oxidase complex subunit IV alg&DH has been reported

in gastrocnemius musctd an Apc [Min/+] mice during the development of cancempared to

wild-type control mic€86). Howeverthese authordid notmeasure fat in muscle.

Following chemotherapy treatment, rats beatingor displayed a significant reduction in
type | fibers, all proteins and genes involving in mitochondrial oxidation patlasayell as
mitochondrialbiogenesis Additionally, we found a negative correlation between mitochondrial
oxidative enzymes;Sand HADH and neutral lipid conte'/e have also observed a significant
increase in hybrid fibers, fibers -@xpressing two or me MHC isoforms [I/lIA] following each
cycle of chemotherapgompared to reference animal#hét type composition has been reported
in onerecentstudyin cancer patient&l43). This study reportedo significantdifferences in I/l1A
fibers between cancer patients and control. However, in this study authors excluded fibers <40
diameters which can contribute to their findings because the size of I/lIA hybrid fibers is usually
small. These findings are novel in tbancer research and further investigations are required to
understandhe association between the shifting between fibers and myoste&iofiectively, it
appears that the mechanisms responsible for treated Gssmmated myosteatosis involve key

regudators of mitochondrial oxidative capacity and mitochondrial den€iBT-11 plus 5FU is
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first line- treatment for advanced colorectal cancer pati€iicich et alreported a reduction

in mitochondrial membraneontentof human colon carcinoma celhésafter CPTF11 plus 5FU
treatment(144) Both drugs could target mitochondrial DNA and RNA and cause mitochondrial
damagdn skeletal muscl€145) Thus, measurindhée availability of these drugs within skeletal
muscle as well as mitochondrial DNA in the present animal model would be an area of interest in

future work.

5.4.2Effects of the Fish Oil Diets onMechanisms UnderlyingTumor- and Chemotherapy
Associated Myteatosis

Nutrient deficiencies have been observed in cancer patients undergoing chemotherapy
including low levels of plasma EPA and DHA that appear to owtthrfat deposition, which can
be corrected when fish oil is provided to patients during treatthgt#t) Similar results have been
obsered in the present animal model [presented in chaptétddyever, the mechanisms through
which EPA and DHA supplementation exert this beneficial effectuaknown. Also, the extent
to which adjuvant EPA and DHA supplementation during chemotherapy is as efficacious as

beginning prior to a cancer diagnosis is important for application in the clinical setting.

Someresearcherbave reported the beneficiafefts of EPA and DHA on mitochondrial
content and oxidative capacity including higher mitochohdaatent improved function of the
enzyme complexes within the electron transport chain, and an improved capacity to appropriately
use physiologically availde fuels in skeletal musc|eeviewed by91)], but little is known about
this mechanistic regulation in canassociated fat accumulation in skeletal muscle. Here we
demonstrate, for the first time, that EPA @idA supplementation prevents turnand treatment
associated increas@s neutral lipid through increaseitmchondrial enzymes activities SC and

HADH. Collectively, theseresults suggested that fish oil enhanced mitochondrial oxidative
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capacity decreased ithe presence of the tumor and during chemotherapy confirming that
mitochondrial oxidation capacity is associated with decrelsieldcontent within the muscle in

long term fish oil fed rats.

Adjuvant fish oil fed ratgeceivingcyclel chemotherapy ¢latmentexhibiteda similar
amount oineutral lipid staining within muscle fibecempared with their respective long term fish
oil diet group but, it was significantly higher followirgcycle of chemotherapy treatment.
Following cycle2 chemotherapy CScaivity TFAM were significantly lower than rats fed long
term fish oil diet and received two cycles chemotherapy treatnsewgfgesting thatoth
mitochondrial density and oxidative capacity could be decreased in adjuvant fish oil fed rats and
recaved 2 cycles of chemotherapyThese results suggested tHahger term of fish oil
supplementatiormay be required or either increasing the dose of the supplement during

chemotherapy treatmetat maintain lipid content within the musdanilar to the level of rathy.

5.5Conclusion

The novel observations ahyosteatosiscoupled with lower mitochondrial enzymes
activities oxidative capacityand expression of genes involving in mitochondrial biogeietie
skeletal muscles of an vivotumorbearing modeltat underwent chemotherapy treatmeeieal
potential mechanisms underlying fundamental alteratiorskeletal muscle fat metabolistimat
may be involved in the development of myosteatosis in cancer patients. Long term and adjuvant
dietary EPA and DHA feding were both efficacious in markedly improving muscle health by
reducing the toxicity effect, fat accumulation within skeletal musaiesed byCPT-11 and 5FU.
However, for the short term interventjahigher dose of EPA and DHA may be required ¢atr
myosteatosisThis study highlights the therapeutic potential of EPA and DHA as promising

nutritional adjuvants to chemotherafde results fronthe present study are novelthe cancer
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research and encagesfurther investigationto determineaddiional mechanisms by which
dietary EPA and DHA supplementation attenuat@steatosis the skeletal muscles that known

to be associated with higher mortality in cancer patients.
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Table 5-1 Immunofluorescenc®il Red OAntibodiesCocktailfor Rat Muscle

Primary Secondary  Antigen Isotype Speciedluorescent Tag: Dilution Factor
Antibodies Antibodies
Laminin - Laminin 19G rabbit 1:100
Dystrophin Dystrophin 1gG rabbit 1:25
- Laminir/ Laminir/ 19G Goat AntiRabbit 488 (green) 1:400
Dystrophin  Dystrophin
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Table 5-2 Immunofluorescenc®lyosinHeavyChain AntibodiesCocktailfor Rat Muscle

Primary Secondary Antigen Isotype SpeciefFluorescent Tag: Dilution Factor
Antibodies Antibodies

Laminin (Lam) - Laminin 19G rabbit 1:100
Dystrophin(Dys) - Dystrophin 1gG rabbit 1:25
BAD5 - MHC | IgG2b mouse 1:50
6H1 - MHCIID  IgM mouse 1:1
SC71 - MHC 1A IgG1 mouse 1:50
- Lam/Dys Lam/Dys 1gG Goat AntiRabbit 647 (fared) 1:400
- BADS MHC | | gG2b GoatAntiMouse 568 (red) 1:200
- 6H1 MHC IID IgM Goat AntiMouse 488 (green’ 1:400
- SC71 MHCIIA | g G1 ( Goat AntitMouse 405 (blue) 1:200
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Oil Red O Staining Myosin Heavy Chain Staining

Figure 5.1 Ex amp | ef maauoal f neuteal lipicoaonteablased muscle fiber type

from healthy rats.Fiber types were identifiedn tibialis anterior muscles by using
immunofluorescence myosin heavy chain staining methodr e pf € e n tptsafitoires e

Oi | RealctO.fi ber type is identified wusing diff

green, Type |11 B no stain.
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