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ABSTRACT
Background: Myosteatosis is defined as low skeletal muscle radio-density with elevated amounts
of intermuscular adipose tissue, assessed using computed tomography. Myosteatosis has been
recently observed to be associated with mortality in people with cancer. Previous work from our
lab reported that deposition of intermuscular fat occurs as patients progress through chemotherapy.
However, when patients supplemented their daily intake with eicosapentaenoic acid (20:5n-3;
EPA) and docosahexaenoic acid (22:6n-3; DHA), a reduction in intermuscular adipose tissue was
observed. Mechanisms underlying myosteatosis in cancer have not been explored and no
preclinical model of cancer associated with myosteatosis has been developed. Therefore, this study
aimed to first establish a preclinical model of cancer and chemotherapy treatment associated with
myosteatosis, and then assess if feeding a diet containing fish oil was efficacious in reducing
tumor- and chemotherapy-associated fat accumulation within skeletal muscle. Methods: Fischer
344 rats were fed either a control diet for 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 plus 5-fluorouracil) was
initiated 2 weeks after tumor implantation (cycle-1) and 1 week thereafter (cycle-2). Reference
animals received no tumor or treatment and consumed the control diet. Gastrocnemius and tibialis
anterior muscles were frozen in melting isopentane cooled in liquid 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 transcription factors and mitochondrial density were assessed at the mRNA level by
real-time RT-PCR. Mitochondrial enzymatic activities were assessed using spectrophotometry.
Myosin Heavy Chain isoforms were identified by immunofluorescence. Results: Feeding a diet
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containing fish oil reduced tumor- and subsequent chemotherapy-associated increases in muscle
neutral lipid content, triglyceride fatty acid levels, and expression of adipogenic transcriptional
factors that occurred in control diet fed animals. Lower neutral 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 chemotherapy-associated muscle fat content. Conclusion: Long term and adjuvant fish
oil diets are both efficacious in reducing chemotherapy-associated myosteatosis by reducing
expression of transcriptional factors involved in adipogenesis/lipogenesis, and improving
mitochondrial oxidative capacity and density. The 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
1.1 Introduction
The relationship between body composition and risk of disease has become more clearly
understood in recent years, as the technology available to non-invasively quantify body
components has improved. The advent of noninvasive radiological techniques such as magnetic
resonance [MR] imaging and computed tomography [CT] has enabled new explorations of
physiological and pathological variation in muscle. In particular, 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 become the gold standard for body composition
measurements in people with cancer. CT imaging used to assess body composition have been
instrumental in revealing low muscle mass in people with cancer, affecting about half of patients
at diagnosis (1-3). CT imaging has also revealed altered radiation attenuation characteristics of
muscle in people with cancer [reviewed by (4)]. This is of particular interest as low muscle
radiodensity, detected by CT imaging, has been identified as an independent predictor of poor
outcomes and mortality in cancer patients (5-12). Low radiation attenuation of muscle has been
well correlated with fat content of muscle biopsy specimens (13), therefore enabling categorization
of muscle with pathological fat accumulation, or myosteatosis. Myosteatosis has been associated
with insulin resistance and diabetes (14), detraining, and injury (15). Most recently, myosteatosis
has also been described in cancer patients, and is associated with worsened outcomes, including
poorer survival (6-11). These studies have prompted investigation into the causes and biological
features of cancer-related muscle pathology in an animal model to derive mechanisms of change
in body composition.
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In oncological settings, one approach to improve the therapeutic index of chemotherapy is
to combine these drugs with adjuvant factors that enhance chemotherapy efficacy and decrease
toxicities. The n-3 fatty acids eicosapentaenoic [EPA, 20:5] and docosahexaenoic [DHA, 22:6] are
bioactive lipids reported to improve tumor toxicity of chemotherapy drugs and with decreasing
host toxicities associated with chemotherapy drugs such as cisplatin, anthracyclines and alkylating
agents in a variety of animal models including breast, colorectal, prostate, and lung cancers [
reviewed by (16-18)].
Few clinical studies have been conducted to demonstrate that inclusion of EPA and/or
DHA in diet improves outcomes of patients actively undergoing chemotherapy treatment including
enhanced tumor response to treatment, reduced toxicities associated with chemotherapy drugs,
improved quality of life, and overall survival (2,19,20).Thus, the human studies investigating drug
efficacy in combination with fish oil supplementation align with the wealth of experimental
evidence demonstrating enhanced therapeutic index.
In addition to an enhanced therapeutic index of chemotherapy when EPA and DHA are
provided in the diet, our previous work (1) established an important relationship between skeletal
muscle mass and EPA and DHA. The amount of EPA and DHA in plasma of newly diagnosed
patients with advanced colorectal and lung cancer is low (21-23) and relates to the amount of
muscle the patient has as well as the intensity of loss the patient may experience (1). Non-small
cell lung cancer patients undergoing platinum based doublet chemotherapy experienced muscle
loss and exhibited an increase in intermuscular adipose tissue over the course of treatment,
however, daily EPA and DHA supplementation [2.2g/day] during chemotherapy stabilized muscle
mass and significantly reduced the amount of intermuscular fat, assessed by sequential CT
imaging, compared to patients who received standard of care (24). Therefore, restoring EPA and
2

DHA through supplementation prevented muscle loss in the majority of patients and reduced fat
accumulation in muscle. Collectively, these results suggest that EPA and DHA could potentially
be used as adjuvant factors to enhance chemotherapy efficacy and to prevent or treat fat
accumulation that occurs in the presence of tumor or during chemotherapy; however, this has not
been directly studied.
While EPA and DHA appear to exhibit promising effects on body composition, the
mechanisms by which these alterations occur are unknown in the neoplastic state. In order to
investigate the biological features and causes of cancer-related myosteatosis, as well as the
mechanisms through which EPA and DHA may be exerting protective effects in the tumor-bearing
state, with and without chemotherapy; appropriate preclinical models need to be identified. To our
knowledge, no neoplastic model of myosteatosis in cancer has been reported. Accordingly, a
discussion of existing mechanistic literature pertaining to EPA and DHA in other conditions where
myosteatosis is presented, including obesity and insulin resistance are discussed, and the
applicability of these mechanisms to EPA and DHA activity 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 approximately 25,100 diagnoses per year and 9,300 deaths
reported from colorectal cancer (25). On average, 69 Canadians will be diagnosed with colorectal
cancer and 25 Canadians will die from it every day (25). Colorectal cancer is diagnosed at one of
five stages. This staging system ranges from 0 to IV, indicating the severity of the disease (26). At
Stage 0, the cancer is in the earliest phase, and it has not progressed beyond the inner layer, or
mucosa, of the colon or rectum. The treatment during this stage involves effectively removing the
3

polyp via colonoscopy. In Stages I and II, 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 IV, which indicates that the cancer
has spread to other organs within the body (26). 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 I, the patient has a 90% chance of
surviving for five years and surgical removal of the tumor may cure the cancer. However, in
advanced stages of cancer, the median survival duration is 5–6 months (27) and combination
treatment may be provided. This treatment includes options such as surgical resection,
chemotherapy, radiation therapy and biotherapy or immunotherapy (27).
1.3 First Line Chemotherapy Treatment Colorectal Cancer
Chemotherapy remains an essential step in the treatment of advanced colorectal cancer.
Most chemotherapy agents target cells that divide rapidly, regardless of whether or not these cells
are cancerous. As a result, toxic side effects are associated with chemotherapy (28). The
combination of 5-fluorouracil [5-FU] and irinotecan [CPT-11] represents an effective combination
of drugs used to treat colorectal cancer patients (29).
5-FU, which was developed in 1957, has become part of the standard therapy for most
malignancies arising in the gastrointestinal tract and breast as well as for head and neck cancers.
5-FU belongs to a family of anti-metabolite chemotherapy drugs. Anti-metabolite factors replace
biological substances such as folic acid; when the cells incorporate these substances into cellular
metabolism, cells are unable to divide. 5-FU is converted into fluorodeoxyuridine monophosphate
and fluorodeoxyuridine triphosphate which both inhibit thymidylate synthase, an enzyme
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responsible for DNA synthesis and repair. 5-FU could also convert to fluorouridine triphosphate
which causes RNA damage and produces apoptosis in the tumor (30). Several toxicities have been
associated with 5-FU, including vomiting and nausea, cytopenias secondary to bone marrow
suppression, palmar-plantar erythrodysesthesia (hand-foot syndrome) and cardiotoxicity (31). The
overall response rate for 5-FU as a single agent in metastatic colorectal cancer is <10% (32);
however, when 5-FU is combined with other drugs, such as CPT-11, the rate of response is
significantly increased to 40–50% (29).
Irinotecan is a water-soluble semi-synthetic that is isolated from the Chinese/Tibetan
ornamental tree Camptotheca Acuminata (33). This drug was produced in Japan and has
demonstrated antitumor activity against a wide range of tumors, including colorectal, esophageal,
leukemia, gastric, non-small-cell and small-cell lung cancers as well as lymphomas (34). In vivo,
irinotecan is converted in the liver to a metabolite, 7-ethyl-10-hydroxycamptothecin [SN38],
which appears to contribute to the antitumor activity of CPT-11. Irinotecan possesses a novel
mechanism of action that depends on the inhibition of the eukaryotic enzyme DNA replication and
cell death [reviewed by (35)]. Irinotecan has emerged as one of the most effective antitumor drugs
for a wide range of tumor types, especially when combined with 5-FU (29). However, diarrhea
and myelosuppression remain common dose-limiting toxicities of this antitumor drug [reviewed
by (35)].
1.4 Measuring Body Composition and Muscle Condition in Cancer
High resolution image-based techniques such as CT and MRI exhibit specificity and
precision that have been extensively validated and applied in body composition research (36-38).
Apart from the quantity of muscle and fat, image-based approaches also reveal additional features
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such as excess inter- and intra-myocellular lipid accumulation within muscle tissue (36). The
overall fat content of muscle can be indirectly and non-invasively assessed (39,40) by making use
of the fact that adipose tissue attenuates the applied radiation in a characteristic manner. The value
and sign of attenuation measurements are determined by the speed at which radiation passes
through the tissue, and are measured most typically in Hounsfield Units [HU], where water and
air have a value of 0 HU and 1000 HU, respectively. Radiation passes more slowly through lean
tissue than through water, giving lean muscle tissue a mean radiation attenuation with a positive
sign, most prominently around +50 HU. By contrast, radiation passes more quickly through lipidcontaining tissue than it does through water, and therefore the mean attenuation of adipose tissue
has a negative sign, usually -100 HU. The attenuation ranges of muscle [45-50 HU] and total
adipose tissue [-190 to -30 HU] have been defined (13,36,40-42). Within the range of radiation
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 correlated with triglyceride content of
muscle biopsy specimens (14). Thus, HU values defined using CT reflect the amount of
intramuscular adipose tissue and are useful in categorizing muscle as normal or exhibiting a
pathological triglyceride and/ or intramuscular adipose tissue accumulation, defined as
myosteatosis. Image-based methods of assessing muscular density have been applied primarily in
research settings, and are not yet in routine clinical use.
Very little data exists to define the biological and physiological features of low muscles
attenuation. Muscle tissue normally contains only small amounts of fat not intended for long-term
lipid storage, but to be used as a short term source of energy. There are two potential fat depots
within skeletal muscle: fat within myocytes [intramyocellular fat] and visible fat within the fascia
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surrounding skeletal muscle [intermuscular fat]. Further studies are required to determine the site
of fat in myosteatosis [intermuscular, intramuscular or both], and the mechanisms by which muscle
is apparently replaced by adipose tissue in conditions characterized by low radiation-attenuating
muscle.
1.5 Myosteatosis in Cancer
Until recently, low attenuating muscle, myosteatosis, has only been described in conditions
of aging, injury, insulin resistance and Type 2 diabetes (39,40,43-45). Recent studies applying CT
imaging to understanding features of individuals with cancer have revealed a wide variation of
muscle radiation attenuation (46-48). Loss of skeletal muscle mass in cancer appears to generally,
but not always, be concurrent with myosteatosis. Strikingly, compared to normal values [45-50
HU], the median value for cancer patients [35 HU; (8)] comparable to results reported for obese
or diabetic patients with some patients exhibiting values of muscle attenuation in the range of 2025 HU. Low muscle radiation attenuation has now been identified as an independent risk factor
for mortality in cancer patients (6-9). Other study reported that muscle of cancer patients contained
more and larger intramuscular lipid droplets as severity of weight loss progressed (49). The nature
and characteristics of these pathologies and why they confer greater risk are unresolved.
1.6 Lipid and Essential Fatty Acids

Fat is not only an important source of energy in the form of triglyceride, but it is also
essential for the survival and functioning of human and animal organs. Lipid is essential for every
cell membrane in the body. Phospholipid act as an interface between external environments and
the cells, and also partition intracellular compartments. Fat also stimulates the release of hormones
and cytokines as signaling molecules and it fulfills crucial functions as enzyme cofactors, electron
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carriers and intracellular messengers. There are several different types of fatty acids, including
saturated with no double bonds, monounsaturated with one double bond and polyunsaturated with
two or more double bonds, which being further divided into omega-3 [n-3] and omega-6 [n-6] fatty
acids (50).
Essential fatty acids are the fatty acids that cannot be synthesized in animal and human
tissues, and therefore must be obtained through the diet. Humans and animals can synthesize
saturated and monounsaturated acyl chains from acetyl co-enzyme-A [acetyl CoA]. However,
mammals lack an enzyme that adds a double bond before the n-9 position, and, as a result, alphalinolenic acid [18:3n-3] and linoleic acid [18:2n-6] must be obtained from diet. Plasma
phospholipid composition reflects endogenous and dietary fatty acids, and has been used as an
index of fatty acid status (17).
1.7 EPA and DHA Status in Cancer Patients
Several studies suggest the existence of abnormalities in the fatty acid metabolism of
people with cancer (21,23,49). Wasting syndrome in advanced cancer patients can constitute a
marker for not only adipose tissue wasting but also muscle wasting (8,46,47). Alterations in fatty
acid metabolism may cause a reduction in the availability of n-3 fatty acids within the body, which
may subsequently enhance the wasting condition. Pratt et al. showed that in comparison to healthy
subjects, advanced cancer patients who lost five percent or more of their pre-illness body weight
had depleted stores of plasma essential fatty acids within phospholipid fractions. Depletion became
even more evident after high-dose chemotherapy, when DHA and EPA levels were reduced to
approximately 7% of the control values (21). Clinical evidence suggests that newly diagnosed
cancer patients exhibited low level of n-3 fatty acids. From this perspective, both cancer and the
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therapeutic treatments for this disease may represent contributing factors in the decrease of n-3
fatty acids [reviewed by (22)]. Fatty acid patterns of gastrointestinal mucosa have been reported
to be altered in human gastric cancer. Specifically, the researchers analyzed the total fatty acid
contents and evaluated their relative composition among the total fatty acids in mucosa as well as
in the phospholipid fractions contained in paired cancerous and non-cancerous gastric tissues. The
results of this investigation showed that cancerous mucosa had a higher ratio of n-6 to n-3 fatty
acids in phospholipid fraction. This finding occurred from high levels of arachidonic acid
concurrent with low levels of DHA and EPA in both total fatty acids and phospholipid fractions
(51). Similarly, a study by our group reported a reduction in plasma phospholipid n-3 fatty acids,
including EPA and DHA, in non-small cell lung cancer patients. This loss was associated with a
decrease in fat tissue (23) and muscle mass compared with patients of stable weight (1). However,
the mechanisms controlling the alteration of essential fatty acids in cancer patients remain
unknown.
1.8 Mechanisms Underlying Myosteatosis and The Potential Role of EPA and DHA on
Each of These Mechanisms
Several mechanisms may contribute with the development of myosteatosis in noncancer conditions such as obesity and insulin resistance. These mechanisms include: 1) increased
expression of genes involving in the adipogenesis process and lipid synthesis in muscle such as
CCAAT/enhancer binding protein [C/EBPs], peroxisome proliferator-activated receptor gamma
[PPARγ], and sterol regulatory element binding protein 1c isoform [SREBP-1c]; 2) altered skeletal
muscle triglyceride and phospholipid composition; 3) changing in skeletal muscle fiber
composition and 4) modulated mitochondrial oxidative capacity [Figure 1.1].
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1.8.1 Adipogenesis Transcriptional Factors
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, acetyl CoA carboxylase, and fatty acid synthase,
stearoyl coA desaturase (52-55). PPARγ is expressed in skeletal muscle in response to C/EBPβ
and C/EBPα activation (56,57) and has been associated with ectopic fat accumulation into skeletal
muscle in an animal model of high-fat-diet-induced insulin resistance (52,58).
EPA and DHA are known to have anti-adipogenic functions (59,60) and may have the
ability to decrease mRNA expression of these genes in muscle cells. Increasing the EPA and DHA
content of bovine muscle through diet resulted in a reduction in the transcription factor SREBP-1c
and subsequent genes regulating downstream pathways of fatty acid synthesis in muscle tissue
including acetyl CoA carboxylase, fatty acid synthase, stearoyl coA desaturase (61). Expression
of SREBP-1c in muscle of cattle is reported to be 2-fold lower when fish oil versus soybean oil
diets is provided (62). Collectively, these results suggested that adipogenesis transcriptional factors
should be considered as one of the mechanisms underlying myosteatosis that occur in cancer,
however, this has not been explored in cancer.
1.8.2 Skeletal Muscle Fatty Acids Composition
Alterations in the composition of plasma membrane phospholipid fatty acids modify the
thickness and fluidity of the lipid bilayer, which can subsequently impact skeletal muscle function.
Several cross sectional studies on obese and insulin resistance patients suggest that skeletal muscle
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membrane phospholipid display a different fatty acid composition compared with lean subjects,
with a higher proportion of the saturated fat palmitate [C16:0] and lower concentrations of linoleic
acid n–6 fatty acid (63-65). Differences in membrane phospholipid fatty acids can impact skeletal
muscle anabolism and increase intramyocellular triglyceride [Figure 1.1]. For example, a study
evaluated the association between the level of muscle triglyceride and insulin resistance in
nondiabetic normal-weight or obese people. Skeletal muscle triglyceride level was higher in obese
patients compared to people with normal weight and it was negatively correlated with glucose
uptake. In addition, the triglyceride fatty acid composition was significantly different between the
two groups. Obese people exhibited higher concentration of saturated fatty acids compared to
normal weight people and it was positively correlated with insulin resistance (66).
Antunes et al (67). studied the effect of cancer on mitochondrial phospholipid remodelling
in wasted skeletal muscle and the consequences of this relationship for mitochondrial functionality.
These authors used an animal model of urothelial carcinoma, which was induced through exposure
to N-butyl-N-[4-hydroxybutyl]-nitrosamine [BBN]. The model experienced a significant loss of
body weight due to a reduction in skeletal muscle mass. Additionally, histological evidence of
muscle atrophy relates to reduced respiratory chain activity and enhanced expression of
mitochondrial uncoupling protein 3 [UCP3, (67)]. In combination, these two factors decrease the
ability of wasted muscle to produce ATP which could also result in fat accumulation within the
muscle due to mitochondrial dysfunction. The implications of these observations suggest the
regulation of phospholipid biosynthetic pathways as potential therapeutic targets for the
management of muscle alteration in 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 systems and in a number of non-cancer disease states (68-73). Dangardt et al (74).
reported improved insulin sensitivity and reduced triglyceride accumulation in the muscle of obese
children when EPA and DHA were provided. In a crossover design, adolescent children [14–17 y]
were randomized to receive 1.2 g fatty acids [930 mg EPA, 290 mg DHA] or placebo for three
months with a six-week washout period. Skeletal muscle biopsies revealed increased total n-3 fatty
acids, EPA and DHA concentrations in muscle phospholipids during the supplemental period
which was accompanied by improved glucose tolerance [by 39%] and restoration of insulin
concentration [by 34%] as well as improved insulin sensitivity. While improvement in insulin
response was observed only in female subjects, all subjects exhibited lower muscle triglyceride
content

after
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DHA
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compared

to

placebo

(74).

In

a

hyperinsulemic/hyperglycemic state, Smith et al. reported increases in mTOR signaling, muscle
size and muscle protein synthesis after 8 weeks of supplementing with n-3 fatty acids in healthy
adults (75).
In several experimental studies, EPA and DHA have been reported to support the anabolic
potential of muscle (68,70,72,76). In rats, n-3 fatty acid incorporation into muscle increased
membrane unsaturation concurrent with improved insulin sensitivity and decreased muscle
triglyceride content (77). Fat-1 mice, which are capable of endogenous n-3 fatty acid synthesis,
exhibit better glucose tolerance than control mice (68). Some, (70,76,78,79) but not all (80,81)
studies have shown an effect of n-3 fatty acids on AKT activation, a regulator of muscle growth.
Incorporation of 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 anabolism (82).
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1.8.3 Skeletal Muscle Fiber Type Composition and Mitochondrial Oxidative Capacity
Lipids stored in muscle usually serve as a fuel for mitochondria oxidation (83), suggesting
that a change in mitochondrial function and/or content within skeletal muscle may cause lipid
accumulation inside of the muscle. Recent research has shown that an alteration in mitochondrial
homeostasis in skeletal muscle has been associated with muscle wasting in cancer (84-86).
Dysfunction of mitochondria has been linked to increased intramyocellular lipid content in noncancer conditions, such as in elderly population [reviewed by (87)], insulin resistance and obesity
[(88), Figure 1.2]. However, no existing studies have associated mitochondrial content and
dysfunction to myosteatosis development in preclinical model of cancer. Thus, 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 of skeletal muscle could be affected by altering muscle fiber
compositions [Table 1-2]. 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 I and
IIA fibers [slow acting] are rich in myoglobin [red fibers], and mitochondria compared with type
IIB and IID/X fibers. Furthermore, type I 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 slow acting. Type IIB and IID/X fibers [white fibers] are fast acting,
mitochondria poor, and rely on glycolytic ATP production. Muscle fibers vary in intramyocellular
triglyceride content [Table 1-2]. Several researchers used electron microscopy and biochemical
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 I fibers than in type II fibers (89). Suggesting 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 I fiber is associated with greater intramyocellular triglyceride
storage. Changes in skeletal muscle fiber composition and / or size could influence mitochondrial
content within the muscle and interfere with fat metabolism. Experimental studies have reported
the relationship between the oxidative capacity of muscles and depleted muscle mass during the
development of cancer. In this study, the researchers collected gastrocnemius muscle from Apc
[Min/+] mice at 20 weeks of age. Mitochondrial oxidative capacity was reduced in mice of severe
loss of muscle mass. Specifically, muscle loss entailed a threefold reduction in the major regulation
enzymes for oxidative phosphorylation including cytochrome-c oxidase complex subunit IV and
a 50% reduction in the level of succinate dehydrogenase of gastrocnemius muscle of the Apc
[Min/+] mouse compared to wild-type control mice. Specifically, these alterations occurred in the
type IIA and IIB fibers of the gastrocnemius muscle which was distinguished by qRT-PCR (86).
These findings 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 muscle. A recent study used Male C57Bl6/J mice to assess fiber type’s specific lipid
accumulation as well as muscle oxidative capacity by using tibialis anterior [highly glycolytic
fiber, mainly type IIB] and soleus [highly oxidative muscle; mainly type I fiber] muscles in
response to 12 weeks high fat diet intervention reported that triglycerides content in the soleus of
the control group was ≈ two times higher than the tibialis anterior muscle (90). Triglyceride
accumulation in muscle could be specific to fiber types. If the tumor-bearing state is decreasing
the amount of specific fiber types, this may also affect which muscles accumulate intramyocellular
triglyceride. However, fiber type’s specific lipid accumulation has not been yet defined in cancer.
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Many beneficial effects of EPA and DHA on mitochondrial content and oxidative capacity
have been reported, including increasing mitochondria number [Figure 1.2], improved function of
the enzyme complexes within the electron transport chain, and an improved capacity to
appropriately use physiologically available fuels (91,92). Several experimental studies have shown
that EPA and DHA enhance lipid oxidation in skeletal muscle via AMPK and PPAR-α activation.
In addition, these two fatty acids increase mitochondrial biogenesis through the activation of PGC1α in skeletal muscle cells (91,92). Another study used, male Wistar rats received either EPA or
DHA for three months. In comparison to rats fed a DHA diet, rats fed EPA exhibited higher
mitochondria biogenesis in type I 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 fiber(93).
UCP3 is 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 up-regulate UCP3 mRNA and promotor activity in a dose-dependent manner in C2C12
muscle cells, potentially through an AMPK-mediated pathway (94). In the liver, lipogenesis is
reduced and beta oxidation is elevated during n-3 fatty acid interventions [reviewed by (95)]. Thus,
there is a growing body of evidence suggesting the presence of n-3 fatty acids are beneficial for
energy homeostasis and body composition, with n-3 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 fuels (78,96), 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 therapy for colorectal cancer in humans (97,98). Fischer rats bearing the Ward colon
26 tumor receive two cycles of irinotecan plus 5-fluorouracil [CPT-11 plus 5-FU] therapy which
carefully recapitulates first line therapy for colorectal cancer in humans (97,98). Diets resembling
human diets in Westernized countries with respect to all macro- and micronutrients, including
quantity and composition of dietary lipids (98) were provided. When this diet was supplemented
with n-3 fatty acids [2.7% EPA + DHA], fatty acid enrichment of the muscle tissue occurred within
6 days at 2% and 4%, respectively (99). This enrichment thus represents a biologically relevant
dose of n-3 with a resulting n-6: n-3 fatty acid ratio of 3.2, which is identical to the n-6: n-3 ratio
reported for humans in muscle phospholipid after 3 weeks of supplementation with fish oil [2.4 g
per day EPA + DHA; (75)]. This model has enabled us to demonstrate that tumor-bearing animals
exhibit elevated muscle triglyceride content which is accelerated following chemotherapy, similar
to what Murphy et al. reported in non-small cell lung cancer patients. Triglyceride accumulation
in the muscle was prevented by dietary supplementation with EPA and DHA initiated prior to and
continued during treatment (24). 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 and infiltration 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
attenuating muscle have recently emerged as independent risk factors for death and disability in
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people with cancer (47,48). Low plasma concentrations of EPA and DHA are independently and
strongly related to the presence of muscle loss over the treatment period (23), which suggests an
important and potentially modifiable relationship between skeletal muscle metabolism and n-3
fatty acids. The ability to modify muscle wasting and intramuscular fat accumulation has a broad
scope of application to aging, diabetes, obesity and various forms of muscle atrophy, which share
these common features. Number of mechanisms may contribute to the ability of n-3 to alter body
composition, including alterations in adipogenesis transcriptional factors, phospholipid
composition, and fiber types and mitochondrial density as well as oxidative capacity. Before
mechanisms can be more thoroughly defined for benefits of EPA and DHA, a more complete
understanding of the features of the muscle characterized by fat infiltration is required and in order
to investigate that, appropriate preclinical models of cancer associated-myosteatosis need to be
identified.
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Table 1-1 Elongation and desaturation pathway of Arachidonic, Eicosapentaenoic, and
Docosahexaenoic from their parent Linoleic and α-linolenic
N-6

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

N-3

α-linolenic (ALA) (18:3 n-6)
Desaturase ∆6

Desaturase ∆6
γ-linolenic (18:3 n-6)

Stearidonic (18:4 n-3)

Elongase
Dihomo- γ-linolenic (20:3 n-6)

Elongase
Eicostrienoic (20:4 n-3)

Desaturase ∆5
Arachidonic (AA) (20:4 n-6)

Desaturase ∆5
Eicosapentaenoic (EPA) (20:5 n-3)

Elongase
Ardanic (22:4 n-6)

Elongase
Docosapenraenoic (22:5 n-3)

Desaturase ∆4
Docosapentaenoic (22:5 n-6)

Elongase
Tetracosapentaenoic (24:5 n-3)
Desaturase ∆4
Tetracosahexaenoic (24:6 n-3)
peroxisomal oxidation
Docosahexaenoic (DHA) (22:6 n-3)

The red colors are the essential fatty acids from n-6 and n-3 families

18

Table 1-2 Skeletal muscle fiber type composition
Type I
Contracting Duration

Hours (Slow)

Resistance to Fatigue
Mitochondrial Density
and Oxidative Capacity

High

Type IIA
Less than 30 minutes
(Moderately Fast)
High

High

High

Moderate

Low

Main Fuel Storage

Triglyceride

Glycogen and
Creatine Phosphate

Glycogen and
Creatine Phosphate

Creatine Phosphate
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Type IIDX
Less than 5 minutes
(Fast)
Moderate

Type IIB
Less than 1 minutes
(Very Fast)
Low

Figure 1.1 Suggested mechanisms underlying myosteatosis associated with cancer and
chemotherapy treatment from non-cancer conditions
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Figure 1.2 Suggested mechanisms of the role of EPA and DHA on mitigating myosteatosis
associated with cancer and chemotherapy treatment from non-cancer conditions
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CHAPTER 2
Research Plan
2.1 Rationale
The number of new colorectal cancer cases and deaths continue to rise as the Canadian
population ages (25). Chemotherapy remains one of the essential treatments for advanced
colorectal cancer patients (29). However, chemotherapy is associated with muscle wasting
(1,3,6,24,48,100). Recently, non-invasive radiological image-based techniques, such as computed
tomography [CT], have revealed that in addition to low muscle mass, a pathological accumulation
of fat in skeletal muscle (myosteatosis) also occurs in cancer patients (6,7,9,24,46-48). The fat
content of muscle can be evaluated by using CT, since the overall attenuation value of muscle is
decreased as the triglyceride content of muscle increases [see Chapter 1 section 1.4]. Low muscle
attenuation has been found to be associated with shorter progression- and disease-free survival
(6,9), and overall survival (6-8) in cancer patients. Although the relationship between myosteatosis
and poor outcomes is observed, the characteristics of increased fat content within skeletal muscle
has not been resolved and no 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 effects such 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 anti-tumor efficacy and reduce harmful side effects (101105). Therefore, identification of an adjuvant factor to chemotherapy that can protect against
myosteatosis would be of great benefit. The omega-3 polyunsaturated fatty acids eicosapentaenoic
acid [EPA, 20:5n-3] and docosahexaenoic acid [DHA, 22:6n-3], which are highly abundant in fatty
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fish and their oils, are emerging as promising nutritional adjuvants to chemotherapy as they have
been reported to enhance anti-tumor effects and reduce drug-associated toxicities of antineoplastic
agents including cisplatin, anthracyclines and alkylating agents in a variety of animal models
including breast, colorectal, prostate, and lung cancers (7,16,97,106-112). A Previous clinical trial
in our laboratory (1) established an important relationship between skeletal muscle mass and
plasma level of EPA and DHA. Non-small cell lung cancer patients undergoing chemotherapy
experienced muscle loss and exhibited an increase in intermuscular adipose tissue over
chemotherapy treatment, however, daily EPA and DHA supplementation [2.2g/day] during
chemotherapy stabilized muscle mass and significantly reduced the amount of intermuscular fat,
assessed by CT imaging, compared to patients who received standard of care (24). Therefore,
restoring n-3 fatty acids through supplementation prevented muscle loss in the majority of patients
and reduced fat accumulation in muscle. Collectively, these results suggest that EPA and DHA are
important for muscle health and could potentially mitigate fat accumulation that occurs in the
presence of tumor or during chemotherapy. This has not been directly studied and no biological
measure of fat in muscle was obtained in that study. Also, the mechanisms behind these
observations are not defined.
Mechanisms associated with myosteatosis have been reported in non- cancer conditions
such as obesity and insulin resistance. These mechanisms include: 1) increase of expression of
genes involving in adipogenesis program and lipid synthesis in muscle such as CCAAT/enhancer
binding protein [C/EBPs], peroxisome proliferator-activated receptor gamma [PPARγ], and sterol
regulatory element binding protein 1c isoform [SREBP-1c]; 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 each of these mechanisms 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 cancer-related myosteatosis, as well as
the mechanisms through which EPA and DHA may be exerting its protective effects in the tumorbearing state, with and without chemotherapy treatment, appropriate preclinical models need to be
identified. An animal model has been developed and refined in our laboratory that parallels the
delivery of drug therapy for colorectal cancer in humans (98,99) is used. Specifically, Fischer rats
bearing the Ward colon 26 tumor receive two cycles of irinotecan [CPT-11] and 5-fluorouracil [5FU] therapy, which carefully recapitulates first line therapy for colorectal cancer in humans. This
model closely features the same doses, cycles, and level of toxicity observed in humans [Figure
2.1]. Tumor bearing animals show considerable elevated triglyceride content, which is accelerated
with chemotherapy [Figure 2.2 (97,99)], similar to what is observed clinically (24). To evaluate
mechanisms associated with myosteatosis, this animal model enables interventions at different
time points before and after myosteatosis has been developed to assess the ability of EPA and
DHA to prevent and treat myosteatosis.
2.2 Research Objectives and Hypotheses
Objective 1
The objective of this work was to characterize a preclinical model of cancer-associated
myosteatosis and then, use this model to investigate the effects of dietary EPA and DHA
supplementation on tumor- and subsequent chemotherapy-associated fat content of muscle, as well
as the tumor response to chemotherapy. Additionally, I wanted to determine whether EPA and
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DHA supplementation beginning at the initiation of chemotherapy [adjuvant] has similar efficacy
compared with starting EPA and DHA supplementation 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 neutral lipid between muscle fiber and lipid droplets within muscle
fiber

ii)

Higher content of triglyceride fatty acid in skeletal muscle

iii)

Higher mRNA expression of genes involved in adipogenesis program

Hypothesis 2
It was hypothesized that compared to tumor-bearing rats, rats receiving 1- or 2-cycles of
chemotherapy will exhibit:
i)

Higher content of neutral lipid between muscle fiber and lipid droplets within muscle
fiber

ii)

Higher content of triglyceride fatty acid in skeletal muscle

iii)

Higher mRNA expression of genes involved in adipogenesis program

Hypothesis 3
It was hypothesized that compared to rats fed a control diet, rats receiving tumor alone or 1- or 2cycles of chemotherapy fed a long term fish oil diet will exhibit:
i)

Lower content of neutral lipid between muscle fibers and lipid droplets within muscle
fibers

ii)

Lower content of total triglyceride fatty acid in skeletal muscle
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iii)

Lower mRNA expression of genes involved in adipogenesis program

iv)

Lower tumor volume following 1- and 2- cycles of chemotherapy

v)

Adjuvant fish oil diet will be as effective as long term fish oil diet for each of the
measures

These hypotheses are investigated in Chapter 3.
Objective 2
The objective of this work was to characterize the fatty acid composition of phospholipid
and triglyceride of muscle tissue in a preclinical model of colon cancer with or without
chemotherapy treatment fed a control diet or fish oil diet prior [long term] and after tumor
implantation [adjuvant diet]. This will allow us to determine the association between the
proportion of EPA and DHA in gastrocnemius muscle and total triglyceride content of muscle. In
addition, we want to determine whether supplementation beginning at the initiation of
chemotherapy [adjuvant] will result in similar fatty acids proportions in gastrocnemius muscle and
similar effect on total triglyceride content of muscle as long term fish oil feeding.
Hypothesis 1
It was hypothesized that compared to healthy rats not bearing a tumor, rats bearing the Ward
colorectal tumor will exhibit:
i)

Lower total phospholipid content

ii)

Lower proportion of EPA and DHA and total n-3 fatty acids

iii)

Higher proportion of n6/n3 fatty acid ratio

iv)

Higher proportion of saturated fatty acid

Hypothesis 2
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It was hypothesized that compared to tumor-bearing rats, rats receiving 1- or 2-cycles of
chemotherapy will exhibit:
i)

Lower total phospholipid content

ii)

Lower proportion of EPA and DHA

iii)

Higher proportion of n6/n3 fatty acid ratio

iv)

Higher proportion of saturated fatty acid

Hypothesis 3
It was hypothesized that compared to rats fed a control diet, rats received tumor alone or 1- or 2cycles of chemotherapy fed a long term fish oil diet will exhibit:
i)

Higher total phospholipid content

ii)

Higher EPA and DHA

iii)

Lower n6/n3 fatty acid ratio

iv)

Lower saturated fatty acid

vi)

Adjuvant fish oil diet will be as effective as long term fish oil diet for each of the
measures

These hypotheses are investigated in Chapter 4.
Objective 3
The objective of this work was to evaluate skeletal muscle neutral lipid content and
location, fiber composition, and if the accumulation is related to specific fiber type in a preclinical
model of colon cancer fed a control diet or fish oil diet prior [long term] and after tumor
implantation [adjuvant diet] and if there is a relationship between lipid accumulation within the
tibialis anterior muscle and mitochondrial content and oxidative capacity. Additionally, we wanted
to determine whether EPA and DHA supplementation beginning at the initiation of chemotherapy
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[adjuvant] was able to elicit similar effects compared with beginning 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 neutral lipid staining within muscle fiber

ii)

Lower number of oxidative fiber

iii)

Lower mitochondrial content and oxidative capacity

Hypothesis 2
It was hypothesized that compared to tumor-bearing rats, rats receiving 1- or 2-cycles of
chemotherapy will exhibit:
i)

Higher content of neutral lipid staining within muscle fiber

ii)

Lower number of oxidative fiber

iii)

Lower mitochondrial content and oxidative capacity

Hypothesis 3
It was hypothesized that compared to rats fed a control diet, rats received tumor alone or 1- or 2cycles of chemotherapy fed a long term fish oil diet will exhibit:
i)

Lower content of neutral lipid staining between muscle fiber

ii)

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 diet for each of the
measures
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These hypotheses are investigated in Chapter 5.
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Fischer Rats

myosteatosis has
been reported in
patients with colon
cancer

first line treatment
for colon cancer
[2- cycles of CPT11 plus 5-FU]

Similar level of
toxicity as observed
in humans treated
with chemotherapy
drugs
[myosteatosis]

Diet represents
human diet in
westernized countries
control and fish oil
diets were contained
the same proportion
of macronutrients and
differing only in the
addition of EPA and
DHA

Figure 2.1 Features of the pre-clinical model that has been developed in our lab. CPT-11,
irinotecan; 5-FU, 5-fluorouracil; EPA, eicosapentaenoic; DHA, docosahexaenoic
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Figure 2.2 A fish oil containing diet fed prior to tumor implantation prevented fat accumulation
within gastrocnemius muscle. Triglyceride fatty acid content of gastrocnemius muscle in a Ward
colon tumor-bearing rat model, 7 days following treatment with CPT-11 and 5-FU and provided
diets with or without fish oil that was fed prior to tumor implantation (2% w/w; n = 8 in each
group). CPT-11, irinotecan; 5-FU, 5-fluorouracil; EPA, eicosapentaenoic; DHA,
docosahexaenoic
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CHAPTER 3
Fish Oil Mitigates Myosteatosis and Improves Chemotherapy Efficacy in a Preclinical
Model of Colon Cancer
3.1 Introduction
Clinical practice aims to improve the effectiveness of chemotherapeutics to reduce tumor
growth while mitigating harmful side effects. One approach to improve the therapeutic index of
antineoplastic therapies is to combine cytotoxic drugs with adjuvant factors that enhance antitumor efficacy and reduce harmful side effects. Pathological alterations in skeletal muscle have
been identified in cancer patients undergoing treatment, including muscle loss and fat
accumulation (5-9,100,113). Specifically, myosteatosis, defined as the pathological accumulation
of fat in skeletal muscle, is emerging as an important prognostic factor in the oncology setting (69). Low skeletal muscle density, which reflects high skeletal muscle fatty infiltration, is associated
with shorter progression- and disease-free survival (6,9), and overall survival (6-8) in cancer
patients treated with various therapies including chemotherapy. Therefore, identification of an
adjuvant factor to chemotherapy that can protect against myosteatosis, in addition to enhancing
tumor cytotoxicity, would be of great benefit.
The omega-3 polyunsaturated fatty acids, eicosapentaenoic acid [EPA, 20:5n-3] and
docosahexaenoic acid [DHA, 22:6n-3], which are highly abundant in fish oil, are emerging as
promising nutritional adjuvants to chemotherapy as they have been reported to reduce drugassociated toxicities and enhance anti-tumor effects in a variety of antineoplastic agents in a
number of in vitro and in vivo preclinical models [reviewed by (16)]. There is also accumulating
evidence from clinical trials that EPA and DHA supplementation improves patient outcomes
during cancer chemotherapy, including improved muscle condition and a greater tumor response
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rate [reviewed by (18) ]. Specifically, we showed that advanced non-small cell lung cancer patients
who supplemented with EPA and DHA during treatment had a preservation of muscle mass, less
intermuscular adipose tissue, and better 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 antineoplastic agents. While EPA and DHA reduced myosteatosis in
other human pathological conditions [reviewed by (97)], it has yet to be investigated in the
oncology setting. Appropriate preclinical models are required to investigate the biological features
and causes of cancer-associated myosteatosis, as well as the mechanisms through which EPA and
DHA may be exerting their protective effects in the tumor-bearing state, with and without
chemotherapy.
While conditions such as insulin resistance and obesity suggest that impaired skeletal
muscle fatty acid metabolism may be responsible for pathological fat accumulation in muscle
(114), cancer-associated myosteatosis may also involve mechanisms related to adipogenesis.
Specifically, cancer has been shown to upregulate the expression of adipogenic genes in skeletal
muscle, including CCAAT/enhancer-binding protein [C/EBP]β, a potent activator of adipogenesis
(115). C/EBPβ, δ, and α, and peroxisome proliferator-activated receptor [PPAR]γ, are important
transcriptional factors involved in robust adipocyte gene expression (116). For example,
overexpression of C/EBPα and/or PPARγ have been shown to convert myoblasts into adipocytes
by promoting adipogenesis and lipogenesis (117), and increase skeletal muscle triglyceride [TG]
in vivo (58). Whereas, reducing the n-6/n-3 ratio decreased the expression of PPARγ and inhibited
adipogenesis in the 3T3-L1 pre-adipocyte cell line (59). In vivo, feeding a diet rich in fish oil
prevented myosteatosis [induced by a lard-based high fat diet)] with no changes in fatty acid
oxidation, suggesting an alternative mechanism by which n-3 fatty acids modifies fat content of
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muscle (118). Collectively, it appears that cancer-associated myosteatosis may involve
mechanisms related to adipocyte gene expression, which can potentially be modified in the
presence of n-3 fatty acids supplementation.
We have established an animal model to study interactions amongst tumor [rats bearing
the Ward colon tumor] and chemotherapy, combined irinotecan [CPT-11] and 5-fluorouracil [5FU], (98,110) that represents the first-line 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 cancer-associated myosteatosis and then,
use this model to investigate the effects of dietary EPA and DHA on tumor- and subsequent
chemotherapy-associated fat content of muscle, as well as the tumor response to chemotherapy.
Additionally, we wanted to determine whether feeding dietary EPA and DHA beginning 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 tumor-associated myosteatosis before treatment, and that both the
long term and adjuvant fish oil diets would similarly mitigate chemotherapy-associated fat
accumulation in muscle through the inhibition of adipogenic/lipogenic transcriptional factor
signaling, as well as enhance the tumor 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 Care.
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3.2.1 Animal Model and Experimental Design
Female Fischer 344 rats [n=72] weighing an average of 127 ± 18 g aged 11-12 weeks were
received from Charles River [St. Constant, QC, Canada]. Rats were housed two per cage
containing bedding and filter tops during the seven-day acclimation period and one per cage when
initial diets were assigned. Rats received twelve hours of a light:dark cycle per day, and were kept
in a positive air pressure room at a constant temperature [22°C]. Water and food was provided ad
libitum throughout the entire experiment.
Experimental design is outlined in Figure 1. All rats were initially fed a control diet during
the seven-day acclimation period and then, one week prior to tumor implantation, rats were
randomly assigned to one of 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 switched to the fish oil
diet; n=16).
To examine a potential preclinical model of cancer-associated myosteatosis, two weeks
after tumor implantation, rats on the control diet were either euthanized [n=8] or underwent one
cycle [cycle-1; n=8] or two cycles [cycle-2; n=8] of chemotherapy. To investigate the effects of
EPA and DHA supplementation before and during 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=8 each] of chemotherapy. Rats serving as a reference group [n=8] did not undergo tumor
implantation or receive chemotherapy, consumed only the control diet throughout the entire study,
and were otherwise handled in the same manner as the experimental groups.
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3.2.2 Tumor Injection and Chemotherapy
The Ward colorectal carcinoma [0.05 g; provided by Dr. Y Rustum, Roswell Park Institute
Buffalo, NY, USA] was transplanted subcutaneously into the flank of the rats under mild
isoflurane anesthesia. Tumor size was calculated as described previously (98,110). Tumor volume
was recorded every other day prior to initiation of chemotherapy, and every day during the two
weeks that chemotherapy was administered. During chemotherapy, relative tumor volume for each
animal is compared to the baseline volume [Day 0].
The day when chemotherapy was initiated was designated as Day 0. Cycle-1 consisted of
CPT-11 [50 mg/kg body weight, intraperitoneal] administered on Day 0 and 5-FU [50 mg/kg body
weight, intraperitoneal] administered on Day 1. Cycle-2 consisted of the same drug regime
occurring one week after cycle-1 [Days 7 and 8]. Atropine [1 mg/kg body weight, subcutaneous]
was administered immediately prior to each CPT-11 injection to alleviate early onset cholinergic
symptoms (98).
3.2.3 Diet and Food Intake
Diets were based on American Institute of Nutrition-76 modified basal ingredients with the
fat-source omitted [Harlan Teklad, Indianapolis, IN, USA]. Control and fish oil diets contained
40% of total energy from fat, 40% from carbohydrates and 20% from protein [Table 3-1],
representing the estimated average proportion of macronutrients typically consumed by humans.
The fish oil diet contained the same proportion of macronutrients as the control diet, differing only
in the addition of 2.3 g fish oil/100 g diet [Ocean Nutrition Canada, Dartmouth, NS, Canada].
Added fish oil replaced 2.3 g of other fat in the diet such that the total fat content [20 g/100g diet]
and the polyunsaturated to saturated fat ratio did not differ between control and fish oil diets. Food
intake was measured every other day prior to initiation of chemotherapy, and every day during the
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two weeks that chemotherapy was administered. During chemotherapy, relative food intake for
each animal is compared to the average relative food intake prior chemotherapy [Day -14 to Day
0].
3.2.4 Body Weight
Body weight was recorded on the same days as tumor volume. Body weight was converted
to tumor-free body weight for data interpretation and statistical analysis. Body weight during
chemotherapy was expressed relative to each animal’s body weight at Day 0.
3.2.5 Study Termination and Tissue Collection
All rats were euthanized by carbon dioxide [CO2] asphyxiation. At euthanization,
gastrocnemius muscles were isolated, weighed, and frozen in melting isopentane cooled in liquid
nitrogen [-156°C], and stored at -80°C until subsequent analyses.
3.2.6 Oil Red O and Hematoxylin Staining
Frozen gastrocnemius muscles were cryosectioned transversely [10 µm thick] and stained
for neutral lipid content using Oil Red O as previously described (119). Sections were then rinsed
in distilled water, and counterstained [5 min] in Mayer’s Hematoxylin [Sigma-Aldrich, St. Louis,
MO, USA], to delineate fibers for cross-sectional area [CSA] measurements, before another rinse
in distilled water. Sections were visualized under a ZEISS AXIO Compound Light Microscope
[AX10 Scope A.1, Carl Zeiss Group, Toronto, ON, Canada] at 200× magnification. Colour images
were taken with an Optronics MacroFire Digital Camera [Optronics, Goleta, CA, USA] using a
Leica TCS-SP2 spectral confocal and multiphoton system [Leica Camera, Solms, Germany].
Qualitative and quantitative analysis of Oil Red O staining was performed in blinded manner.
Quantification of neutral lipid accumulation was analyzed by Volocity 6.3 Software [PerkinElmer,
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Inc., Waltham, MA, USA]. An average of 800 ± 23 fibers was analyzed per muscle for the
delineation of the proportion of fibers expressing Oil Red O staining. Muscle fiber CSA was
measured using Image J software on 200 fibers per muscle.
3.2.7 Fatty Acid and Triglyceride Quantification and Composition
Gastrocnemius muscle [100 mg] was homogenized in a 1.6 ml calcium chloride [CaCl2;
0.025%] solution with glass beads [0.5 mm diameter; FastPrep ®-24, MP Biomedicals, Santa Ana,
CA, USA] in 20 sec intervals for 1 min total. Samples were placed on ice for at least 15 sec between
each homogenization interval. Lipids were extracted using chloroform/methanol as previously
described (120). The TG fraction was isolated on G-plates as previously described (1,21). The TG
band was scraped from G-plates and the C15:0 internal standard [10.2 mg/100 ml hexane] was
added, followed by saponification. TG was then methylated as previously described (1). Fatty acid
composition was determined using gas chromatography-flame-ionisation detector analysis on a
Varian 3900 [Varian Instruments, Georgetown, ON, Canada] as previously described (1). Peaks
of saturated, monounsaturated and polyunsaturated fatty acids were separated between 6 and 24
carbon chain lengths and identified using a fatty acid standard of known composition [GLC461,
Sigma-Aldrich]. Quantity of FA within the TG fractions was calculated by comparison with the
known concentration of the C15:0 standard.
3.2.8 RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)
Total RNA was extracted from gastrocnemius muscle [10 mg] using MagMax-96 total
RNA isolation Kit [Ambion, Austin, TX, USA] following the manufacturer’s protocol. For
assessing RNA quantity and quality, a NanoDrop spectrophotometer [Thermo Scientific,
Wilmington, DE] and Agilent 2100 Bioanalyzer [Agilent Technologies, Santa Clara, CA, USA]
were used, respectively. Samples were then diluted with nuclease-free water to 7 ng/µl. High
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Capacity cDNA Reverse Transcription kit [Applied Biosystems, Foster City, CA, USA] was used
to reverse transcribe RNA to cDNA following the manufacturer’s protocol. Pre-designed
TaqMan® probes with a 6-carboxyfluorescein phosphoramidite [FAM™] label on the 5' end and
primer sets [Applied Biosystem] were used to target the following genes: C/EBPβ
[Rn01764319_m1],

C/EBPδ

[Rn02532096_s1],

C/EBPα

[Rn00560963_s1],

PPARγ

[Rn00440945_m1], and SREBP-1c [Mm00550339_g1]. 18S rRNA [Rn03928990_g1] was stable
among all samples, and therefore used as the endogenous control. qRT-PCR was performed on 1
µl cDNA samples, in triplicate, on an ABI 7900HT thermocycler [Applied Biosystems]. Relative
changes in gene expression were determined using the 2−ΔΔCT method of analysis (121).
3.2.9 Statistical Analysis
Data are summarized as mean ± SD. One-way and a two-way repeated measures analysis
of variance [ANOVA] were used to test differences in food intake, changes in body weight and
tumor volume before and during chemotherapy treatment, respectively. A One-way ANOVA was
used to test differences in Oil Red O staining, total TG, mRNA fold changes in gene expression,
and fatty acids content. When a significant difference was observed, post-hoc analysis was
completed using the Bonferroni model. A Pearson’s correlation was used to test relationships
between mRNA expression of various adipogenic/lipogenic transcriptional factors and total TG.
Statistical significance was reported when p value <0.05. All statistical analyses were performed
using SPSS 21.0 [Chicago, IL, USA] for Windows.
3.3 Results
3.3.1 Food Intake and Body Weight
After tumor implantation and prior to chemotherapy, the rats consuming fish oil had higher
relative food intake compared to rats in control group [mean relative values: 1.0 ± 0.09 g/g food
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intake prior tumor versus 0.9 ± 0.1 g/g food intake prior tumor, p<0.001; data not shown]. The fish
oil group gained 13 ± 5 g of their body weight compared to 7 ± 3 g in the rats consuming the
control diet [p< 0.03].
After each cycle of chemotherapy, food intake decreased in all group, and returned to
baseline by the end of the cycle, however there were no significant differences between the groups
[0.8 ± 0.1 g/day; data not shown]. Body weight decreased after each chemotherapy cycle and was
significantly lower than baseline on the second, third and fourth day following chemotherapy
injection [body weight decreased by 5%; p=0.04]. Average intake of EPA plus DHA during the
chemotherapy period in the fish oil groups was 112 ± 25 mg/day.
3.3.2 Identification of a Potential Model of Tumor- and Chemotherapy-Associated
Myosteatosis
Fat accumulation in muscle. First, to confirm that the Ward colon tumor-bearing rat and
CPT-11/5-FU delivery models induced skeletal muscle fat accumulation, we quantified both the
neutral lipid accumulation and TG content in the gastrocnemius muscle of rats on the 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 variations [Figure 3.2]. Two weeks
following tumor implantation, the proportion of fibers expressing Oil Red O and the mean total
TG content in the gastrocnemius muscle were 6-fold [P<0.001, Figure 3.2] and 3-fold [P<0.001,
Figure 3.3] higher, respectively, in the control diet group compared with the reference group,
reflecting tumor-associated fat accumulation in muscle. Subsequently, chemotherapy treatment
further increased fat accumulation in the gastrocnemius muscle. Rats on the control diet who
underwent cycle-2 displayed a large amount of intermuscular fiber Oil Red O staining [Figure 3.2],
and significant increases in the proportion of fibers expressing Oil Red O [Figure 3.2] and mean
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total TG content [Figure 3.3] compared with tumor-bearing only rats [P<0.001 and P<0.001,
respectively] and rats who underwent cycle-1 [P<0.001 and P<0.001, respectively].
Adipogenic transcriptional factors in muscle. Next, we assessed expression of genes
involved in the adipogenic transcriptional cascade including the upstream genes sterol regulatory
element binding protein [SREBP]-1c, C/EBPβ and C/EBPδ, as well as the downstream genes
C/EBPα and PPARγ in the gastrocnemius muscle to identify a potential mechanism for skeletal
muscle fat accumulation in response to the tumor-bearing state before and during chemotherapy
treatment. While expression of SREBP-1c, C/EBPβ and C/EBPδ were either not altered [i.e.
SREBP-1c and C/EBPβ; Appendix A] or displayed a moderate increase in expression [i.e. C/EBPδ,
P<0.002; Figure 3.4A], expression of C/EBPα and PPARγ showed remarkable increases in
response to the tumor-bearing state and subsequent chemotherapy treatment in rats on the control
diet [Figure 3.4A]. Specifically, in these animals, C/EBPα and PPARγ expression increased 26fold [P<0.001] and 59-fold [P<0.001], respectively, in the tumor-bearing state before
chemotherapy that significantly further increased in response to cycle-2 compared with reference
animals [Figure 3.4A].
We further explored the relationships between C/EBPδ, C/EBPα and PPARγ expression
and total TG content in the gastrocnemius muscle [Figure 3.4B]. The expression of C/EBPδ,
C/EBPα and PPARγ were positively correlated with total TG content [Figure 3.4B], revealing that
key transcription factors involved in adipogenesis are related to the TG content in muscle.
Muscle weight and fiber cross-sectional area. Further characterization of the
gastrocnemius muscle showed that while muscle weight was not different between the groups
[overall mean 760 ± 60 mg; data not shown], the tumor-bearing state [P<0.01] and subsequent
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chemotherapy [P<0.001] 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 Fish Oil Diets on Tumor- and Chemotherapy-Associated Myosteatosis
EPA and DHA content in muscle. Since chemotherapy treatment significantly reduced the
EPA [i.e. cycle-2] and DHA [i.e. cycle-1 and cycle-2] content in the gastrocnemius muscle TG
fraction of rats on the control diet compared with the reference animals [Table 3-2], we 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 cycles of chemotherapy
compared to reference [Table 3-2].
Fat accumulation in muscle. To test the hypothesis that in a Ward colon tumor-bearing
rat model of myosteatosis, dietary EPA and DHA would mitigate tumor- and chemotherapyassociated fat accumulation in skeletal muscle, we measured neutral lipids and TG content in the
gastrocnemius muscle of rats fed a diet containing fish oil beginning one week prior to tumor
implantation [long term] and beginning when chemotherapy was initiated [adjuvant]. Before
chemotherapy, tumor-bearing rats on the long term fish oil diet displayed proportions of fibers
expressing Oil Red O [Figure 3.2] and total TG content [Figure 3.3] in the gastrocnemius muscle
similar to levels observed in reference animals, which were significantly lower compared with
tumor-bearing rats on the control diet [P<0.001 and P<0.003, respectively]. Subsequently, after
both cycle-1 and cycle-2, tumor-bearing rats on the long term fish oil diet displayed minimal
intermuscular Oil Red O staining [Figure 3.2], and exhibited over 40% less fibers expressing Oil
Red O [Figure 3.2] and over 40% less total TG- muscle content [Figure 3.3] in the gastrocnemius
muscle compared with their respective chemotherapy treated cycle, tumor-bearing control diet
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groups. Additionally, cycle-1 and cycle-2 rats on the adjuvant fish oil diet displayed similar
amounts of inter- [Figure 3.2] and intra-muscular [Figure 3.2] Oil Red O staining and total TG
[Figure 3.3] in the gastrocnemius muscle compared with their respective long term fish oil diet
group. Collectively, these results show that before chemotherapy, the long term fish oil diet
prevented tumor-associated fat accumulation, and the adjuvant fish oil diet was equally efficacious
as the long term fish oil diet in mitigating chemotherapy-associated fat accumulation in muscle.
Adipogenic transcription factors in muscle. In the gastrocnemius muscle, the long term
fish oil diet prevented tumor-associated increases in C/EBPδ, C/EBPα and PPARγ expression, as
the expression of these transcription factors were similar to reference animals and significantly
lower compared to tumor-bearing rats on the control diet [C/EBPδ, P<0.001; C/EBPα, P<0.02;
PPARγ, P<0.02; Figure 3.4A]. Subsequently, both fish oil diets greatly suppressed chemotherapyassociated expression of these transcriptional factors that occurred in rats on the control diet
[Figure 3.4A]. Specifically, expression of C/EBPδ, C/EBPα and PPARγ remained at reference
levels in the gastrocnemius muscle of rats on the long term fish oil diet who underwent
chemotherapy, with the lone exception of cycle-2 C/EBPα expression that was 2-folder [P<0.05]
greater compared with reference, but remained 20-fold [P<0.03] lower compared to cycle-2 rats
fed control diet [Figure 3.4A]. Similarly, the adjuvant fish oil diet was able to fully reverse and
significantly decrease expression of C/EBPδ, C/EBPα and PPARγ after cycle-1 and cycle-2,
respectively [Figure 3.4A]. These results show that both fish oil diets greatly reduced tumorand/or chemotherapy-associated increases in the expression of key adipogenic transcriptional
factors.
Muscle weight and fiber cross-sectional area. All groups on the long term fish oil diet had
similar muscle fiber CSA compared with reference animals, and were significantly greater than
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their respective control diet groups following one and two cycles of chemotherapy [P<0.002 and
P<0.005, respectively; Figure 3.5]. Additionally, muscle fiber CSA was not different between the
long term fish oil and adjuvant fish oil groups after either cycle-1 or cycle-2 [Figure 3.5].
3.3.4 Effects of the Fish Oil Diets on Tumor Response to Chemotherapy
Tumors grew to 1.8 ± 0.4 cm3 in size and were similar between all groups before starting
chemotherapy treatment. Long term and adjuvant EPA and DHA supplementation similarly
enhanced the anti-tumor activity of CPT-11/5-FU chemotherapy compared with the control diet
[Figure 3.6]. In each of the 7 days following initiation of cycle-1, rats in both the long term and
adjuvant fish oil groups had significantly smaller tumor volumes compared with tumor-bearing
rats in the control diet group [P<0.01]. Notably, tumor volumes were not significantly different
between the long term and adjuvant fish oil diet groups during either cycle-1 or cycle-2.
3.4 Discussion
To our knowledge, this study is the first to describe a preclinical model of tumor- and
chemotherapy-associated myosteatosis. Using this model, we investigated the effects of a
physiologically attainable level of EPA and DHA supplementation on the tumor-bearing state
before and during chemotherapy-associated myosteatosis, as well as on the tumor response to
chemotherapy. We show for the first time that feeding a diet containing EPA and DHA prevents
tumor-associated myosteatosis, and that adjuvant- is similarly efficacious to long term- EPA and
DHA feeding in greatly mitigating chemotherapy-associated myosteatosis, and in enhancing the
tumor response to chemotherapy. Specifically, we show that in the gastrocnemius muscle of tumorbearing 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 reduced in animals fed a diet containing fish oil either beginning before tumor44

implantation [long term] or at the initiation of chemotherapy [adjuvant]. Additionally, after cycle1, tumor volume decreased in animals on the long term and adjuvant fish oil diets, to an 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 well-documented effect of enhancing tumor cytotoxicity [reviewed by (16)].
3.4.1 Identification of a Potential Model of Tumor- and Chemotherapy-Associated
Myosteatosis
Myosteatosis is emerging as an important prognostic factor in the oncology setting, as it
has been found to be associated with shorter survival in cancer patients treated with various
therapies including chemotherapy (6-9). In this study, the Ward colon tumor model displayed
robust fat accumulation within skeletal muscle that was exacerbated by successive chemotherapy
cycles. Rollins et al. (7) has reported that the majority of cancer patients display myosteatosis in
concert with muscle loss; two features that share a poor prognosis in advanced cachexic cancer
patients (8). Similarly, the Ward colon tumor model also displayed decreased muscle fiber. These
pathological changes in muscle have been identified during chemotherapy (1,5,7,8,113) and
represent one of the toxicity effects of antineoplastic treatment. Collectively, this preclinical model
displays features of human cancer with regards to skeletal muscle changes that occur in the
majority of cancer patients undergoing chemotherapy.
Determining the anatomical location 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. Stephens et al. (49) examined intramuscular lipid
droplets in weight-losing 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, indicative of lipid droplets, in the tumor-bearing 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 formation of
intermuscular adipocytes. Collectively, it appears that signaling mechanisms involved in lipid
droplet and adipocyte formation are involved in cancer-associated myosteatosis.
Lipid droplet formation occurs in various tissues in response to cellular stress (122), which
can occur via SREBP-1c (123), an adipogenic transcriptional factor that plays a key role in fatty
acid biosynthesis (124). Additionally, cellular stress responses occur in cancer and cancer therapies
[reviewed by (125)]. Therefore, we examined skeletal muscle SREBP-1c expression, but found
that it was not altered in response to the tumor-bearing state or subsequent chemotherapy.
However, C/EBPδ, C/EPBα and PPARγ expression, which were all elevated in the skeletal muscles
of tumor-bearing animals before and after chemotherapy in our study, are involved in both
lipogenesis and adipogenesis in skeletal muscle (117,126,127). Specifically, increased C/EBPδ
expression occurs in myopathic murine skeletal muscle that contains abnormally high amounts of
lipid droplets within muscle fibers along with intermuscular adipocytes (126). Additionally,
C/EBPα and/or PPARγ overexpression in vitro increases fatty acid uptake and incorporation into
muscle lipids including TG, and augments lipid droplet accumulation (117,127). 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 appears that the
mechanisms responsible for cancer-associated myosteatosis involve key regulators of
adipogenesis/lipogenesis.
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3.4.2 Effects of the Fish Oil Diets on Tumor- and Chemotherapy-Associated Myosteatosis
Nutrient deficiencies have been observed in cancer patients 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 first-line chemotherapy for advanced non-small cell
lung cancer lost muscle mass and gained skeletal 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 to a cancer diagnosis is important for
application in the clinical setting.
EPA and DHA are known to have anti-adipogenic effects on adipose tissue and metabolism
that occurs through multiple mechanisms (128), but little is known about this mechanistic
regulation in cancer-associated fat accumulation in skeletal muscle. Here we demonstrate, for the
first time, that EPA and DHA supplementation prevents tumor-associated increases in the
transcriptional expression of C/EBPδ, C/EBPα and PPARγ, and 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 we show are
related to total TG content in skeletal muscle. Additionally, findings from our study also
demonstrate that adjuvant feeding of EPA and DHA [started on the same day as initiation of
chemotherapy] is as effective as long term feeding [started prior to tumor implantation] in
mitigating myosteatosis and inhibiting the expression of underlying transcriptional factors.
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3.4.3 Effects of the Fish Oil Diets on the Tumor Response to Chemotherapy
The in vivo model used in the current study represents a prevalent chemotherapy regime
for colorectal cancer patients, and mimics the human colon cancer response to CPT-11/5-FU
treatment (98,110,129). Our results contribute to the large body of preclinical [reveiwed by (16)]
and emerging clinical (19,24) evidence suggest that providing EPA and DHA concurrent with
antineoplastic agents enhances anti-tumor effects. We additionally demonstrate that adjuvant is as
effective as longer term EPA and DHA supplementation in enhancing the anti-tumor activity of
CPT-11/5-FU chemotherapy. These effects are most likely due to the incorporation of these EPA
and DHA in 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 [ reviewed by (22,130)].
3.5 Conclusions
The novel observations of pathological fat accumulation coupled with the expression of
key adipogenic/lipogenic transcriptional factors in the skeletal muscles of an in vivo tumor-bearing
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 feeding were equally efficacious in
markedly improving the therapeutic index of CPT-11/5-FU chemotherapy by concurrently
enhancing drug efficacy to the tumor while reducing the toxicity effect of fat accumulation within
skeletal muscle. Our study highlights the therapeutic potential of EPA and DHA as promising
nutritional adjuvants to chemotherapy, which is of particular importance given the prognostic
value of myosteatosis as an independent predictive factor of short- and long-term outcomes in
cancer. Findings from the present study are novel and encouraging, warranting future research to
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determine further mechanisms by which dietary EPA and DHA supplementation attenuate
pathological fat accumulation in the skeletal muscles of cancer patients.
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Table 3-1 Composition of experimental diets.

Ingredient

Control diet Fish oil diet

Constant portion (80% w/w of diet)
Modified AIN-76 basal mix (g/100g of diet):
Casein
DL-Methionine
Corn Starch
Sucrose
Vitamins (AIN-76)
Minerals (AIN-76)
Inositol
Choline Bitartrate
Cellulose

22.7
0.3
25.5
20.4
1.2
4.1
0.6
0.2
5.0

22.7
0.3
25.5
20.4
1.2
4.1
0.6
0.2
5.0

11.7
0.0
5.2
3.1
0.0

12.0
0.8
3.3
1.6
2.3

58.7
17.3
20.6
(18.6)
(2.0)
(0.0)
(0.0)
3.4

59.9
14.3
22.5
(13.6)
(8.9)
(5.1)
(2.1)
3.3

Variable portion (20% w/w of diet)
Lipid source (g/100g of diet):
Canola Stearine
Olive oil
Sunflower oil
Canola oil
Fish oil
Fatty acid composition (% of total fatty acids
in the lipid source):
Saturated fatty acids
Monounsaturated fatty acids
Polyunsaturated fatty acids
Total n-6
Total n-3
EPA
DHA
Other fatty acids

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

Reference

Tumor

Control Diet
Cycle1
Cycle2

Long Term Fish Oil Diet
Tumor
Cycle1
Cycle2

P Value
Adjuvant Fish Oil Diet
Cycle1
Cycle2

EPA (µg/g) 0.9 ± 0.5a

0.4 ± 0.2ab 0.7 ± 0.5a 0.2 ± 0.2b 0.9 ± 0.4a 0.9 ± 0.1a 1.3 ± 0.7c 1.5 ± 0.3c 1.1 ± 0.5ac P<0.001

DHA (µg/g) 0.7 ± 0.4a

0.6 ± 0.4a

0.1 ± 0.0b

NDb

1.7 ± 0.5c 2.6 ± 1.3d 2.6 ± 0.7d 2.7 ± 0.8d

1.7 ± 0.5d P<0.001

Values are presented as means ± SD. Different letters indicate significant differences among groups. DHA, docosahexaenoic acid;
EPA, eicosapentaenoic acid; ND, not detectable.
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Figure 3.1 Experimental study design. The first day of chemotherapy cycle-1 designed as day 0
and the first day of chemotherapy cycle-2 designated as day 7. Rats were euthanized 7 days
following the completion of each cycle. CPT-11 was administered on day 0 and day 7; 5-FU was
administered on Day 1 and Day 8. Rats bearing tumor were 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 Day -21. Adjuvant fish oil diet started
at the same day of the first cycle of chemotherapy on Day 0. CPT-11, irinotecan; 5-FU, 5fluorouracil.
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Figure 3.2 Oil Red O staining and analysis 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 for Oil Red O; dashed arrow shows an example of positive Oil Red O staining
between muscle fibers. Scale bar represents 100 µm. Bars represent proportion of fibers stained
positive for Oil Red O. Values are means ± SD. Different letters indicate significant differences
among groups [P<0.05].
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Figure 3.3 Total triglyceride fatty acid levels in the rat gastrocnemius muscle quantified using gas
chromatography. Values are means ± SD. Different letters indicate significant differences among
groups [P<0.05].
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Figure 3.4 Patterns of adipogenic transcriptional factor mRNA expression in the rat gastrocnemius
muscle. A) Fold changes in C/EPBδ, C/EBPα and PPARγ expression levels as determined by the
2−ΔΔCT method of analysis. Values are means ± SD. Different letters indicate significant differences
among groups [P<0.05]. B) The correlation between each gene and the total triglyceride fatty acid
level.
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chemotherapy was initiated [Day 0]. Black arrow shows the days when single CPT-11 injections
[50mg/kg] occurred [Days 0, 7]; white arrow shows the days when single 5-FU injections
[50mg/kg] occurred [Days 1, 8]. Values are means ± SD.
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CHAPTER 4
Phospholipid and Triglyceride Compositions Reflect Dietary EPA and DHA Intervention
in an Animal Model of Colorectal Cancer Receiving CPT-11 and 5-FU
4.1 Introduction
Application of computed tomography [CT] scans obtained in an oncological setting to
evaluate body composition has revealed that muscle with low radiodensity and elevated amounts
of intermuscular adipose tissue, defined as myosteatosis, occurs in cancer patients (6,7,9,24,4648). It has been reported recently that presence of myosteatosis reduces the length of survival in
cancer patients (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 [20:5n-3; EPA] and docosahexaenoic acid [22:6n-3; DHA], reductions
in intermuscular adipose tissue were observed (24). This clinical result is supported by a preclinical 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 feeding [see Chapter 3, Figure 3.3]. Therefore, 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 the n-3 polyunsaturated fatty acid status of newlydiagnosed cancer patients undergoing chemotherapy is low (1,21). In comparison to healthy
subjects, advanced cancer patients had depleted stores of plasma n-3 fatty acids within plasma
phospholipid [PL] fraction after high-dose chemotherapy, when EPA and DHA levels were
reduced to about 7% of the control values (21). Our group has reported a reduction in EPA and
DHA and total n-3 fatty acid, in non-small cell lung cancer patients (1). Another study aimed to
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investigate the way in which fatty acids patterns of gastrointestinal mucosa are altered in human
gastric cancer. Specifically, researchers assessed the fatty acid composition of PL fraction of
mucosa in paired cancerous and non-cancerous gastric tissues. This study showed that the n-6/n-3
ratio was higher in PL of cancerous mucosa mainly due to high levels of arachidonic acid [20:4n6] coupled by low levels of EPA and DHA (51). Therefore, both the disease as well as the
therapeutic treatments may be contributing factors in reducing n-3 fatty acids (7,9,24,47,48,100).
Collectively, these results suggest that EPA and DHA are important for muscle health and could
potentially mitigate fat accumulation that occurs in the presence of tumor or during chemotherapy
[discussed in details in Chapter 3]. However, fatty acid composition of skeletal muscle from cancer
patients has not been characterized and no biological measure of fat in muscle was reported in
cancer associated with myosteatosis or neither during EPA and DHA intervention.
In order to investigate the skeletal muscle fatty acids profile in cancer-related myosteatosis,
as well as during EPA and DHA intervention, Fischer rats bearing the Ward colon 26 tumor and
receiving two cycles of CPT-11 plus 5-FU therapy were used. Tumor-bearing animals show
elevated triglyceride [TG] content, which is accelerated with chemotherapy [see Chapter 3, Figure
3.2], similar to what is observed clinically (24). Additionally, findings from our study also
demonstrate both adjuvant feeding of EPA and DHA [started on the same day as initiation of
chemotherapy] as well as long term feeding [started prior to tumor implantation] were effective in
reducing TG content of gastrocnemius muscle that known to occur in the presence of tumor and
during chemotherapy [see Chapter 3, Figure 3.3].

The objectives of this study were 1) to

determine the fatty acid profile of TG and PL fractions of gastrocnemius muscle tissue in a
preclinical model of cancer-associated myosteatosis either prior or after rats received 1- or 2-cycles
of CPT-11/5-FU, and 2) to determine the fatty acids profile of TG and PL fractions in
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gastrocnemius muscle when dietary EPA and DHA is provided either beginning at the initiation
of chemotherapy [adjuvant] or beginning prior to tumor implantation [long term]. It was
hypothesized that compared to healthy rats not bearing a tumor, rats bearing the Ward colorectal
tumor alone or receiving 1- and -2 cycles of chemotherapy and associated with myosteatosis will
exhibit lower PL content, higher saturated fatty acids and n6/n3 fatty acid ratio, and lower EPA
and DHA and total n-3 fatty acid. However, providing a diet 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 and total n-3 in both PL and
TG fractions compared to rats fed a control diet. Also, 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 intake measurements, and total muscle weight are reported in
Chapter 3 section 3.2.
4.2.1 Phospholipid and Triglyceride Quantification and Composition
Gastrocnemius muscle [100 mg] homogenization and preparation for lipid extraction has
been described in Chapter 3 section 3.2.6. Lipids were extracted using chloroform/methanol as
previously described (120). The TG and PL fraction was isolated on G-plates as previously
described (1,21). The TG and PL bands were scraped from G-plates and C15:0 [10.2 mg/100 ml
hexane] and C17:0 [10 mg/100 ml hexane] standards were added respectively, followed by
saponification for TG only. TG and PL were then methylated as previously described (1). Fatty
acid compositions were determined using gas chromatography-flame-ionisation detector analysis
on a Varian 3900 [Varian Instruments, Georgetown, ON, Canada] as previously described (1).
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Peaks of saturated, monounsaturated and polyunsaturated fatty acids were separated between 6
and 24 carbon chain lengths and identified using a fatty acids standard of known composition
[GLC461, Sigma-Aldrich]. Quantities of fatty acids 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 One-way ANOVA was used to test differences in
total PL and TG as well as the fatty acid composition in PL and TG fractions. When a significant
difference was observed, post-hoc analysis was completed using the Bonferroni model. Statistical
significance was reported when p value <0.05. All statistical analyses were performed using SPSS
21.0 [Chicago, IL, USA] for Windows.
4.3 Results
4.3.1 Phospholipid Fatty Acid Profile
Fatty Acid Composition of PL in a Preclinical Model of Tumor- and ChemotherapyAssociated Myosteatosis: First, to confirm that the Ward colon tumor-bearing rat and CPT-11/5-FU
delivery models induced an alteration in fatty acid composition within the PL fraction, we quantified
total PL fatty acids as well as PL fatty acid composition in the gastrocnemius muscle of rats bearingtumor with or without receiving 1- or 2- cycles of chemotherapy and were on control diet. The mean
total PL fatty acid content in the gastrocnemius muscles of rats bearing-tumor only was not different
from reference rats [Figure 4.1]. On the other hand, rats receiving 1- cycle chemotherapy exhibited
a significant reduction of mean PL fatty acid compared to rats bearing-tumor only [P<0.02, Figure
4.1]. After 2- cycle of chemotherapy, amount of PL was returned to baseline levels.
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Tumor-bearing rats exhibited similar proportion of total n-3 and n-6 fatty acids compared
to reference group [Table 4-1]. However, the proportions of total saturated and monounsaturated
fatty acid, driven by higher proportion of C18:1 n-9, were significantly higher in tumor-bearing
rats compared to reference animals [P<0.001 and P<0.001 and P<0.001, respectively; Table 4-1].
After both 1- and 2-cycles of chemotherapy, proportions of C18:1 n-9 and total monounsaturated
fatty acids were significantly higher than tumor-bearing animals [P<0.001 and P<0.001,
respectively; Table 4-1], whereas total proportion of saturated fatty acid significantly increased
after the second cycle only [P<0.001]. Proportion of n-6 fatty acids were significantly decreased
following cycle-1 and cycle-2 chemotherapy [P<0.04 and P<0.02, respectively] driven by lower
proportion of C18:2 [P<0.001 and P<0.001, respectively]. Total proportions of n-3 fatty acids were
comparable between all groups on control diet.
Effects of Fish Oil Diets on PL Fatty Acid Composition in a Preclinical Model of Tumorand Chemotherapy-Associated Myosteatosis: We next wanted to confirm the effect of a long term
compared to the adjuvant fish oil diets in total PL in the gastrocnemius muscles. Tumor-bearing
rats and those went under 1- and 2- cycles of chemotherapy and fed long term fish oil diet exhibited
> 2 fold higher total PL content [P<0.001 and P<0.001 and P<0.001, respectively] in the
gastrocnemius muscles compared to their respective control groups [Figure 4.1]. Rats fed adjuvant
fish oil diet and went under 1- and 2- cycles of chemotherapy exhibited similar level of total PL
compared to reference animal [Figure 4.1].
Before chemotherapy, tumor-bearing rats on the long term fish oil diet displayed lower
proportion of total saturated fatty acids [P<0.001], driven by lower proportion of C16:0 [P<0.04],
as well as lower proportion of n-6 fatty acids [P<0.001], driven by lower proportion of C18:2
[P<0.005] and C20:4 [P<0.05], compared to tumor-bearing rats on control diet [Table 4-1]. On the
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other hand, proportion 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 their respective rats on the
control diet [Table 4-1]. In addition, long term fish oil diet induced a significant reduction in the
ratio of n-6/n-3 fatty acids [P<0.001] in tumor-bearing rats compared to animals fed a control diet.
After both cycle-1 and cycle-2, proportion of all fatty acids remained unchanged compared with
rats bearing only tumor and fed a long term fish oil diet [Table 4-1]. Additionally, cycle-1 and
cycle-2 rats on the adjuvant fish oil diet displayed similar proportions of total saturated fatty acid,
n-6, and n-3 including EPA and DHA, and n-6/n-3 ratio in the gastrocnemius muscle compared
with their respective long term fish oil diet group [Table 4-1].
4.3.2 Triglyceride Fatty Acids Profile:
Fatty Acids Compositions of TG in a Preclinical Model of Tumor- and ChemotherapyAssociated Myosteatosis: We next quantified total TG fatty acids as well as TG fatty acid
composition in the gastrocnemius muscle of rats on the control diet. The total TG fatty acid content
in the gastrocnemius muscle has been presented in chapter 3 [Figure 3.3]. Total saturated fatty
acids including C16:0 and C18:0 were comparable between tumor bearing animals and reference
group. However, tumor-bearing rats exhibited higher total monounsaturated fatty acids [P<0.001],
driven by higher C18:1 [P<0.001], and lower proportion of total n-6 fatty acid [P<0.03] and n-3
fatty acids [P<0.05], driven by lower C18:3 [P<0.001, Table 4-2]. Rats on the control diet that
underwent 2-cycles of chemotherapy displayed a higher proportion of saturated fatty acids
compared to tumor-bearing rat only [P<0.04, Table 4-2], driven by higher proportion of C18:0
[P<0.005]. Rats receiving 2-cycles of chemotherapy exhibited significant decreases in total n-3
fatty acids [P<0.002] and DHA was not detected at any time after chemotherapy treatment. Two
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cycles of chemotherapy further cause a significant increase in n-6/n-3 ratio in TG fraction of
gastrocnemius muscle compared to rats bearing only tumor [P<0.001, Table 4-2].
Effects of the Fish Oil Diets on TG fatty acids composition in a Preclinical Model of
Tumor- and Chemotherapy-Associated Myosteatosis: Since both tumor and chemotherapy
treatment significantly decreased n-3 fatty acids [Table 4-2], we wanted confirm that the fish oil
diets restored muscle essential fatty acids including EPA and DHA. We also wanted to confirm
the effect of a long term compared to the adjuvant fish oil diets in total TG in the gastrocnemius
muscles [Table 4-2]. Total TG fatty acids in these rats were reported in Chapter 3 [Figure 3.3].
Tumor-bearing rats on the long term fish oil diet displayed lower proportion of n-6 fatty
acids [P<0.05], driven by lower proportion C18:2 [P<0.001], and higher proportion of n-3 fatty
acids [P<0.001], driven by higher EPA [P<0.05] and DHA [P<0.001], compared to tumor-bearing
rats on control diet [Table 4-2]. In addition, long term fish oil diet induced a significant reduction
in the proportion of n-6/n-3 fatty acids [P<0.001] in tumor-bearing rats compared to animals fed a
control diet. Subsequently, after both cycle-1 and cycle-2, rats on the long term fish oil diet
exhibited lower proportion of n-6 [P<0.001 and P<0.001, respectively] and n-6/n-3 ratio [P<0.001
and P<0.001, respectively] driven by higher proportion of total n-3 fatty acids [P<0.001 and
P<0.001, respectively], driven by higher proportion of DHA [P<0.001 and P<0.001, respectively]
compared to their respective control animals [Table 4-2]. Additionally, cycle-1 and cycle-2 rats on
the adjuvant fish oil diet displayed similar effect on fatty acid composition in the gastrocnemius
muscle compared with their respective long term fish oil diet group [Table 4-2].
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4.4 Discussion
This study is the first to use a preclinical model of tumor- and chemotherapy-associated
myosteatosis [see Chapter 3] to investigate the effects of tumor and chemotherapy on PL and TG
content and composition in skeletal muscle. Additionally, we investigated the effect of dietary
EPA and DHA fed prior to tumor implantation [Long term] and concurrent with the first cycle of
chemotherapy [adjuvant] on PL and TG content and compositions in skeletal muscle. We show in
the previous study [see Chapter 3] for the first time that feeding a diet containing EPA and DHA
prevents tumor-associated myosteatosis, and that adjuvant feeding fish oil- is similarly efficacious
to long term- EPA and DHA feeding in greatly mitigating chemotherapy-associated myosteatosis.
While in the previous study we show that total TG content in the gastrocnemius muscle of tumorbearing animals before and during chemotherapy that fed control diet increased [see Chapter 3,
Figure 3.3], in this study we show that total PL decreases [Figure 4.1] following the first cycle of
chemotherapy in control fed animals but is markedly increased in the gastrocnemius muscle of fish
oil fed animals.
Rats bearing-tumor alone or undergoing one or two cycles of chemotherapy and fed a
control diet exhibited higher saturated fatty acids, while n-3 fatty acids including EPA were
significantly reduced. DHA was not detected in either PL and TG compared to reference animals.
However, animals fed a diet containing fish oil either beginning before tumor-implantation [long
term] or at the initiation of chemotherapy [adjuvant] exhibited lower saturated fatty acids, n-6,
while n-3 fatty acids including EPA and DHA were significantly increased in gastrocnemius
muscle compared to their 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 models [see Chapter 3]. Feeding EPA
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and DHA for short term [a week] was as effective as feeding EPA and DHA for long term [4
weeks] to be incorporated into gastrocnemius muscle tissue.
4.4.1 PL and TG Fatty Acid Composition in Gastrocnemius Muscle of Model of Tumorand Chemotherapy-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 treated with chemotherapy (6-9).
In this study, the Ward colon tumor model displayed robust fat accumulation within skeletal
muscle that was exacerbated by successive chemotherapy cycles [see Chapter 3]. Biological
measure of fat in muscle of cancer associated with myosteatosis is not explored. Muscle contains
different lipid species such as TG and PL. In the present study, the mean total PL fatty acids content
in the gastrocnemius muscles of rats bearing-tumor and received 1- cycle of chemotherapy
treatment is lower than reference animals. The reduction in total PL that was observed following
the first cycle of chemotherapy could be attributed to a reduction in either number or size of muscle
fiber. In the previous study [see Chapter 3] we have reported that chemotherapy resulted in lower
mean muscle fiber cross sectional area in rats on the control diet compared with reference animals
[ see Chapter 3, Figure 3.5]. Total muscle PL fatty acids in the control-fed rats receiving 2- cycles
of chemotherapy significantly increased to similar levels of tumor-bearing 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 adipocytes and/or lipid droplets membranes since it
was concurrently associated with increase in TG fatty acid content. These findings are supported
by Oil Red O staining as it showed an increase in neutral lipid content primarily within muscle
fibers, indicative of lipid 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 adipocytes [see
Chapter 3, Figure 3.2].
Not only the total amount of PL fatty acids is important but also the fatty acid composition
of PL within the muscle can contribute to muscle metabolism. Alterations in the composition of
membrane fatty acids modifies the thickness and fluidity of the lipid bilayer, which can
subsequently impact skeletal muscle lipid content. In non-cancer conditions associated with
myosteatosis such as obesity and insulin resistance, it has been reported that skeletal muscle
membrane PL display a different fatty acid composition compared with lean subjects, with a higher
proportion of the saturated fat and lower concentrations of polyunsaturated fatty acid (63-65). In
this study, we found that tumor bearing rats and those receiving 1- and 2-cycles of chemotherapy
exhibited higher proportion of total saturated fatty acid compared to reference animal in PL
fraction [Table 4-1]. Preclinical models of insulin resistance reported that higher saturated fat–
laden membranes are associated with insulin resistance, which is similarly observed in humans
(66).
Bordoni et al reported that tumour as well as chemotherapy treatment induces alterations
in the desaturation and elongation of alpha-linolenic acid [C18:3 n-3] to EPA and DHA in heart
muscle (131). Similarly, in this study we observed that tumor bearing only rats and those received
1- and 2-cycles of chemotherapy exhibited low proportion of total n-3 fatty acids and DHA was
not detected following chemotherapy treatment in PL and TG fractions of gastrocnemius muscle.
These results suggested a conditional essentiality of EPA and DHA in cancer and during treatment.
This study found that the proportion of n-6/n-3 ratio was significantly increased in the
presence of the tumor and following 1- and 2- cycles of chemotherapy in TG fraction which driven
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by lower n-3 fatty acids compared to reference rats. Increase the ratio of n-6/n-3 derives
eicosanoids that modulate the production of pro-inflammatory cytokines (132), such as
interleukin-6 [IL-6] and tumor necrosis factor alpha [TNF-α] that may cause an increase in muscle
catabolism and mitochondrial dysfunction (86,133,134). Fats stored in muscle usually serve as a
fuel for mitochondria oxidation (83), 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 in the presence of Ward colon
tumor and following chemotherapy treatment with higher saturated fatty acid, n-6/n-3 ratio and
lower n-3 fatty acids including EPA and DHA compared to reference rats. Further investigation is
required to assess pathways that may affected 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 Chemotherapy-Associated Myosteatosis
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 corrected by providing fish oil
supplementation to cancer patients during treatment (1,24).
The animal model used in the present study demonstrated that incorporation of EPA and
DHA into both TG and PL fatty acids was similar between rats fed fish oil for either long term [3
weeks minimum] or short term [one week minimum]. On the other hand, saturated fatty acids as
well as n6/n-3 proportion were significantly decreased in PL fraction following fish oil
supplementation compared to rats fed a control diet. Healthy people supplemented with 5 grams
of fish oil per day had an increase in n-3 fatty acids [3.8% to 5.1% total fatty acids] after 2-weeks,
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and it further increased after 4-weeks to ~6.8% total fatty acids (135). Other studies have
demonstrated that 8-weeks of fish oil supplementation results in a 2-fold increase in muscle PL n3 fatty acid composition in healthy subjects [5.04% to 9.03% total fatty acids; (75,76). In the
present study, we observed similar increases in proportion of n-3 fatty acid content in both TG and
PL fatty acids, even with one week of supplementation [adjuvant-cycle-1 chemotherapy]. In cancer
patients, a temporal assessment of n-3 fatty acid incorporation into tissue has not been conducted
Further work similar to McGlory et al. (132) could be replicated in a cancer model to determine
whether a prolonged period of fish oil supplementation may be required to reach a saturation of n3 fatty acids in skeletal muscle, especially during chemotherapy treatment (21). 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 experimental systems and in a number
of non-cancer disease states (68-73). In several experimental studies, EPA and DHA have been
reported to support the anabolic potential of muscle (68,70,72,76). In rats, n-3 fatty acid
incorporation into muscle increased membrane unsaturation concurrent with improved insulin
sensitivity and decreased muscle triglyceride content (77). Fat-1 mice, which are capable of
endogenous n-3 fatty acid synthesis, exhibit better glucose tolerance than control mice (68). Some,
(70,76,78,79) but not all (80,81) studies have shown an effect of n-3 polyunsaturated fatty acids
on AKT activation, a regulator of muscle growth. Incorporation of 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 anabolism (82).
We have also observed that PL content in gastrocnemius muscles was significantly higher
in rats fed dietary fish oil compared to their respective control groups. The increase in total PL
could be attributed to increase in either number or size of muscle fiber. In the previous study [see
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Chapter 3] we have reported that rats fed a fish oil diet exhibited higher mean muscle fiber cross
sectional area following chemotherapy treatment compared to their respective control diet groups
[see Chapter 3, Figure 3.5], however this observation would require further quantitative analysis
of the number of muscle fiber. The increase in PL content of gastrocnemius muscle in these groups
could be also a result of increased cells within the muscle such as mitochondria. Higher number
of mitochondria in skeletal muscle has been reported during EPA and DHA intervention through
the activation of PGC-1α in skeletal muscle [reviewed by (91)]. However, further research is
needed to investigate the mechanisms underlying the beneficial effect of EPA and DHA provided
in the diet on skeletal muscle in cancer.
4.5 Conclusions
The novel observations of pathological fat accumulation [see chapter 3] coupled with lower
total PL, lower n-3, driven by undetectable DHA following chemotherapy treatment, and higher
saturated fatty acids and n-6/n-3 ratio in the skeletal muscles of an in vivo tumor-bearing model
that underwent chemotherapy treatment, reveal a potential alteration in fatty 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 acids content within the muscle [see Chapter 3, Figure 3.3] and 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 and n-6/n-3 ratio. These results are
novel future research to determine further mechanisms by which dietary EPA and DHA
supplementation mitigate myosteatosis in 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

(%)
Reference

Control Diet
Tumor
Cycle1

Cycle2

P Value

Long Term Fish Oil Diet
Tumor
Cycle1

Adjuvant Fish Oil Diet
Cycle2
Cycle1
Cycle2

C 16:0

20.9 ± 2.6ac

21.1 ± 1.1ac

22.0 ± 1.4ab

20.5 ± 4.5ac

18.3 ± 1.4b

21.1 ± 2.0ac

20.2 ± 1.6ac

19.5 ± 1.6c

21.2 ± 1.1ab

P<0.001

C 18:0

21.9 ± 2.6a

21.4 ± 2.5a

20.2 ± 1.7a

22.5 ± 3.5a

20.6 ± 1.0a

22.2 ± 2.1a

22.0 ± 1.6a

21.2 ± 1.2a

18.8 ± 1.3b

P<0.003

C 18:1 n-9

4.1 ± 1.7a

10.3 ± 1.8b

12.0 ± 2.2c

12.3 ± 3.9c

7.3 ± 1.9d

9.5 ± 1.4bd

10.5 ± 2.4b

9.3 ± 0.9b

9.4 ± 1.1b

P<0.001

C 18:2 n-6

11.9 ± 0.9a

12.0 ± 1.2a

9.9 ± 0.8b

9.6 ± 2.1b

7.4 ± 1.0c

8.0 ± 1.1bc

8.5 ± 0.9bc

8.4 ± 0.9bc

8.2 ± 0.8bc

P<0.001

C 18:3 n-3

0.1 ± 0.1a

0.1 ± 0.1a

NDa

NDa

0.1 ± 0.1a

0.1 ± 0.1a

0.2 ± 0.1b

0.1 ± 0.1a

0.2 ± 0.1b

P<0.021

C 20:4 n-6

17.6 ± 2.6a

16.9 ± 1.2a

17.3 ± 1.2a

16.2 ± 2.0a

13.3 ± 2.3bc

10.2 ± 1.9b

9.4 ± 2.1b

15.0 ± 0.9ca

14.4 ± 1.3c

P<0.001

C 20:5 n-3

0.1 ± 0.1a

0.2 ± 0.1a

0.1 ± 0.1a

0.1 ± 0.1a

1.7 ± 0.3b

2.2 ± 0.3c

2.5 ± 0.2c

1.7 ± 0.5b

1.7 ± 0.5b

P<0.001

C 22:6 n-3

0.2 ± 0.1a

NDb

NDb

NDb

20.2 ± 2.0c

20.5 ± 1.1c

20.6 ± 1.5c

20.2 ± 0.7c

20.3 ± 1.6c

P<0.001

∑SFA

50.7 ± 1.7a

60.2 ± 2.6c

45.3 ± 1.7d

45.1 ± 1.3d

43.8 ± 1.1de

41.3 ± 1.6e

41.3 ± 1.9e

P<0.001

∑MUFA

4.6 ± 1.7a

10.9 ± 1.9b

12.7 ± 2.3c

13.1 ± 3.9c

7.8 ± 2.0d

10.1 ± 1.5b

11.0 ± 2.5b

9.7 ± 1.0b

10.3 ± 1.4b

P<0.001

∑n-6

31.1 ± 2.7a

30.3 ± 2.0a

28.7 ± 1.7b

26.7 ± 2.0c

21.1 ± 1.6de

18.7 ± 1.3d

18.5 ± 1.9d

23.9 ± 1.4e

23.0 ± 1.7e

P<0.001

∑n-3

3.1 ± 0.3a

3.2 ± 0.3a

2.7 ± 0.3a

2.3 ± 0.2a

25.7 ± 2.3b

26.1 ± 1.2b

26.5 ± 1.6b

25.0 ± 1.2b

25.4 ± 1.8b

P<0.001

n-6/n-3

10.5 ± 1.2a

9.5 ± 0.5a

10.5 ± 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

55.8 ± 1.6b

55.7 ± 1.8b
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Values are presented as means ± SD. Different letters indicate significant differences among groups. Fatty acids composition of
muscle phospholipid was quantified using gas chromatography SFA, saturated fatty acid; MUFA, Monounsaturated fatty acid; ND,
not detectable; C 20:5 n-3, eicosapentaenoic acid (EPA); C 22:6, docosahexaenoic acid (DHA).
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Table 4-2 Fatty acids composition of muscle triglyceride of rats bearing tumor and receiving chemotherapy
Fatty Acids

Study Groups

(%)
Reference

Control Diet
Tumor
Cycle1

P Value

Long Term Fish Oil Diet
Tumor
Cycle1
Cycle2

Cycle2

Adjuvant Fish Oil Diet
Cycle1
Cycle2

C 16:0

19.0 ± 4.3ab

20.9 ± 2.1a

17.4 ± 2.7ab

17.5 ± 2.3ab

20.0 ± 1.7a

17.9 ± 2.1ab

18.2 ± 1.6ab

15.9 ± 2.7b

16.2 ± 4.4ab

P<0.02

C 18:0

10.0 ± 2.9ac

7.9 ± 1.5a

11.2 ± 2.3bc

15.2 ± 4.3c

10.5 ± 2.2ac

12.0 ± 3.8bc

12.1 ± 2.9bc

11.2 ± 1.2bc

8.6 ± 1.6a

P<0.02

C 18:1 n-9

33.9 ± 6.5a

41.6 ± 2.6b

45.2 ± 2.9c

42.5 ± 5.6bc

37.9 ± 2.7a

42.3 ± 1.2bc

42.7 ± 2.2bc

42.3 ± 1.2bc

44.6 ± 3.3bc

P<0.001

C 18:2 n-6

20.8 ± 3.8a

20.0 ± 3.6a

15.2 ± 1.5b

15.9 ± 2.9b

15.8 ± 3.0b

13.8 ± 2.7bc

12.2 ± 3.3c

19.5 ± 1.6a

19.5 ± 1.8a

P<0.001

C 18:3 n-3

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 n-6

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 20:5 n-3

0.9 ± 0.3ac

0.4 ± 0.2ab

0.7 ± 0.2a

0.2 ± 0.2b

0.9 ± 0.4ac

0.9 ± 0.1a

1.3 ± 0.7c

1.5 ± 0.3c

1.1 ± 0.5c

P<0.001

C 22:6 n-3

0.7 ± 0.4a

0.6 ± 0.4a

NDb

NDb

1.7 ± 0.5c

2.6 ± 1.1c

2.6 ± 0.7c

2.7 ± 0.8c

1.7 ± 0.5c

P<0.001

∑SFA

29.3 ± 2.9a

28.9 ± 1.1a

30.1 ± 1.4ab

32.7 ± 2.0b

31.8 ± 3.4a

30.5 ± 2.8ab

30.8 ± 3.3ab

27.2 ± 2.5ac

24.8 ± 3.8c

P<0.005

∑MUFA

39.8 ± 2.2a

46.3 ± 3.1bc

48.1 ± 3.0bd

45.6 ± 3.3bc

40.8 ± 3.3a

45.8 ± 2.1bc

45.9 ± 3.1bc

44.7 ± 2.5c

50.0 ± 1.7d

P<0.001

∑n-6

26.9 ± 2.3a

22.9 ± 1.4b

20.2 ± 2.0bc

19.0 ± 2.0c

19.4 ± 1.8c

16.3 ± 2.1d

14.8 ± 2.6d

22.6 ± 1.8b

22.2 ± 2.5b

P<0.001

∑n-3

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

5.1 ± 0.7d

P<0.001

n-6/n-3

10.9 ± 2.9a

17.2 ± 5.2b

15.3 ± 3.1b

49.2 ± 13.2c

3.8 ± 1.2d

2.9 ± 1.1d

2.4 ± 1.0d

4.4 ± 1.2d

7.8 ± 2.6a

P<0.001
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Values are presented as means ± SD. Different letters indicate significant differences among groups. Fatty acids composition of
muscle triglyceride was quantified using gas chromatography. SFA, saturated fatty acid; MUFA, Monounsaturated fatty acid; ND, not
detectable; C 20:5 n-3, eicosapentaenoic acid (EPA); C 22:6, docosahexaenoic acid (DHA).
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Figure 4.1 Total Phospholipid fatty acid levels in the rat gastrocnemius muscle quantified using
gas chromatography. Values 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 Mitochondria in an Animal Model of Colorectal
Cancer Associated Myosteatosis
5.1 Introduction
In skeletal muscles, fat consists of intra-myocellular lipid droplets within the cytoplasm of
myocytes and intermuscular adipocytes (136). These fat stores constitute the main substrate that
fuels skeletal muscle contraction (137); however, excessive deposition of triglyceride within
skeletal muscle, which should contain only small amounts of fat, represents a pathological
condition. Specifically, this state represents aberrant of deposition, synthesis and/ or elimination
of triglycerides. The pathological accumulation of fat within muscle, termed myosteatosis, is a
serious consequence of the tumor bearing state and chemotherapy treatments that is considered as
a predictor of time-to-death (6-9) . Methods used to measure myosteatosis in humans 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 in which fat infiltrates
muscle in the tumor-bearing state. The size and number of intramyocellular lipid droplets has been
shown to increase in the presence of cancer (49). In our previous study (reported in chapter 3), we
revealed that presence of the Ward colon tumor in an animal model significantly increased
triglyceride fatty acid content, measured biochemically and visually using Oil Red O, in the
gastrocnemius muscles compared to healthy rats and it was further increased following the second
cycle of chemotherapy compared to untreated tumor-bearing rats and it was associated with an
increase in gene expression involved in adipogenesis and lipogenesis. Collectively, these results
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showed that both tumor and chemotherapy treatment could increase lipid synthesis within the
muscle.
Increased lipid synthesis within the muscle along with lower fat utilization would result in
fat accumulation within the muscle as lipids stored in muscle usually are used as a fuel for
mitochondria oxidation (83). Skeletal muscle mitochondrial content may be modified if there is a
changing in muscle fiber composition. Normal rat gastrocnemius and tibialis anterior muscles, for
example, are comprised of mixed fiber types including type I and II (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 utilize fat, while type II fibers primarily
use glycolysis [type IIB] or both glycolysis and mitochondrial oxidative phosphorylation [type IIA
and type IIDX] for ATP production, store glycogen, and have less mitochondria. Therefore,
biochemical properties of muscles with different fiber type composition may underlie differential
metabolic response in the tumor-bearing state. An experimental study showed a significant
reduction in the major regulation enzymes for oxidative phosphorylation including cytochrome-c
oxidase complex subunit IV and a 50% reduction in the level of succinate dehydrogenase [SDH]
as well as the main transcriptional factor for mitochondrial biogenesis, Peroxisome ProliferatorActivated Receptor-Gamma Coactivator [PGC-1α] in gastrocnemius muscle of the Apc [Min/+]
mouse compared to wild-type control mice (86). However, fat content within the muscle has not
been assessed.
In non-cancer conditions, the dysfunction of mitochondria has been linked to myosteatosis
in elderly population (reviewed by (87), insulin resistance and obesity (88). An experimental study
used tibialis anterior [highly glycolytic fiber, mainly type IIB] and soleus [highly oxidative muscle;
mainly type I fiber] muscles of male C57Bl6/J mice to assess lipid accumulation in specific fibers
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type as well as muscle oxidative capacity in response to 12 weeks of high fat diet intervention
reported that triglyceride content in the oxidative soleus muscle of the control group was ≈ twofold higher compared with the glycolytic tibialis anterior muscle (90). This study showed that the
accumulation in muscle triglyceride content is higher in oxidative fiber types. However, in the
tumor-bearing state of fiber type specific lipid accumulation has not been yet characterized.
Many beneficial effects of eicosapentaenoic [EPA, 20:5n-3] and docosahexaenoic [DHA,
22:6n-3] fatty acids on mitochondrial content and oxidative capacity have been reported including
the stimulation of mitochondrial biogenesis through activation of PGC-1α in skeletal muscle cells
and increased function of the major enzymes in the electron transport chain [reviewed by (91)].
However, the role of EPA and DHA on mitochondrial density as well as oxidative capacity has
not been investigated in relation to myosteatosis in any neoplastic condition.
The objective of this work was first evaluate total neutral lipid content within tibialis
anterior muscle to confirm our previous findings observed in gastrocnemius muscles [see Chapter
3, Figure 3.3], and then assess if the lipid accumulation is related to a specific fiber type in a
preclinical model of colon cancer fed a control diet or fish oil diet prior to [long term] and after
tumor implantation [adjuvant diet]. We also wanted to explore if these observations could be
related to mitochondrial content and oxidative capacity. Additionally, we wanted to determine
whether EPA and DHA supplementation beginning at the initiation of chemotherapy[adjuvant]
had similar outcomes compared with starting prior to tumor implantation [long term]. It was
hypothesized that compared to healthy rats not bearing a tumor, both rats bearing the Ward
colorectal tumor alone or received 1- and -2 cycles of chemotherapy will exhibit higher content of
neutral lipid staining within muscle fiber, and neutral lipid accumulation would be associated with
lower mitochondrial density and oxidative capacity. However, rats fed a diet containing EPA and
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DHA prior [long term] to, and following [adjuvant] tumor implantation will exhibit lower neutral
lipid staining within muscle fiber and higher mitochondrial density and oxidative capacity
compared to their respective control groups.
5.2 Material and Methods
Experimental design including, animal model, dietary design, tumor and chemotherapy
description, body weight and food intake measurements are reported in Chapter 3 section 3.2.
5.2.1 Tissue Collection and Processing
All rats were euthanized by carbon dioxide [CO2] asphyxiation. At euthanization, tibialis
anterior muscles were isolated, weighed, and frozen in melting isopentane cooled in liquid nitrogen
[-156°C], and stored at -80°C until subsequent analyses. For histology staining frozen tibialis
anterior muscles were serially cryosectioned transversely [3 serial sections per sample, 10 µm
thick] using a refrigerated cryostat [−20 °C, CTI Cryostat, International Equipment Cryostat,
Needham Heights, MA] for Oil Red O stain, immunofluorescence Myosin Heavy Chain [MHC]
stain, and SDH stain. One hundred mg portions of muscles were kept frozen at -80 for mRNA and
protein analyses.
5.2.2 Histology
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, Sigma-Aldrich Canada Co., Oakville, Ontario] for one hour at room temperature.
Slides were washed in phosphate buffered saline with Tween® 20 [PBS-T; Polysorbate, Abcam
Inc, Toronto, ON] for 5 min followed by 2 x 5 min in PBS. Primary antibodies [500 l; diluted in
blocking solution, Table 5-1] were applied then slides were incubated in a humidity chamber for
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two hours at room temperature. All slides were washed 3 x 5min with PBS. Secondary antibodies
[500 l; diluted in blocking solution, Table 5-1] were applied, then slides were incubated in a
humidity chamber for 2 hours at room temperature. Slides were then washed 3 x 5min in PBS and
stained for neutral lipid content using Oil Red O as previously described (119). Sections were then
rinsed with deionized water 3 x 30 sec, then with running tap water for 5 min, and mounted with
ProLong ™ [Molecular Probes™, Eugene, OR] mounting medium and 1.5-thickness coverslips
and laid flat for 24 hours at room temperature. Fluorescent images were taken within 2-3 days.
5.2.2.2 Immunofluorescence Detection of Myosin Heavy Chain-Based Muscle Fiber Types
Fiber types were identified in tibialis anterior muscles by using Immunofluorescence MHC
staining technique. Slides were air dry for 30 min at room temperature and then fixed with prechilled 100% acetone at -20ºC for 10 min. Muscles were permeabilized for 5 min in PBS-T
followed by 3 x 5 min wash in PBS. Samples were blocked with blocking solution containing 10%
normal goat serum and 1% albumin in PBS-T and kept overnight in a humidity chamber at 4 ºC.
On the second day, samples were washed with PBS followed by incubation with primary
antibodies [500 l, diluted in blocking solution, Table 5-2] for 2 hours at room temperature. Slides
were then washed 3 x 5 min in PBS and incubated in a humidity chamber for 2 hours with
secondary antibodies [500 l, diluted in blocking solution, Table 5-2] at room temperature. Slides
were then washed 3 x 5min in PBS. Slides were mounted with ProLong ™ [Molecular Probes™,
Eugene, OR] mounting medium and 1.5-thickness coverslips, and were laid flat for 24 hours at
room temperatures and fluorescent images were taken within 2-3 days.
5.2.2.3 Myosin Heavy Chain and Oil Red O Confocal Imaging and Analyses
Muscle sections were visualized with a spinning disk confocal microscope [Olympus IX81 motorised microscope base, Yokagawa CSUX1 spinning disk confocal scan-head] equipped
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with pumped diode lasers [blue: 44mW 405 nm, green: 50mW 491 nm, red 50mW 561nm, farred: 45mW 642nm] and an EM-CCD cooled camera [Hamamatsu; Quorum Technologies, Guelph,
ON, Canada]. Individual z-stacked images were taken across the entire muscle cross section with
a 20x oil lens, and then stitched and merged together into composite images using Volocity 6.3
software [PerkinElmer, Waltham, MA, USA]. Each muscle fiber type [I, IIA, IIB, IIDX, I/IIA, and
IIA/IIDX] was presented as proportion within an average of 7691 ± 1074 fibers per sample. Entire
muscle as well as muscle fiber cross sectional area [CSA] was measured using 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 within muscle fibers, indicative of lipid droplets, was presented as proportion of fibers
expressing Oil Red O within an average of 4390 ± 810 fibers per sample. Neutral lipid content
between muscle fibers, which may be indicative to the formation of intermuscular adipocytes, was
presented as proportion of area [µm²] expressing Oil Red O between muscle fibers to whole muscle
cross sectional area. Neutral lipid content-based muscle fiber type was performed manually. The
two serial section slides, stained with either Oil Red O or MHC, were matched manually to identify
fibers associated with neutral lipid accumulation. The analysis was conducted on 200 fibers per
sample [50 fibers/ type, see example Figure 5.1]. Data are presented positive Oil Red O mean pixel
intensity of each fiber/ minimum pixel intensity.
5.2.2.4 Succinate Dehydrogenase Histochemical Stain
Muscle oxidative capacity was identified in tibialis anterior muscles by using SDH staining
as previously described (140). SDH mean pixel intensity of whole tibialis anterior muscle CSA
was measured using Image J software. Data are presented as mean SDH intensity of whole muscle
CSA.
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5.2.3 Mitochondrial Enzymes Activity and Measures
Frozen muscle [≈ 30mg] was pulverized on Dry ice and under liquid N2. Samples then
were homogenized [1:10, wt/vol] in an ice-cold 100 mM KH2PO4-Na2HPO4 buffer [pH 7.2]
containing 5 mM EDTA. Homogenized samples were processed on ice with ≈15 turns of the blue
Teflon pestle following by stirring with a micro-stair bar for 20 min. Samples went through three
freeze [dry ice] and thaw [on ice] cycles and then centrifuged for 30 min at 20,000 ×g at 4°C.
Supernatants were transferred to new 1.5 mL tubes on ice. Muscle total protein was determined
according to Bradford (141). Activities of citrate synthase [CS] and 3-hydroxyacyl-CoA
dehydrogenase [HADH] were determined as previously described (142). Samples were evaluated
in duplicate. Results were presented as Unit/gram [U/g] of total protein.
5.2.4 RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)
Total RNA extraction and RNA quantity and quality measurements were reported in
Chapter 3 section 3.2.7. High Capacity cDNA Reverse Transcription kit [Applied Biosystems,
Foster City, CA, USA] was used to reverse transcribe RNA to cDNA following the manufacturer’s
protocol. Pre-designed TaqMan® probes with a 6-carboxyfluorescein phosphoramidite [FAM™]
label on the 5' end and primer sets Applied Biosystem] were used to target the following genes:
Peroxisome Proliferator-Activated Receptor-Gamma Coactivator [PGC-1α; Rn 00580241_m1]
and Transcription Factor A, Mitochondrial [TFAM; Rn 00580051_m1]. 18S rRNA
[Rn03928990_g1] was unaffected, and thus used as the endogenous control. qRT-PCR was
performed on 1 µl cDNA samples, in triplicate, on an ABI 7900HT thermocycler [Applied
Biosystems]. Relative changes in gene expression were determined using the 2−ΔΔCT method.
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5.2.5 Statistical Analysis
Data are summarized as mean ± SD. One-way analysis of variance [ANOVA] were used
to test differences in muscle fiber type composition, muscle cross sectional area, Oil Red O
staining, SDH, mitochondrial enzymes activities and mRNA fold changes in gene expression.
When a significant difference was observed, post-hoc analysis was completed using the Bonferroni
model. A Pearson’s correlation test was used to test relationships between mRNA expression of
various genes as well as mitochondrial enzyme activities and neutral lipid content. Statistical
significance was reported when p value <0.05. All statistical analyses were performed using SPSS
21.0 [Chicago, IL, USA] for Windows.
5.3 Results
5.3.1 Neutral Lipid Staining
To test the hypothesis that presence of Ward colon tumor as well as chemotherapy
treatment will increase neutral lipid content within muscle fibers, we measured neutral lipids
content in the tibialis anterior muscle of rats fed a control diet. Neutral lipids were semi-quantified
according to strong positive staining for Oil Red O within myocytes. Two weeks following tumor
implantation, the proportion of fibers expressing Oil Red O in the tibialis anterior muscle was 23
% higher in the control diet group compared with the reference group [P<0.001, Figure 5.2],
reflecting tumor-associated fat accumulation in muscle and these results are similar to our previous
findings in gastrocnemius muscle [ see Chapter 3, Figure 3.2]. Subsequently, rats that received
chemotherapy treatment exhibited higher neutral lipid content following cycle-1 [P<0.04] and
cycle-2 [P<0.001] compared to reference animals [Figure 5.2].
To test the hypothesis that in a Ward colon tumor-bearing rat model of myosteatosis,
dietary EPA and DHA would mitigate tumor- and chemotherapy-associated fat accumulation in
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skeletal muscle, we measured neutral lipids content in the tibialis anterior muscle of rats fed a diet
containing fish oil starting one week prior to tumor implantation [long term] and beginning when
chemotherapy was initiated [adjuvant]. Before chemotherapy, tumor-bearing rats on the long term
fish oil diet displayed proportions of fibers expressing Oil Red O similar to levels observed in
reference animals, which were significantly lower compared with tumor-bearing rats on the control
diet [P<0.001, Figure 5.2]. Subsequently, after both cycle-1 and cycle-2, fibers expressing Oil Red
O in the tibialis anterior muscle were significantly lower in tumor-bearing rats on the long term
fish oil diet compared with their respective control groups. However, rats on the adjuvant fish oil
diet displayed similar amounts of fibers expressing Oil Red O staining compared with their
respective control diet group after each cycle of chemotherapy [Figure 5.2]. We further quantified
neutral lipids staining between muscle fibers. Neutral lipid between muscle fibers was quantified
as proportional area of Oil Red O staining between muscle fibers to whole muscle CSA. Following
cycle-1 chemotherapy, tumor-bearing rats on the control diet exhibited the highest proportion of
neutral lipids content between muscle fibers compared with all groups including rats on control
and fish oil diets [P<0.04, Figure 5.2]. All other groups on control or fish diets exhibited similar
proportion of neutral lipids content between muscle fibers compared with reference rats.
Collectively, these results show that both Ward colon tumor and chemotherapy treatment induced
myosteatosis in tibialis anterior muscle and the long term fish oil diet mitigated chemotherapyassociated fat accumulation in muscle similar to what was observed for gastrocnemius muscle [see
chapter 3, Figure 3.2]
5.3.2 Neutral Lipid Staining-Based Muscle Fiber Type
Fibers associated with neutral lipid accumulation were also assessed. Positive Oil Red O
staining was observed in Type I, IIA and IIDX and there was no positive Oil Red O staining in
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type IIB for all groups including rats on control diet, long term fish oil diet, and adjuvant fish oil
diet [see example Figure 5.1]. There was no significant difference in fiber-associated neutral lipid
accumulation between all groups. However, the distribution of neutral lipid staining was shifted
from IIDX<I<IIA in healthy and long term fish oil fed groups to IIDX=I=IIA in control and
adjuvant fish oil fed groups [Figure 5.3].
5.3.3 Tibialis Anterior Muscle Fiber Type Composition
Type I: Prior to chemotherapy treatment, tumor-bearing rats on control diet exhibited
similar proportion of type I compared to reference animals. However, following chemotherapy
treatments, rats receiving cycle-1 and cycle-2 exhibited fewer type I fibers compared to tumorbearing only rats [P<0.04 and P<0.03, respectively; Figure 5.4A]. Before chemotherapy, tumorbearing rats on the long term fish oil diet displayed similar proportion of type I compared with
reference animals and was significantly higher following cycle-1 and cycle-2 chemotherapy
compared to their respective group on control diet [P<0.03 and P<0.05, respectively; Figure 5.4A].
Rats on the adjuvant fish oil diet exhibited similar proportion of type I compared to their respective
long term fish oil fed groups [Figure 5.4A].
Type IIA: In tumor-bearing only rats, proportion of type IIA fibers was significantly higher
compared to reference animals [P<0.05] and it restored to baseline following cycle-1
chemotherapy treatment. The proportion of type IIA was not significantly different following
cycle-2 chemotherapy treatment compared with tumor-bearing only rats and rats that received
cycle-1 chemotherapy on the control diet [Figure 5.4B]. The Proportion of type IIA fibers in long
term fish oil fed rats was similar to reference animals in tibialis anterior of rats bearing only tumor
and following cycle-1 chemotherapy. However, cycle-2 chemotherapy treatment significantly
decreased the proportion of type IIA in rats fed long term fish oil diet compared to its respective
86

control group [P<0.001, Figure 5.4B]. Following cycle-1 chemotherapy treatment, rats on the
adjuvant fish oil diet exhibited similar proportion of type IIA compared to their respective long
term fish oil fed groups and was significantly higher following cycle-2 chemotherapy treatment
[Figure 5.4 B].
Type IIDX and IIB: The proportions of type IIXD and type IIB fibers were not
significantly different between groups on the control and long term fish oil diet [Figure 5.4C and
D]. Rats on the adjuvant fish oil diet exhibited similar proportion of type IIB compared to their
respective long term fish oil fed groups [Figure 5.4D] and the proportion of type IIDX fibers was
only higher after cycle-1 chemotherapy in rats on the adjuvant fish oil diet [P<0.05, Figure 5.4C].
Hybrid fibers I/IIA and IIA/IIDX: The proportion of hybrid I/IIA fibers was significantly
higher in the presence of the tumor and following cycle-1 and cycle-2 chemotherapy compared
with reference animals [P<0.01, P<0.01, P<0.01, respectively; Figure 5.5]. The proportion of type
IIA/IIDX hybrid fibers was only higher following cycle-1 chemotherapy treatment compared to
reference animals [P<0.05, Figure 5.5]. The proportion of type IIA/IIDX was comparable to
reference animals in the presence of the tumor and following cycle-1 chemotherapy in rats fed
long term fish oil diet and higher following cycle-2 chemotherapy compared to reference animals
[P<0.04]. The proportion of hybrid I/IIA fibers in rats fed adjuvant fish oil diet was not different
from their respective gropes on long term fish oil diet following cycle-1 and cycle-2 chemotherapy,
and was significantly lower compared to their respective control groups [P<0.01, P<0.01,
respectively; Figure 5.5]. The proportion of type IIA/IIDX was not detectable after cycle-1
chemotherapy in rats fed adjuvant fish oil diet and was comparable to its respective rats on long
term fish oil diet following cycle-2 chemotherapy [Figure 5.5].
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5.3.4 Muscle Cross Sectional Area
There were no significant differences in total muscle cross sectional [CSA; mm²] of tibialis
anterior muscles between all groups [mean muscle CSA: 16 ± 1.8 mm², Appendix B] and neither
fiber cross sectional area for each fiber type [mean fiber cross sectional area: 1622.8 ± 91.8 µm²,
Appendix C].
5.3.5 Mitochondrial Oxidative Capacity and Density
5.3.5.1 Succinate Dehydrogenase Staining
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 reference rats [P<0.001, Figure 5.6]. Following both cycle-1 and cycle-2
chemotherapy treatment SDH staining was significantly reduced compared to rats bearing only
tumor with no treatment [P<0.001, P<0.001; respectively].
We next assessed SDH staining intensity in rats 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<0.001, Figure 5.6]. Following cycle-1 and cycle-2 chemotherapy, rats fed long term fish
oil diet displayed higher SDH staining compared with their respective control groups [cycle-1:
P<0.001 and cycle-2: P<0.001]. Rats fed adjuvant fish oil diet and receiving cycle-1 chemotherapy
treatment displayed higher SDH staining [Figure 5.6] in tibialis anterior muscle compared with
their respective group on control diet [P<0.001]. Following cycle-2 chemotherapy, SDH staining
was similar to their respective long term fish group.
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5.3.5.2 Citrate Synthase, and Hydroxyacyl-CoA Dehydrogenase
Since the presence of the tumor and chemotherapy treatment significantly increased neutral
lipid content in the tibialis anterior muscle of rats on the control diet compared with the reference
animals [Figure 5.2], we assessed CS and HADH to identify associations between mitochondrial
enzyme activities and lipid content within the muscle. Two weeks following tumor implantation
and prior to chemotherapy treatment, the activity of CS was not affected compared with reference
rats [Figure 5.7A]. The activity of HADH on the other hand was significantly reduced in rats
bearing only tumor compared with reference rats [P<0.001, Figure 5.7A]. The activity of both CS
and HADH were similar with rats bearing only tumor following cycle-1 and cycle-2 chemotherapy
treatment and were significantly lower than reference rats [cycle-1: P<0.001and P<0.001, cycle2: P<0.04 and P<0.001; respectively].
We next assessed CS and HADH in rats fed long term or adjuvant fish oil diets. The
activities of CS and HADH [Figure 5.7A] were significantly higher in tibialis anterior muscle of
rats bearing only tumor and fed long term fish oil diet compared with tumor-bearing rats fed the
control diet [P<0.002 and P<0.002; respectively]. Following cycle-1 and cycle-2 chemotherapy,
rats fed long term fish oil diet displayed higher CS and HADH activities compared with their
respective control groups [cycle-1: P<0.001 and P<0.001, cycle-2: P<0.001 and P<0.001;
respectively].
Similarly, rats fed adjuvant fish oil diet and receiving cycle-1 chemotherapy treatment
displayed higher CS and HADH [Figure 5.7A] activities in tibialis anterior muscle compared with
their respective control groups [P<0.001 and P<0.001; respectively]. Following cycle-2

89

chemotherapy, HADH activity was similar to their respective long term fish oil groups. However,
CS activity was significantly lower than rats fed long term fish oil diet [P<0.001].
We further explored the relationships between SC and HADH activities and neutral lipid
content in the tibialis anterior muscle. The proportion of fibers expressing neutral lipid content was
negatively correlated with SC and HADH [Figure 5.7B].
5.3.5.3 Peroxisome Proliferator-Activated Receptor-Gamma Coactivator 1-Alpha and
Transcription Factor A Mitochondrial
Next, we assessed expression of genes involved in the mitochondrial biogenesis including
the PGC-1α and TFAM in the tibialis anterior muscle. Expression of PGC-1α and TFAM showed
remarkable increases in response to the tumor-bearing state [P<0.001 and P<0.001, respectively]
compared to reference animals [Figure 5.8]. Following cycle-1 and cycle-2 chemotherapy
treatment in rats on the control diet, both PGC-1α and TFAM were significantly decreased
compared to rats bearing-only tumor [cycle-1, P<0.001 and P<0.001; cycle-2, P<0.001 and
P<0.001; respectively].
We further assessed the expression of PGC-1α and TFAM in rats fed a diet containing fish
oil either for long term or as an adjuvant. All groups on long term fish oil diet, including ratsbearing only tumor or those received one or two cycles of chemotherapy, exhibited similar level
of the expression of PGC-1α compared with reference rats [Figure 5.8] and was significantly
higher after cycle-2 compared with its respective control group [P<0.001]. The expression of
TFAM in rats fed a long term fish oil diet was comparable to reference animals in the presence of
the tumor and following cycle-1 chemotherapy. After cycle-2 chemotherapy, TFAM was
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significantly higher in rats fed long term fish oil diet compared with its respective control group
[P<0.001, Figure 5.8].
Similarly, the rats on adjuvant fish oil diet exhibited similar level of the expression of PGC1α compared with rats fed a long term fish oil diet after cycle-1 and cycle-2 chemotherapy
treatment. The expression of TFAM was similar to reference animals after cycle-1 and was
significantly higher compared with its respective control rats after cycle-2 chemotherapy
[P<0.001, Figure 5.8].
We further explored the relationships between PGC-1α and TFAM expression and neutral
lipid content in the tibialis anterior muscle and there were no correlations observed [data not
shown].
5.4 Discussion
This study is the first to describe mechanisms underlying fat accumulation within skeletal
muscle using a preclinical model of tumor- and chemotherapy-associated myosteatosis. Using this
animal model, we investigated the relationship between neutral lipid content within tibialis anterior
muscle and genes involved in mitochondrial biogenesis as well as mitochondrial enzymes
activates. We also examined whether fat accumulation occurs in a fiber-type-specific manner.
Furthermore, feeding a diet containing EPA and DHA mitigates tumor- and chemotherapy
associated myosteatosis through increasing markers of mitochondrial oxidative capacity as well as
mitochondrial density that was observed to be reduced following chemotherapy treatments in
tumor bearing rats. Specifically, we show that in the tibialis anterior muscle of tumor-bearing
animals following chemotherapy, neutral lipids were elevated along with decreased oxidative type
I fibers as well as SC and HADH activities, the major enzymes involving in mitochondrial
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oxidation pathway, which were all greatly increased in animals fed a diet containing fish oil either
beginning before tumor-implantation [long term] or at the initiation of chemotherapy [adjuvant].
Collectively, our results suggest that EPA and DHA supplementation is a recognized effective
adjuvant to chemotherapy to combat myosteatosis through improving mitochondrial oxidative
capacity as well as density which in further may improve muscle health in the presence of tumor
and following chemotherapy treatments.
5.4.1 Potential Mechanisms Underlying Tumor- and Chemotherapy-Associated
Myosteatosis in a Preclinical Model
In the oncology setting, myosteatosis detected by CT scan has been identified as an
important prognostic factor associated with shorter survival in cancer patients treated with
chemotherapy (6-9). However, mechanisms underlying myosteatosis have not been established
yet. In order to investigate the biological features and causes of cancer-related myosteatosis,
appropriate preclinical models need to be identified. In this study, the Ward colon tumor model
displayed robust neutral lipid accumulation within tibialis anterior muscle that was exacerbated by
the 2- cycle of chemotherapy similar to what was observed in gastrocnemius muscle [see chapter
3, Figure 3.2]. There is no neoplastic model of myosteatosis in cancer has been reported. This
preclinical model displays features of human cancer with regards to fat accumulation within
skeletal muscle that occur in some cancer patients undergoing chemotherapy. Using this animal
model enables us to investigate mechanisms associated with myosteatosis in tumor-bearing rats
and following chemotherapy treatments.
In the present study, while untreated tumor-bearing rats exhibited a significant increase in
neutral lipid accumulation compared to reference rats, CS activity was not altered, and HADH was
significantly decreased. On the other hand, the expression of the genes involving in mitochondrial
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biogenesis including PGC-1α and TFAM were significantly increased in untreated tumor bearing
rats compared with reference animals combined by the increase in the proportion of oxidative fiber
type IIA. A reduction in mitochondrial oxidative capacity as well as mitochondrial content has
been linked to increased intramyocellular lipid content in non-cancer conditions, such as elderly
population [reviewed by (87)] insulin resistance and obesity (88). However, no existing studies
have associated mitochondrial content and dysfunction to myosteatosis development in preclinical
model of cancer. Similar to our findings, a reduction in the major regulation enzymes for oxidative
phosphorylation including cytochrome-c oxidase complex subunit IV and SDH has been reported
in gastrocnemius muscle of an Apc [Min/+] mice during the development of cancer compared to
wild-type control mice (86). However, these authors did not measure fat in muscle.
Following chemotherapy treatment, rats bearing-tumor displayed a significant reduction in
type I fibers, all proteins and genes involving in mitochondrial oxidation pathway as well as
mitochondrial biogenesis. Additionally, we found a negative correlation between mitochondrial
oxidative enzymes, CS and HADH and neutral lipid content. We have also observed a significant
increase in hybrid fibers, fibers co-expressing two or more MHC isoforms [I/IIA] following each
cycle of chemotherapy compared to reference animals. Fiber type composition has been reported
in one recent study in cancer patients (143). This study reported no significant differences in I/IIA
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/IIA hybrid fibers is usually
small. These findings are novel in the cancer research and further investigations are required to
understand the association between the shifting between fibers and myosteatosis. Collectively, it
appears that the mechanisms responsible for treated cancer-associated myosteatosis involve key
regulators of mitochondrial oxidative capacity and mitochondrial density. CPT-11 plus 5-FU is
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first line- treatment for advanced colorectal cancer patients. Grivicich et al reported a reduction
in mitochondrial membrane content of human colon carcinoma cell lines after CPT-11 plus 5-FU
treatment (144). Both drugs could target mitochondrial DNA and RNA and cause mitochondrial
damage in skeletal muscle (145). Thus, measuring the 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.
5.4.2 Effects of the Fish Oil Diets on Mechanisms Underlying Tumor- and ChemotherapyAssociated Myosteatosis
Nutrient deficiencies have been observed in cancer patients undergoing chemotherapy
including low levels of plasma EPA and DHA that appear to occur with fat deposition, which can
be corrected when fish oil is provided to patients during treatment (1,24). Similar results have been
observed in the present animal model [presented in chapter 3]. 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 to a cancer diagnosis is important for application in the clinical setting.
Some researchers have reported the beneficial effects of EPA and DHA on mitochondrial
content and oxidative capacity including higher mitochondrial content, improved function of the
enzyme complexes within the electron transport chain, and an improved capacity to appropriately
use physiologically available fuels in skeletal muscle [reviewed by (91)], but little is known about
this mechanistic regulation in cancer-associated fat accumulation in skeletal muscle. Here we
demonstrate, for the first time, that EPA and DHA supplementation prevents tumor- and treatment
associated increases in neutral lipid through increase mitochondrial enzymes activities SC and
HADH. Collectively, these results suggested that fish oil enhanced mitochondrial oxidative
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capacity decreased in the presence of the tumor and during chemotherapy confirming that
mitochondrial oxidation capacity is associated with decreased lipid content within the muscle in
long term fish oil fed rats.
Adjuvant fish oil fed rats receiving cycle-1 chemotherapy treatment exhibited a similar
amount of neutral lipid staining within muscle fibers compared with their respective long term fish
oil diet group but, it was significantly higher following 2-cycle of chemotherapy treatment.
Following cycle-2 chemotherapy CS activity TFAM were significantly lower than rats fed long
term fish oil diet and received two cycles chemotherapy treatment, suggesting that both
mitochondrial density and oxidative capacity could be decreased in adjuvant fish oil fed rats and
received 2- cycles of chemotherapy. These results suggested that longer term of fish oil
supplementation may be required or either increasing the dose of the supplement during
chemotherapy treatment to maintain lipid content within the muscle similar to the level of healthy.
5.5 Conclusion
The novel observations of myosteatosis coupled with lower mitochondrial enzymes
activities, oxidative capacity, and expression of genes involving in mitochondrial biogenesis in the
skeletal muscles of an in vivo tumor-bearing model that underwent chemotherapy treatment, reveal
potential mechanisms underlying fundamental alterations in skeletal muscle fat metabolism that
may be involved in the development of myosteatosis in cancer patients. Long term and adjuvant
dietary EPA and DHA feeding were both efficacious in markedly improving muscle health by
reducing the toxicity effect, fat accumulation within skeletal muscle caused by CPT-11 and 5-FU.
However, for the short term intervention, a higher dose of EPA and DHA may be required to treat
myosteatosis. This study highlights the therapeutic potential of EPA and DHA as promising
nutritional adjuvants to chemotherapy. The results from the present study are novel in the cancer
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research and encourages further investigation to determine additional mechanisms by which
dietary EPA and DHA supplementation attenuate myosteatosis in the skeletal muscles that known
to be associated with higher mortality in cancer patients.
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Table 5-1 Immunofluorescence Oil Red O Antibodies Cocktail for Rat Muscle
Primary

Secondary

Antibodies

Antibodies

Laminin

Antigen

Isotype

Species/Fluorescent Tag:

Dilution Factor

Laminin

IgG

rabbit

1:100

Dystrophin

IgG

rabbit

1:25

Laminin/

Laminin/

IgG

Goat Anti-Rabbit 488 (green)

1:400

Dystrophin

Dystrophin

-

Dystrophin

-
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Table 5-2 Immunofluorescence Myosin Heavy Chain Antibodies Cocktail for Rat Muscle
Primary

Secondary

Antibodies

Antibodies

Antigen

Isotype

Species/Fluorescent Tag:

Dilution Factor

Laminin (Lam)

-

Laminin

IgG

rabbit

1:100

Dystrophin (Dys)

-

Dystrophin

IgG

rabbit

1:25

BAD5

-

MHC I

IgG2b

mouse

1:50

6H1

-

MHC IID

IgM

mouse

1:1

SC71

-

MHC IIA

IgG1

mouse

1:50

-

Lam/Dys

Lam/Dys

IgG

Goat Anti-Rabbit 647(far red)

1:400

-

BAD5

MHC I

IgG2b (γ2b)

Goat Anti-Mouse 568 (red)

1:200

-

6H1

MHC IID

IgM

Goat Anti-Mouse 488 (green)

1:400

-

SC71

MHC IIA

IgG1 (γ1)

Goat Anti-Mouse 405 (blue)

1:200
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40 µm

Myosin Heavy Chain Staining

Oil Red O Staining

Figure 5.1 Examples of manual quantification of neutral lipid content-based muscle fiber type
from healthy rats. Fiber types were identified in tibialis anterior muscles by using
immunofluorescence myosin heavy chain staining method. * represents fiber stained positive for
Oil Red O. Each fiber type is identified using different laser color; Type IIA: blue, Type IIDX:
green, Type IIB no stain.
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Figure 5.2 Oil Red O staining in rat tibialis anterior muscle. A) represents proportion of positive
fibers expressing Oil Red O staining. B) represents area expressing positive Oil Red O staining
between muscle fibers. Values are means ± SD. Different letters indicate significant differences
among groups (P<0.05). n=7 or 6/group
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Figure 5.3 Fibers associated with neutral lipid accumulation in rat tibialis anterior muscle. Yellow
bars represent type I, Blue bars represent type IIA, and green bars represent type IIDX. Data are
presented as mean pixel intensity of positive Oil Red O staining /minimum positive Oil Red O
pixel intensity. Values are means ± SD. n=5/group
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Figure 5.4 Fiber composition in tibialis anterior muscle of rats bearing a ward colon tumor and
receiving CPT-11/5-FU. Rats were fed control diet or fish oil diet either prior or following to tumor
implantation. Results were quantified using immunofluorescence myosin heavy chain method.
Each fiber type is identified using different laser color; A) Type I: yellow, B) Type IIA: blue, C)
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Type IIDX: green, D) Type IIB no stain. Data are presented as proportion of each fiber type. Values
are means ± SD. Different letters indicate significant differences among groups (P<0.05).
n=6/group.
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Figure 5.5 Hybrid fiber composition in tibialis anterior muscle of rats bearing a ward colon tumor
and receiving CPT-11/5-FU. Rats were fed control diet or fish oil diet either prior or following to
tumor implantation. Data were quantified using immunofluorescence myosin heavy chain method.
Data are presented as proportion of each fiber type. Values are means ± SD. Different letters
indicate significant differences among groups (P<0.05). n=6/group.
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Figure 5.6 Succinate Dehydrogenase (SDH) of rat tibialis anterior muscle. Data are presented as
mean SDH intensity of whole muscle CSA. Values are means ± SD. Different letters indicate
significant differences among groups (P<0.05). n=8 or 7/ group.
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Figure 5.7 A) Activities of citrate synthase (SC) and 3-hydroxyacyl-CoA dehydrogenase (HADH)
of rat tibialis anterior muscle. Results were quantified using spectrophotometry. Samples were
evaluated in duplicate. Results were presented as U/g of total protein. Values are means ± SD.
Different letters indicate significant differences among groups (P<0.05). n=8 or 7/ group. B)
represents the correlation between each protein and the proportion of fiber expressing neutral lipid
content.
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Figure 5.8 Patterns of mitochondrial biogenesis transcriptional factor mRNA expression in the rat
tibialis anterior muscle. Fold changes in peroxisome proliferator-activated receptor-gamma
coactivator 1-alpha (PGC-1α) and transcription factor A, mitochondrial (TFAM) expression levels
as determined by the 2−ΔΔCT method of analysis. Values are means ± SD. Different letters indicate
significant differences among groups (P<0.05). n=8 or 7/ group.
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CHAPTER 6
General Summary and Final Discussion
6.1 General Summary
The first objective of this thesis [presented in Chapter 3] was to characterize a preclinical
model of cancer-associated myosteatosis and then, use this model to investigate the effects of
dietary omega-3 polyunsaturated fatty acids eicosapentaenoic acid [EPA, 20:5n-3] and
docosahexaenoic acid [DHA, 22:6n-3] on tumor- and subsequent chemotherapy-associated fat
content of muscle, as well as the tumor response to chemotherapy. Additionally, we wanted to
determine whether EPA and DHA supplementation beginning at the initiation of chemotherapy
[adjuvant] evokes similar efficacy compared with starting EPA and DHA supplementation prior
to tumor implantation [long term].
Effect of tumor and chemotherapy: Two weeks following tumor implantation, the
proportion of fibers staining positive for Oil Red O and the mean total TG content in the
gastrocnemius muscle were 6-fold and 3-fold higher, respectively, in tumor-bearing rats compared
with the reference group, reflecting that our preclinical tumor model is associated fat accumulation
in muscle. 2-cycles of chemotherapy treatment further increased fat accumulation in the
gastrocnemius muscle compared to tumor-bearing rats.
To determine mechanisms associated with the deposition of fat into gastrocnemius muscle,
we assessed expression of genes involved in the adipogenic transcriptional cascade and we report
that downstream genes including CCAAT/enhancer-binding protein [C/EBP]α and peroxisome
proliferator-activated receptor [PPAR]γ expression increased 26-fold and 59-fold, respectively, in
the tumor-bearing state compared with reference animals and the expression of these genes were
further increased following 2- cycles of chemotherapy. We have also reported that total TG content
111

in the gastrocnemius muscle was positively correlated with increased the expression of C/EBPδ,
C/EBPα and PPARγ revealing that key transcription factors involved in adipogenesis are related
to the TG content in muscle. Collectively, it appears that these results support our hypotheses [see
Chapter 2]. We have established a preclinical model of cancer- and chemotherapy associated
myosteatosis and we have also reported that cancer- and chemotherapy associated myosteatosis
maybe involve mechanisms related to increase the expression adipogenesis and lipogenesis factors
in skeletal muscle.
Effect of fish oil diets: Before chemotherapy, tumor-bearing rats on the long term fish oil
diet displayed proportions of fibers expressing Oil Red O and total TG content in the
gastrocnemius muscle similar to levels observed in reference animals, which were significantly
lower compared with tumor-bearing rats on the control diet. Subsequently, after both cycle-1 and
cycle-2, tumor-bearing rats on the long term fish oil diet exhibited fewer fibers stinging positive
for Oil Red O and lower total TG muscle content in the gastrocnemius muscle compared with
their respective chemotherapy treated cycle on control diet groups. Additionally, cycle-1 and
cycle-2 rats on the adjuvant fish oil diet displayed similar amounts of Oil Red O staining and total
TG in the gastrocnemius muscle compared with their respective long term fish oil diet group.
Collectively, these results show that before chemotherapy, the long term fish oil diet prevented
tumor-associated fat accumulation, and the adjuvant fish oil diet was equally efficacious as the
long term fish oil diet in mitigating chemotherapy-associated fat accumulation in muscle and
restored muscle condition to that of reference animals.
We also showed that long term fish oil diet prevented tumor-associated increases in
C/EBPδ, C/EBPα and PPARγ expression, as the expression of these transcription factors were
similar to reference animals and significantly lower than tumor-bearing rats on the control diet,
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Subsequently, both fish oil diets greatly suppressed chemotherapy-associated expression of these
transcriptional factors that occurred in rats on the control diet. Similarly, the adjuvant fish oil diet
was able to fully restore and significantly decrease expression of C/EBPδ, C/EBPα and PPARγ
after cycle-1 and cycle-2, respectively. These results show that both fish oil diets greatly reduced
tumor- and/or chemotherapy-associated increases in the expression of key adipogenic
transcriptional factors.
We also reported that long term and adjuvant EPA and DHA supplementation similarly
enhanced the anti-tumor activity of chemotherapy compared with the control diet. In each of the 6
days following initiation of cycle-1, rats in both the long term and adjuvant fish oil groups had
significantly smaller tumor volumes compared with tumor-bearing rats in the control diet group.
Notably, tumor volumes were not significantly different between the long term and adjuvant fish
oil diet groups during either cycle-1 or cycle-2.
The second objective of this thesis [presented in chapter 4] was to characterize the fatty
acid composition of phospholipid [PL] and TG of muscle tissue in a preclinical model of colon
cancer with or without chemotherapy treatment fed a control diet or fish oil diet prior [long term]
and after tumor implantation [adjuvant diet]. This enabled a determination of the impact of tumor
and chemotherapy treatment on fatty acids content and whether EPA and DHA supplementation
beginning at the initiation of chemotherapy [adjuvant] will result in similar fatty acids proportions
in gastrocnemius muscle as long term fish oil feeding.
Effect of tumor and chemotherapy: This study reported that the mean total PL fatty acid
content in the gastrocnemius muscles of rats bearing-tumor was not different from reference rats,
as opposed to our hypothesis [ see Chapter 2]. While presence of the tumor did not alter total PL
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in muscle, we found that total n-3 fatty acids were significantly lower than reference animals in
rats bearing-tumor in both PL and TG fractions, driven by lower C18:3 and EPA, in TG fraction
and undetectable DHA in PL fraction. Ratio of n-6/n-3 was significantly higher in rats bearing
tumor compared to reference animals in TG fraction.
Following chemotherapy treatments, rats receiving 1- cycle chemotherapy had lower total
PL fatty acid compared with tumor-bearing animals. After 2- cycles of chemotherapy, the amount
of PL returned to baseline levels. DHA was not detected after either cycle of chemotherapy in PL
and TG fractions in control fed animals. Two cycles of chemotherapy further cause a significant
increase in the n-6/n-3 fatty acid ratio in TG fraction of gastrocnemius muscle compared to rats
bearing only tumor. Rats on the control diet that underwent 2-cycles of chemotherapy had higher
proportion of saturated fatty acids compared to tumor-bearing rat only which was driven by higher
proportion of C18:0 in PL fraction. Collectively, these results suggest that fatty acid composition
in both PL and TG are altered with chemotherapy treatment treating rats with higher saturated fatty
acid, n-6/n-3 ratio and lower n-3 fatty acids including DHA compared to tumor bearing-rats.
Effect of fish oil diets: All animals fed long term fish oil diet exhibited > 2 fold higher total
PL content in the gastrocnemius muscles compared to their respective groups on control diet. Rats
fed adjuvant fish oil diet and underwent 1- and 2- cycles of chemotherapy exhibited similar level
of total PL compared to reference animal. Total proportion of n-3 fatty acids including EPA and
DHA were significantly higher in groups fed long term fish oil diet compared to their respective
groups on the control diet in both PL and TG fractions. As a result, long term fish oil diet induced
a significant reduction in the ratio of n-6/n-3 compared with animals fed a control diet. A similar
effect of increasing n-3 fatty acid content in the gastrocnemius muscle compared with their
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respective long term fish oil diet group was observed in the rats on the adjuvant fish oil diet after
1- and 2- cycles of chemotherapy. These results showed that both fish oil diets were efficacious in
maintaining or elevating n-3 fatty acids including EPA and DHA, that known to be reduced or not
detected during chemotherapy treatment.
The final objective of this thesis [presented in chapter 5] was to evaluate skeletal muscle
fiber composition, neutral lipid content and location and determine if the accumulation is related
to specific fiber type, as well as mitochondrial density and oxidative capacity in a preclinical model
of colon cancer. Additionally, we wanted to determine whether EPA and DHA supplementation
beginning at the initiation of chemotherapy [adjuvant] was able to elicit similar effects compared
with beginning prior to tumor implantation [long term]. Because this objective was achieved using
the tibialis anterior muscle, a muscle comprised of mixed fiber types, we first confirmed that the
tibialis anterior muscle responds in a similar manner to the gastrocnemius muscle in response to
the treatment and the three diet interventions: control diet, long term fish oil diet, and adjuvant fish
oil diet.
Effect of tumor and chemotherapy: Two weeks following tumor implantation, the
proportion of fibers expressing neutral lipid, measured by Oil Red O, in the tibialis anterior muscle
were 23 fold higher in the control diet group compared with the reference group, reflecting tumorassociated fat accumulation in muscle similar to gastrocnemius muscle. The activity of
Hydroxyacyl-CoA Dehydrogenase [HADH] in tibialis anterior muscle of rats bearing only tumor
was significantly reduced compared with reference rats. Expression of genes involving in
mitochondrial biogenesis such as Peroxisome Proliferator-Activated Receptor-Gamma
Coactivator 1-Alpha [PGC-1α] and Transcription Factor A Mitochondrial [TFAM] showed
remarkable increases in response to the tumor-bearing state compared with reference rats.
115

Collectively, these results showed that while oxidative fibers [IIA] and genes involving in
mitochondrial biogenesis increased within the tibialis anterior muscle in the presence of the tumor,
as opposed to our hypothesis, the activity of mitochondrial enzymes decreased.
Rats receiving chemotherapy treatment and fed a control diet exhibited higher neutral lipid
content, specifically, following cycle-2 compared to untreated tumor-bearing rats. Proportions of
oxidative fibers, type I, were significantly lower in tibialis anterior muscles of rats-bearing tumor
following both cycles of chemotherapy treatment and proportion of type IIA was lower only
following cycle-1 of chemotherapy compared to untreated tumor bearing rats. Following cycle-1
and cycle-2 chemotherapy treatment, both CS and HADH activities were similar with rats bearing
only tumor and were significantly lower than reference rats. Both PGC-1α and TFAM were
significantly decreased compared to rats bearing-only tumor following both cycles of
chemotherapy in tibialis anterior muscle. Collectively, these results support our hypothesis and
showed that chemotherapy treatment increased neutral lipid content and decreased the expression
of genes involve in mitochondrial biogenesis as well as the activity of mitochondrial enzymes in
tibialis anterior muscle.
Effect of fish oil diets: Before chemotherapy, tumor-bearing rats on the long term fish oil
diet displayed proportions of fibers expressing Oil Red O in the tibialis anterior muscle similar to
levels observed in reference animals, which were significantly lower compared with tumor-bearing
rats on the control diet. Subsequently, after both cycle-1 and cycle-2, tumor-bearing rats on the
long term fish oil diet exhibited less fibers expressing Oil Red O in the tibialis anterior muscle
compared with their respective control chemotherapy treated cycle groups.
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Before chemotherapy, tumor-bearing rats on the long term fish oil diet displayed similar
proportion of type I, oxidative fiber, compared with reference animals which was significantly
higher following cycle-1 and cycle-2 chemotherapy compared to their respective group on control
diet. The activity of CS and HADH were significantly higher in tibialis anterior muscle of rats
bearing only tumor and fed long term fish oil diet compared with tumor-bearing rats fed control
diet. Following cycle-1 and cycle-2 chemotherapy, rats fed long term fish oil diet displayed higher
CS and HADH activities compared with their respective control groups. Collectively, these
suggested that fish oil enhanced the activity of mitochondrial enzymes that known to be decreased
in the presence of the tumor and during chemotherapy confirming that mitochondrial oxidative
capacity is associated with decreased lipids content within the muscle in long term fish oil fed rats.
Rats received cycle-1 chemotherapy treatment on the adjuvant fish oil diet displayed
similar amounts of fibers expressing Oil Red O staining compared with their respective long term
fish oil diet group but, on the other hand, it was significantly higher following cycle-2
chemotherapy treatment. Following cycle-2 chemotherapy CS activity and expression of TFAM
were significantly lower than rats fed long term fish oil diet and received 2- cycles chemotherapy
treatment which could be related to increase neutral lipid content following cycle-2 chemotherapy
in adjuvant fish oil group.
6.2 General Discussion
6.2.1 Potential Model of Tumor- and Chemotherapy-Associated Myosteatosis
Recently, non-invasive radiological image-based techniques, such as computed
tomography (CT), have revealed that low muscle radiation attenuation is associated with shorter
survival in cancer patients (5-12). Studies evaluating muscle fat infiltration in preclinical models
of cancer have not yet appeared in the literature because the observation that myosteatosis shortens
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survival in cancer patients is very recent (5-11). Although the relationship between myosteatosis
and poor outcomes is observed, the characteristics of increased fat content within skeletal muscle
has not been resolved and no mechanisms associated with myosteatosis have been established in
cancer. Appropriate preclinical model of myosteatosis is required to investigate the biological
features and causes of cancer-associated myosteatosis, as well as the mechanisms underlying this
feature and potential treatments. This is the first work to report fat accumulation in muscle of a
pre-clinical model of cancer and treatment. In the present animal model, we have reported that
fat, in the form of TG, accumulates in the gastrocnemius muscle [see Chapter 3] as well as tibialis
anterior muscle [see Chapter 5] in the tumor-bearing state and is increased further during
chemotherapy similar to what has been observed in humans (24). Chemotherapy is often used to
treat cancer patients. However, toxicities may result in a reduction of chemotherapy dose or the
termination of therapy. One other study has examined human muscle from a biological
prospective. Authors have assessed intramuscular lipid droplets in weight-losing cancer patients,
and their results suggest that the number and size of lipid droplets increase with cancer (49).
Similarly, we observed an increase in neutral lipid content primarily within muscle fibers,
indicative of lipid droplets, in the tumor-bearing state that was exacerbated by successive
chemotherapy cycles.
The muscles that we used in the present work are mixed fiber types with higher proportion
of glycolytic fibers, IIB, compared with oxidative fibers, I and IIA. In humans, myosteatosis was
also observed in a mixed fiber type muscle, such as rectus abdominus,(8). Findings from the
present animal model enable the study of mechanisms that could be underlying myosteatosis in
cancer in two different muscles, gastrocnemius and tibialis anterior which could be difficult to be
obtained from humans due to either small sample size (~1 g) or the variations between the patients
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because of cancer stage, age, gender, and or treatments each of which may contribute to deleterious
effects on muscle. Additional variation may be introduced by the sampling site of the biopsy in
humans; fiber composition is not similar between deep region or superficial region (146). These
factors introduce variation that may limit the scope of investigations that can be performed in
humans. The model used in this work demonstrates similar muscle pathology as observed muscle
from humans with cancer treatment therefore in ongoing work by others in my lab this model can
be used to understand mechanisms underlying myosteatosis and interventions that can be applied
to treat myosteatosis.
In the present work, we have reported two major pathways that could be associated with
myosteatosis that occurs in the presence of the tumor and during chemotherapy in skeletal muscle.
In Chapter 3, we have showed that increase TG content of gastrocnemius muscle was associated
elevated expression of genes involved in lipid synthesis. In chapter 5, we have reported that while
the proportion of fibers expressing Oil Red O increased in tibialis anterior muscle in the presence
of the tumor and following 1- and 2- cycles of chemotherapy compared with reference animals,
mitochondrial enzymes activities were decreased. These results suggest that cancer-associated
myosteatosis may involve mechanisms related to adipogenesis and mitochondrial oxidative
capacity. However, these findings are novel and we still lack the mechanisms behind the impact
of tumor and chemotherapy on these pathways. Evaluation of adipose tissue from the same animals
has revealed that mitochondrial dysfunction occurs following CPT-11 plus 5-FU in peri-uterine
adipose tissue. One of the mechanisms by which this drug combination causes tumor death is
through mitochondrial toxicities (142) and it appears that they evoke similar effects in peripheral
tissues as well. A reduction in mitochondrial content of human colon carcinoma cell lines after
CPT-11 plus 5-FU treatment was reported (144). These findings suggest that both drugs could
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target mitochondrial and cause mitochondrial damage in tissues other than tumor such as adipose
tissue and skeletal muscle. In addition, one mechanism for elevated fat in muscle is if adipose
tissue is unable to store excess circulating fats. Smaller adipocytes and a reduction in the
expression of proteins involved in lipid accumulation in adipose tissue have been observed in the
present animal model following chemotherapy treatment (147). These results could contribute to
increase the expression of adipogenesis genes in skeletal muscle following chemotherapy
treatment in this animal model. Further investigations are required to support this hypothesis such
as measuring the downstream target genes for adipogenesis transcriptional factors including
lipoprotein lipase and hormone sensitive lipase, in addition to fatty acids transporters and fatty
acids binding proteins as increase the expression of these proteins can be related to increase lipid
uptake by muscle tissue.
In Chapter 4, we have reported a reduction in total PL following cycle-1 chemotherapy
treatment. The reduction in total PL could be attributed to a reduction in either number or size of
muscle fiber. In chapter 3, we have reported that chemotherapy resulted in lower mean muscle
fiber cross sectional area in rats on the control diet compared with reference animals [Figure 3-5].
Clinically, a reduction in skeletal muscle fiber cross sectional area have been reported in cancer
patients who either weight stable or who had a history of weight loss compared to non-diseased
control (143,148). Loss of skeletal muscle mass in cancer appears to generally, but not always, be
concurrent with elevated intramuscular adipose tissue [reviewed by (4,97)]. In the present work,
we mainly focused on studying pathways related to myosteatosis; however, fiber atrophy and
muscle wasting could be an area of interest for further investigation. Measuring body composition
by applying imaging techniques for example in the present animal model could reveal an
interesting result.
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Following the second cycle of chemotherapy, we observed an increase in PL content of
gastrocnemius muscle which could be a result of increased adipocyte and lipid droplets since it
was concurrently associated with increase in TG fatty acid content. These findings are supported
by Oil Red O staining as it showed an increase in neutral lipid content primarily within muscle
fibers, indicative of lipid droplets, and also evident between muscle fibers, after the second cycle
of chemotherapy, which may be attributed to the formation of intermuscular adipocytes [see
Chapter 3, Figure 3.2].
In the present study, we have also reported a higher ratio of n-6/n-3 in TG, driven by lower
total n-3 fatty acids, EPA and DHA, following chemotherapy treatment. A reduction in n-3,
including EPA and DHA levels in plasma PL has been observed during high-dose of chemotherapy
and appear to occur concurrently with muscle loss and fat deposition within skeletal muscle
(1,21,24). Increase the ratio of n-6/n-3 could derive eicosanoids that modulate the production of
pro-inflammatory cytokines (132), such as interleukin-6 [IL-6] and tumor necrosis factor alpha
[TNF-α]. Inflammation is a central driver of muscle wasting and mitochondrial dysfunction in the
neoplastic state (86,133,134,149,150). In the present study, we have reported a significant decrease
in mitochondrial enzymes activities which may contribute to decrease mitochondrial oxidative
capacity [see chapter 5, Figure 5.6] as well as a decrease in muscle fiber cross sectional area
following chemotherapy treatment [see Chapter 3, Figure 3.5]. Thus, measuring factors related to
inflammation in the present animal model could be an area of interest for further investigations.
Our method of fatty acid quantification does not enable fatty acid composition of mitochondrial
membrane to be determined but rather isolates all the PL fatty acids in the cell and therefore would
also include the PL membranes of the organelles such as mitochondria.
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6.2.2 Role of the Fish Oil Diets on Tumor- and Chemotherapy-Associated Myosteatosis
In the present study, we investigated the effects of a physiologically attainable level of EPA
and DHA supplementation on the tumor-bearing state before and during chemotherapy-associated
myosteatosis, as well mechanisms that were associated with myosteatosis in the present animal
model. We show for the first time that feeding a diet containing EPA and DHA prevents tumorassociated myosteatosis in both gastrocnemius [see Chapter 3] and tibialis anterior muscles [see
Chapter 5], and that adjuvant- is similarly efficacious to long term- EPA and DHA feeding in
mitigating chemotherapy-associated myosteatosis in skeletal muscle following both cycles of
chemotherapy. These findings support a previous clinical trial from our lab showed that advanced
non-small cell lung cancer patients receiving chemotherapy gained skeletal muscle fat, while
patients who supplemented with EPA and DHA [2.1 g/day] after diagnosis and during
chemotherapy exhibited a reduction in intermuscular fat over the same time period (24).
We show that animals fed a diet containing fish oil either beginning before tumorimplantation [long term] or at the initiation of chemotherapy [adjuvant], neutral lipids and TG
were decreased along with decreased expression of transcriptional factors involved
adipogenesis/lipogenesis in the gastrocnemius muscle [see chapter 3, Figure 3.4] and increased
mitochondrial enzymes activities in tibialis anterior muscle compared with their respective control
groups [see chapter 5, Figure 5.6]. Many beneficial effects of n-3 fatty acid on mitochondrial
functions have been reported, including higher number of mitochondria, improved function of the
enzyme complexes within the electron transport chain, and an improved capacity to appropriately
use physiologically available fuels (78,91,96). In the present study, we measured mRNA of genes
involved in mitochondrial biogenesis, however, not all mRNA translate to proteins. Thus, further
work is required to measure mitochondrial proteins or mitochondrial DNA to confirm our results.
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In chapter 4, we have reported that while total TG decreased in the gastrocnemius muscle
of animal model during fish oil intervention, the significant increase in PL is not likely attributed
to adipocytes or lipid droplets, and it seems more likely to attributed to either increase myocytes
number, cross sectional area, and making more cells like mitochondria. We have reported in
Chapter 5, that genes involving in mitochondrial biogenesis were increased in tibialis anterior
muscle of rats fed long term fish oil diet following chemotherapy treatment compared with their
respective control groups. These findings could contribute to increase total PL during fish oil
intervention. Similar to our findings in this model of cancer, some experimental studies have
reported the beneficial effects of EPA and DHA on mitochondrial content including higher number
of mitochondria in skeletal muscle [reviewed by (91)]. However, the mechanisms through which
dietary EPA and DHA supplementation improves muscle health during chemotherapy require
further investigation. The requirement of EPA and DHA for muscle integrity has not been directly
studied; however, evidence from studies by our group and others’ suggest improvement in muscle
health occurs when a supply of EPA and DHA is maintained (1,24,61,75,103,151,152). A number
of mechanisms of action have been associated with the effects of EPA and DHA on muscle mass
and myosteatosis, in a variety-of non-cancer conditions [reviewed by (97)] including their
association with anti-inflammatory properties (152,153) and improvement of the insulin response
in many experimental systems and in a number of non-cancer disease states (68-73).
The animal model used in the present study demonstrated that incorporation of EPA and
DHA into both TG and PL fatty acids was similar between rats fed fish oil for either long term [3
weeks minimum] or short term [one week minimum]. Healthy people supplemented with 5 grams
of fish oil per day had an increase in n-3 fatty acids [3.8% to 5.1% total fatty acids] after 2-weeks,
and it further increased after 4-weeks to [~6.8%] total fatty acids (135). Other studies have
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demonstrated that 8-weeks of fish oil supplementation results in a 2-fold increase in muscle PL n3 fatty acid composition in healthy subjects [5.04% to 9.03%] total fatty acids; (75,76). In the
present study, we observed similar increases in proportion of n-3 fatty acid content in both TG and
PL fatty acids, even with one week of supplementation [adjuvant-cycle-1 chemotherapy].
6.3 Strength and Limitations
The first novel aspect of our study is that it is the first to report fat accumulation in muscle
of a pre-clinical model of cancer and treatment. Mechanisms and therapies have not yet been
explored using any experimental system. The animal model used in this study represents the
delivery of drug therapy for colorectal cancer in humans with respect to drug dosing and toxicities
using a combination of CPT-11 and 5-FU which is first-line treatment for colorectal cancer. The
second novel aspect of our study is the design of our diets as both control and fish oil diets have
equal amount of energy and protein per gram of diet. Diets are within the range of macronutrient
intake by some humans in Westernized countries. In addition, both diets contained similar
proportion of fat and were matched for polyunsaturated fatty acids/ saturated fatty acids and were
only differ in the composition of fatty acids. Most of the studies used animal models utilized
standard laboratory chow diet. Chow diet is usually provided with undefined of nutrient source
and do not reflect typical human dietary intakes [reviewed by (154)]. The third novel aspect of this
study is that presence of myosteatosis was confirmed in two different muscles including
gastrocnemius and tibialis anterior. The fourth novel aspect of our study is using long and adjuvant
[short term] fish oil diet. In humans, the long-term fish oil group translates to consumption of fish
oil prior to cancer diagnosis whereas the adjuvant fish oil feeding group is most similar to the
design of trials investigating fish oil supplementation. These timelines of the fish oil diets enable
us to study the ability of fish oil to prevent [long term] and treat [adjuvant] tumor and treatment124

associated fat accumulation into muscle.
This study has several limitations, in this study maximum 2-cycles of chemotherapy were
used while clinically, cancer patients would receive multiple cycles of chemotherapy. Thus, it is
going to be interesting to study the effect of fish oil with additional cycles of chemotherapy that
will better represents what cancer patients receive clinically. Additionally, these animals were not
fasted at the termination time. Fasting animals before the termination would allow for additional
analyses such as insulin sensitivity and glucose homeostasis. The animal models that we used are
young and healthy, while clinically, cancer patients usually present with different comorbidities
such as obesity and diabetes. Myosteatosis was first observed in these conditions before cancer,
thus applying models of obesity or diabetes to the protocol of the current animal model presented
in this study will reveal more findings regarding the ability of fish oil intervention to attenuate
fatty muscle.
6.4 Considerations for Future Research
Further research is required to investigate muscle conditions in the presence of the tumor
and during treatments in response to control and fish oil diets. For example, neutral lipid content
in muscle increased after the 2- cycle in adjuvant fish oil rats. Since cancer patients usually receive
multiple cycles of chemotherapy, thus, including more cycles of chemotherapy treatment to the
present protocol will be more relevant clinically. Measuring the effect of higher doses of fish oil
intervention in the present animal model could reveal better findings. There is no study evaluating
the effect of different doses of fish oil on myosteatosis and muscle health in cancer. Furthermore,
fasting all animals before the termination time would enable measures of myosteatosis that involve
the insulin pathway. However, a previous study from our lab conducted on the present animal
model showed no significant differences in mTOR (pSer2448) protein concentration in
125

gastrocnemius muscle between rats fed control diet and rats fed an adjuvant fish oil diet following
both cycles of chemotherapy or the ratio of phosphorylated-AKT (pSer473) to total AKT. These
preliminary findings could be related to the method that was used to measure the protein
concentration, ELISA kits, as this method is not commonly used in rat tissue compared to Western
Blot analysis(155). Other method such as electron microscopy to investigate mitochondrial
number and shape can be used in future studies. In addition, assessing fatty acids binding and
transporting genes and proteins such as fatty acids binding proteins and CD36, as well as
inflammation markers, such as IL-6, TNF-α, CRP, in the present animal model would be areas that
require further investigation. Poor outcomes of myosteatosis has been reported by using CT scan
and the correlation between CT scan radiation attenuation of skeletal muscle and fat content of
muscle biopsy specimens has been reported in only one study (14). More investigation in this area
is required to establish a cutoff of myosteatosis based on both CT scan radiation attenuation as
well as TG content within the muscle to enable understand the mechanisms underlying the
association between myosteatosis and poor outcomes and higher mortality in cancer. Also, we
have to acknowledge that skeletal muscle TG content has been reported to be higher in healthy
people after endurance exercise align with higher mitochondrial enzymes activities and oxidation
capacity (156,157). Increase the amount of TG content in this case is not pathological but instead
is required to serve as essential fuel for muscle contraction. On the other hand, fatty muscle in
cancer represents a pathological condition because of it is association with poor outcomes and
mortality. In chapter 5, we investigated the expression of PGC-1α in the present animal model as
it plays an essential role in mitochondrial biogenesis, but in addition to that PGC-1α seems to have
a role also on neuromuscular junction [NMJ, (158)], chemical area where the cross talk between
motor neurons and muscle fibers occur. Fiber type switching is controlled by neuronal input, such

126

as exercise adaptations of the NMJ causes fiber type switch towards oxidative fibers [type I],
Thus studying NMJ in the present animal model and it is association with fiber type switching and
myosteatosis could be an area of interest for further direction.
6.5 Conclusion
Figure 6-1 represents the novel observations of fat accumulation that was associated with
increased the expression of key adipogenic/lipogenic transcriptional factors, altering fatty acids
composition with lower EPA, DHA, and total n-3 fatty acids which drive an increase in the n-6/n3 ratio, and lower mitochondrial oxidative capacity in the skeletal muscles of an in vivo tumorbearing model that underwent chemotherapy treatment. These findings reveal potential
mechanisms underlying fundamental alterations that may be involved in the development of
myosteatosis in cancer patients. Long term and adjuvant dietary EPA and DHA feeding were both
efficacious in markedly improving muscle health by reducing the toxicity effect of CPT-11 and 5FU on fat accumulation within skeletal muscle. Our study highlights the therapeutic potential of
EPA and DHA as promising nutritional adjuvants to chemotherapy to reduce muscle toxicities
associated with drug delivery. Findings from the present study are encouraging, warranting future
research to determine further mechanisms by which dietary EPA and DHA supplementation
attenuate pathological fat accumulation in the skeletal muscles that known to be associated with
higher mortality in cancer patients.
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Figure 6.1 Summary of mechanisms underlying fat accumulation within skeletal muscle. A Ward
colon tumor-bearing rat model underwent 1- and 2- cycles of irinotecan plus 5-fluorouracil and
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provided diets with or without fish oil that was fed either prior to tumor implantation (long term)
or at the same day of the first cycle of (adjuvant) to tumor implantation. Both fish oil containing
diets were able to prevent and treat, respectively, fat accumulation within skeletal muscle that
known to occur in the presence of the tumor and following chemotherapy treatment. Histology
figures represent gastrocnemius muscles obtained from rats fed either control diet or long term fish
oil diet and both received 2- cycles of chemotherapy (presented in Chapter 3, Figure 3-2). Muscles
stained with Oil Red O to identify neutral lipid content within the muscle. Solid arrow shows an
example of a positive fiber expressing Oil Red O; dashed arrow shows an example of Oil Red O
staining between muscle fibers. Scale bar represents 100 µm.
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Appendix A
SREBP-1c and C/EBPβ expression in the rat gastrocnemius muscle
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Appendix B
Tibialis anterior whole muscle cross sectional area of rats bearing a ward colon tumor and
receiving CPT-11/5-FU fed a fish Oil diet either prior or following to tumor implantation
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