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Abstract

Cachexia remains one of the most complex and challenging aspects in cancer care. The impact of
cachexia on body wasting, particularly on the depletion of muscle mass, significantly impairs
patient’s energy, strength and quality of life. Tumour-related factors and poor nutritional status
are associated with cachexia development. Additionally, while effective in combatting cancer,
chemotherapy causes appetite loss, fatigue, altered metabolism and decreased physical activity,
all contributing to muscle tissue breakdown and cachexia. Decades of research into investigating
interventions to mitigate the effects of cachexia have been unsuccessful. Even the use of
nutritional supplements like the branched-chain amino acids (BCAA) in reversing cachexia
remains limited and inconsistent. However, researchers typically prioritize tumour BCAA
metabolism and overlook these amino acids in the skeletal muscle. In addition, studies
investigating chemotherapy-induced cachexia frequently utilize young male animals and the
effects of chemotherapy on the abundance and activity of enzymes involved in BCAA
metabolism have not extensively been compared across the sexes, nor studied in aged animal
tissues. Understanding the alterations in skeletal muscle BCAA metabolism and availability
following chemotherapy, especially across different sex and age groups, may help provide a
better understanding of why certain interventions are ineffective in treating cachexia and may
present findings that more accurately represent clinical diversity. Therefore, the objective of this
dissertation is to examine the effect of age and sex on the mechanisms and severity of
chemotherapy-induced cachexia, with a focus on BCAA availability, metabolism and transporter
expression in young and aged animals.

Briefly, | showed that preventing the degradation of LAT1, a transporter protein crucial
for BCAA uptake into skeletal muscle, counteracted the effects of chemotherapy-induced

damage on myotubes. Further, in-vivo, | showed sex-dependent differences in the susceptibility



of young and aged animals to chemotherapy-induced cachexia. | also show that altered BCAA
availability and metabolism following chemotherapy may contribute to muscle wasting in a sex-
and age-dependent manner. Findings from this dissertation suggest that interventions regulating
muscle amino acid transporters may represent a promising strategy to treat cachexia. These
findings underscore the need for age- and sex-specific responses when developing interventions

that can manage cachexia.
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Chapter 1 General Introduction

Age (1) and sex (2) are significant risk factors for cancer, a leading cause of death in
Canada (3). Cachexia, a debilitating consequence of cancer that affects 80% of patients (4), is a
multifactorial and complex body and muscle wasting syndrome that impacts various aspects of
health and overall well-being. Chemotherapy, while instrumental in being an effective anti-
cancer treatment (5), can lead to several negative side effects, one of which is being a major
contributor to cachexia sustainment (6-8). Cachexia is also associated with the onset of systemic
inflammation (9), insulin resistance (10), increases in energy expenditure (11), negative
protein/energy balance (12), appetite loss (13), anorexia (14), fatigue (15), and reduced muscle
strength (16). Most profoundly, cancer- and chemotherapy-induced cachexia is associated with
exacerbated skeletal muscle depletion (6, 8, 17, 18), leading to diminished quality of life, lower
survival rates (19) and higher rates of mortality (20) in patients. Importantly, there are currently
no successful and specific approved therapies that solely target cachexia. Therefore, exploring
interventions to mitigate the negative effects of chemotherapy on skeletal muscle loss is vital in
order to better manage this condition, as skeletal muscle mass is a determinant of chemotherapy
dose (21), effectiveness (22), toxicity and treatment failure (23).

Muscle protein synthesis is regulated through activation of the mammalian/mechanistic
target of rapamycin complex 1 (mTORCL). First, stimulation by insulin and/or insulin-like
growth factor 1 (IGF-1) activates the insulin receptor substrate-1 (IRS-1)/phosphatidylinositol-3
kinase (PI3K)/protein kinase B (AKT) pathway which allows RHEB, an mTORC1 activator, to
stay GTP loaded (24, 25). Second, mTORCL1 sensing of the BCAAs (BCAA: leucine, isoleucine
and valine) is required for full activation. After being transported into the skeletal muscle via L-
type amino acid transporter 1 (LAT1) (26), the BCAAs activate key components in the
sestrins/gator/RAG/ragulator pathway, leading to the translocation of mMTORC1 to the lysosomal

1



membrane where RHEB is localized (27). Activated mTORC1 phosphorylates several
downstream targets, such as ribosomal protein S6 kinase (S6K1) and eukaryotic mRNA
translation initiation factor 4E-binding protein 1 (4E-BP1), leading to an increase in translation
initiation (28), ribosomal biogenesis (29), protein synthesis (25) and an inhibition of protein
breakdown (30). However, these anabolic pathways described are downregulated in cachexia
(18, 31), while activation of catabolic pathways that increase protein breakdown, such as the
autophagy/lysosomal and ubiquitin proteasome pathway (UPP) are upregulated (32), leading to
skeletal muscle wasting.

The BCAAs are mainly metabolized in the skeletal muscle and liver, but can serve
several intermediary roles in other tissues, such as the brain and adipose (33). The BCAAs are
first transaminated by branched-chain aminotransferase 2 (BCAT2) forming glutamate and the
branched-chain a-keto acids (BCKA): 2-keto-isocaproate/4-methyl-2-oxopentanoic acid (KIC)
from leucine, a-keto-B-methylvaleric acid/3-methyl-2-oxopentanoate (KMV) from isoleucine,
and 2-keto-isovalerate/3-methyl-2-oxobutanoic acid (KIV) from valine. The BCKAs are then
oxidatively decarboxylated by the branched-chain a-keto acid dehydrogenase complex
(BCKDH, referred hereon as BCKD), producing their corresponding acyl CoA derivates:
isovaleryl-CoA from KIC, 2-methylbutyryl-CoA from KMV, and isobutyryl-CoA from KIV
(33), which ultimately go on to fuel several metabolic pathways, such as the TCA cycle (33).

Since the roles of the BCAAs, especially leucine, in the stimulation of skeletal muscle
protein synthesis have been well documented (34, 35), they serve as promising candidates to
address skeletal muscle loss in cachexia. However, since reversing the complex nature of
cachexia extends far beyond just the promotion of protein synthesis, clinical studies examining

the effectiveness of the BCAAs in cachexia are limited and yield mixed results (36—39). These



inconsistencies may in part be due to altered metabolism of skeletal muscle BCAAs following
chemotherapy, a factor often overlooked and minimally investigated, as previous studies have
prioritized tumour BCAA metabolism (40-42). It is also important to consider that much of the
research documenting the effects of chemotherapy-induced cachexia are conducted in animal
models, often focusing on young males (6, 8, 18, 43). Although these studies have provided
valuable insights into the mechanisms of cachexia, these findings perhaps do not accurately
represent the whole clinical picture. Especially when you consider age and sex differences in
factors that may affect key outcome measures in cachexia, such as cancer incidence (44), cancer
type (45), chemotherapy responses (46) and BCAA intake (47), concentrations (48) and
metabolism (49). Therefore, the overall goal of this dissertation is to examine the effect of age
and sex on mechanisms and severity of chemotherapy-induced cachexia, with a focus on BCAA

availability, metabolism and transporter expression in young and aged animals.



Chapter 2 Literature Review

2.1 Skeletal Muscle

Skeletal muscle makes up ~40% of total body weight (50) and is a contributor to energy
expenditure (51) and protein metabolism (52). It provides support for locomotion, posture,
balance and movement (53). Skeletal muscle plays a vital role in glucose homeostasis (54, 55)
and glycogen synthesis (56), while also being a major reservoir for amino acids (AA) (57) and a
site for fatty acid metabolism (58). The preservation of skeletal muscle mass is linked to better
health outcomes, lessened mortality risk (59) and a higher quality of life (60). However, adverse
side effects such as fatigue (61) and weakness (62) are commonly experienced in individuals
during muscle mass depletion, often contributing to the worsening of chronic metabolic disorders
such as obesity (63), diabetes (55, 64) and cardiovascular disease (65).

2.1.1 Aging and Skeletal Muscle

Sarcopenia is defined as the age-related decrease in skeletal muscle mass, strength and
functionality (66), with recent work suggesting that muscle decreases by ~3-8% per decade after
the age of 30, with progressive worsening after the age of 60 (67). Sarcopenia significantly
contributes to frailty and increased vulnerability to stressors, leading to increased mortality and
morbidity in all individuals (68). Briefly, sarcopenia is due to many factors that extend way
beyond mere physical changes: 1) anabolic resistance in response to key factors, such as
nutrition (69) and exercise (70); 2) physical inactivity (71); 3) elevated production of pro-
inflammatory cytokines (72) and reactive oxygen species (ROS) (73); 4) impaired AA induction
and propagation of protein synthesis signalling (74, 75).

2.1.2 Sex and Skeletal Muscle

Sex differences in the skeletal muscle have been studied for decades. Briefly, males on



average have greater muscle mass than females (76), with the majority of these differences being
observed in the upper body (77). These differences are related to greater satellite cell content and
proliferative capacity in males (78, 79). Satellite cells, which are myogenic progenitor stem cells,
play crucial roles in muscle regeneration (80). For fibre type, females have a greater distribution
of type 1 (slow twitch) fibres (81, 82), corresponding to a greater reliance on oxidative
metabolism (83), whereas males have a greater muscle distribution of type Il (fast-twitch) muscle
fibres (81, 82).

In terms of disease pathology, women are more susceptible to muscle loss from disuse
atrophy, as this disease targets more oxidative fibres (84, 85). However, males are more
susceptible to inflammatory-based pathologies, as glycolytic fibres are more at risk in these
diseases (86). In aging, total muscle mass loss is greater in men, although women have lower
overall muscle mass (87).

2.2 Skeletal Muscle Anabolism

Skeletal muscle is one of the most dynamic plastic tissues in the human body. To ensure
functionality, it possesses the ability to undergo adaptive changes in response to stimuli (53). In
response to anabolic stimuli, such as growth factors (88), anabolic hormones (89, 90), nutrition
(91) and resistance exercise (92), skeletal muscle undergoes protein synthesis whereby mass is
either maintained or increased. The focus of this section (2.2 — 2.4) will be identifying anabolic
factors and their respective signalling pathways that maintain skeletal muscle mass.

2.2.1 Skeletal Muscle Anabolism — Anabolic Hormones

Insulin (93), testosterone (94) and estrogen (95) will be the focus of this section due to
their importance in age and sex. However, other hormones (not discussed) also have roles in

skeletal muscle anabolism. Briefly, growth hormone, known to have synergistic effects with



testosterone, controls skeletal muscle growth (96) and deficiencies in this hormone are associated
with decreases in skeletal muscle mass (97, 98), size (99), strength (97, 98) and anti-insulin
effects (100). In addition, progesterone, another sex hormone, increases muscle protein synthesis
and mass (101, 102), as it positively affects mitochondrial efficiency (103, 104).

2.2.1.1 Anabolic Hormones — Insulin

During hyperglycemia, insulin is released from the pancreas and facilitates the uptake of
glucose into multiple tissues, notably skeletal muscle. Additionally, some AAs, such as leucine
and glutamine can also stimulate pancreatic insulin release (105). When glucose enters the
skeletal muscle, it can be used as energy for muscle contraction, stored as glycogen (in excess),
or be used as primary fuel for protein synthesis (54). Insulin plays a pivotal role in stimulating
skeletal muscle anabolism (106, 107) and protein synthesis (108) by triggering two important
responses: 1) Insulin facilitates the uptake of AAs into skeletal muscle (109), providing essential
building blocks for protein synthesis; 2) Insulin decreases muscle protein breakdown (110-113),
thus increasing muscle mass.

2.2.1.2 Anabolic Hormones — Testosterone

Testosterone is produced in the testicles in men and the ovaries in females. This hormone
exerts its effects by binding to intracellular androgen receptors present in skeletal muscle,
forming a complex that travels to the nucleus, interacts with DNA and increases transcription of
genes associated with hypertrophy, such as insulin-like growth factor-1 (IGF-1) (114).
Testosterone promotes muscle hypertrophy by triggering many responses: 1) Increases
intramuscular AA uptake (115), providing essential building blocks to enhance skeletal muscle
protein synthesis (116); 2) Inhibits protein breakdown (117), thus increasing muscle mass.

2.2.1.3 Anabolic Hormones — Estrogen




Estrogen is produced in the testicles in men and the ovaries in females. It is responsible
for the development of physical and sexual characteristics in females, as well as regulating
reproduction, bone density and metabolism in both sexes (118). Estrogen exists in multiple
forms: estrone, made after menopause; estradiol, the most potent form made during reproductive
years; estriol, made during pregnancy. Mechanistically, estrogen binds to the estrogen receptor o
in skeletal muscle to exert its effects and is important for maintenance of skeletal muscle mass
(119, 120). The hypertrophic effects of estrogen are supported by in-vitro work, whereby
estrogen enhances myoblast differentiation (121) and increases IGF-1 in satellite cells (122).

2.2.2 Skeletal Muscle Anabolism — Nutrition and Exercise

Without exercise, protein intake alone stimulates skeletal muscle protein synthesis in
young (123), old (124) and obese individuals (125). Resistance exercise, without protein
supplementation, also increases skeletal muscle protein synthesis in young males (126), females
(92) and untrained individuals (127). Combined with resistance exercise, whey protein intake
stimulates greater protein synthesis in young (128, 129) and trained individuals (130-132)
compared to either protein or exercise alone. Casein (133, 134) and soy (135-137) protein intake
also increases net protein synthesis following resistance exercise, but not to the same magnitude
as whey. Carbohydrates have minimal effects on protein synthesis following exercise (138).

2.2.3 Skeletal Muscle Anabolism — Branched-Chain Amino Acids (BCAA)

There are a total of 20 primary AAs that serve as building blocks for proteins. Nine are
classified as essential AAs, meaning they must be obtained through diet as the body cannot
synthesize these. The remaining 11 are non-essential AAs that can be produced by the body on
its own (139). Although some AAs, such as arginine can stimulate protein synthesis (140), the

BCAA:s (leucine, isoleucine and valine) have garnered specific attention and will be the main



focus of this dissertation as they are both substrates and stimulators (141-143) of protein
synthesis in skeletal muscle. They are also important energy sources during exercise (144),
suppress proteolysis (57), regulate body weight (145) and promote glucose transport (146, 147),
cholesterol synthesis (148) and muscle recovery (149, 150). However, among these benefits,
previous reports have linked insulin resistance (151) and type 2 diabetes mellitus (T2DM) (152)
with sustained elevations in circulating BCAAs.

2.2.3.1 Amino Acid Transport into Skeletal Muscle

The BCAAs cannot readily diffuse across lipid or plasma membranes. Therefore, they are
transported into skeletal muscle through the L-type amino acid transporter 1 (LAT1), transcribed
by the SLC7A5 gene. LAT1 also transports histidine, methionine, phenylalanine, tyrosine,
tryptophan and glutamine (153). Multiple other LAT isoforms exist in skeletal muscle that
transport AAs, such as LAT2 and LAT4 (154-156). However, LAT1 is the most highly
expressed skeletal muscle transporter (157). LATL1 is also present in the liver, bone marrow,
placenta, testis and brain (158). Other AA transporters in the skeletal muscle and the respective
AAs they transport are as follows: 1) sodium-dependent neutral amino acid transporter 1
(SNATL), transporting alanine, serine and glutamine; 2) sodium-dependent neutral amino acid
transporter 2 (SNAT?2), transporting glycine, proline, alanine, serine, cysteine, glutamine,
asparagine, histidine, methionine; 3) proton-assisted amino acid transport 1 (PAT1), transporting
proline, glycine and alanine (153).

AA transport takes place through a sequence of events: 1) AAs bind to an opened
exposed site on the cis (outside) membrane surface; 2) the transporter goes through a
conformational change whereby the AA-bound site becomes exposed to the trans (inside)

membrane surface; 3) the AA is released into skeletal muscle as the transporter returns to its



normal conformation (159). The influx of BCAAs into skeletal muscle through LAT1 is
dependent on the removal of glutamine and other ions such as Na*, H*, K*, and/or CI™ out of the
skeletal muscle. Therefore, LAT1 requires a glutamine gradient which is generated by the SNAT
transporters (159).

2.2.3.2 BCAA Catabolism in Skeletal Muscle

A simplified schematic of BCAA catabolism in skeletal muscle is shown in Figure 2.1. A
more complex diagram can be reviewed (33). Mediated by branched-chain aminotransferase
(BCAT2), the BCAAs are first transaminated, yielding the branched-chain a-keto acids (BCKA)
and glutamate. The BCKAs are 2-keto-isocaproate/4-methyl-2- oxopentanoic acid (KIC) (from

leucine), a-keto-B-methylvaleric acid/3-methyl-2-oxopentanoate (KMV) (from isoleucine) and 2-
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Figure 2.1 BCAA catabolism in skeletal muscle. BCAAs undergo reversible transamination
catalyzed by BCAT2. The BCKAs are then oxidatively decarboxylated by BCKD to yield
CoA compounds which divide and indirectly fuel several different metabolic pathways, such
as the TCA cycle. Adapted from Mann et al (33).




keto-isovalerate/3-methyl-2-oxobutanoic acid (K1V) (from valine).

In this first step, BCAT2 removes and transfers the amino group from the BCAAS onto a-
ketoglutarate producing glutamate. This step in BCAA catabolism is reversible, whereby BCAT2
can remove and transfer the amino group from glutamate back to the BCKAs, re-forming the
BCAA:s. In the BCAT?2 reaction, the active form of vitamin B6, pyridoxal 5’-phosphate (PLP),
serves as a coenzyme by binding to the amino group of the BCAAs, producing their respective
keto acids and the pyridoxamine 5’-phosphate (PMP)-bound form of the enzyme. PMP then
facilitates the transfer of the amino group to a-ketoglutarate, producing glutamate and restoring
the BCAT-PLP conformation (160). There are two isoforms of BCAT: cytosolic BCAT
(BCAT1) and mitochondrial BCAT (BCAT2). BCATL1 is only found in the brain, ovary and
placenta. However, BCAT2 is known to be more widespread, found in the skeletal muscle,
kidney, cortex, heart, subcutaneous adipose tissue, stomach, colon and liver (161). BCAT2 will
be the main focus in this dissertation, as both the abundance and activity of the mitochondrial
isoform is highest in the skeletal muscle (162). Since the liver has low levels of BCAT2 (163),
the transamination reaction by BCAT?2 takes place in the skeletal muscle. The resulting keto
acids then travel to the liver for further oxidation by the branched-chain a-keto acid
dehydrogenase complex (BCKD), as this enzyme’s levels are higher in the rodent liver (164).

In the second step, the BCKAs are oxidatively decarboxylated by BCKD, producing their
corresponding acyl CoA derivates (isovaleryl-CoA from KIC, 2-methylbutyryl-CoA from KMV,
and isobutyryl-CoA from KIV). The acyl-CoA derivatives are then all metabolized along
separate pathways, yielding acetoacetate and acetyl-CoA (from leucine), propionyl-CoA and
acetyl-CoA (from isoleucine) and propionyl-CoA (from valine), all of which serve to fuel several

metabolic pathways, such as the TCA cycle (33). In addition, KIC can be converted into beta-
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hydroxy-beta-methylbutyrate (HMB) (165), an enzyme reported to stimulate muscle protein
synthesis (166) and suppress proteolysis (167). The distribution of BCKDs activity (mU/qg) is
tissue dependent in humans, for example: liver, 4.2+0.41; skeletal muscle, 1.3£0.3; adipose
tissue 1.1+0.1 (162).

The BCKD complex is made up of three subunits: heterodimeric branched-chain a-keto
acid decarboxylase (E1), dihyrolipoyl transacyclase (E2) and homodimeric dihydrolipoyl
dehydrogenase (E3). During oxidative decarboxylation by BCKD, the process begins through E1
decarboxylation of the keto acids, yielding branched-chain acyl intermediates and CO». The
respective BCKA is then transferred to the core of the E2 subunit by the lipoyl domain, where it
attaches to coenzyme A and produces branched-chain acyl-CoA ester. In this process,
dihydrolipoic acid is produced through lipoate reduction. Lastly, the E3 subunit reoxidizes
dihydrolipoic acid (using NAD+), yielding NADH and lipoate (168). A simplified diagram of the

subunits involved in the BCKD reaction is shown in Figure 2.2.

Active Inactive

Figure 2.2 Regulation of BCKDH. BCKDH (referred as BCKD) is regulated by a kinase,
branched-chain ketoacid dehydrogenase kinase (BDK), and a phosphatase, protein
phosphatase 2Cm (PP2Cm), both in which interact with the E1 subunit. In the inactive form
(right), BDK phosphorylates BCKD at ser293 and 303. In the active form (left), PP2CM
dephosphorylates BCKD. Adapted from Mann et al (33).

Since the BCKD reaction is irreversible and the rate-limiting step in BCAA metabolism,

the activity of this enzyme is regulated by a kinase and phosphatase (169). Expression of the
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BCKD kinase (BDK) is high in the skeletal muscle and is responsible for phosphorylating the E1
subunit of BCKD on ser293 and ser303 resulting in inactivation (170) of the BCKD complex. In
contrast, expression of protein phosphatase 2Cm (PP2CM) is low in the skeletal muscle and is
responsible for dephosphorylating the BCKD complex, leading to its reactivation (171). The
differences in expression of these enzymes in the skeletal muscle explains, in part, why activity
of the BCKD complex is low in the skeletal muscle (172).

2.3 Mechanisms of Skeletal Muscle Anabolism

Pathways related to insulin receptor substrate-1(IRS-1)/phosphatidylinositol-3 kinase
(PI13K)/protein kinase B (AKT) pathway, mammalian/mechanistic target of rapamycin complex
1 (mTORCI1), B-catenin/c-Myc signalling (173) and the bone morphogenetic protein (BMP) axis
(174) are all positive regulators of skeletal muscle mass. To remain within the scope of this
dissertation, IGF-1/PI3K/AKT and mTORC1 will be discussed, as the BCAAs primarily target
mTORC1 to stimulate skeletal muscle protein synthesis (34, 175).

2.3.1 IRS-1/PI3K/AKT

Binding of insulin or IGF-1 to its cognate receptors activates insulin receptor substrate
(IRS). IRS activates the PI3K family generating phosphatidylinositol-3, 4, 5- trisphosphate
(PIP3) from PIP2. PIP3 signals through phosphatase and tensin homolog deleted on chromosome
10 (PTEN) to activate phosphoinositide-dependent kinase 1 (PDK1), which then phosphorylates
AKT on thr308 (176). AKT increases skeletal muscle cross-sectional area and individual muscle
fibres by indirectly activating the mTORCL1 pathway (177). The IGF-1/PI3K/AKT pathway also
inhibits pathways related to protein breakdown (178). AKT phosphorylates (ser253) and
inactivates forkhead box O (FOXO), a family of transcription factors that stimulate E3 ligases F-

box only protein 32 (MAFbx/Atrogin-1) and TRIM63 (MURFL1) in the skeletal muscle (179).
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AKT also phosphorylates glycogen synthase kinase B (GSK3p) on ser9 relieving the inhibition
on eukaryotic translation initiation factor 2 subunit B (elF2B), a translation initiation factor for
protein synthesis in skeletal muscle (180). Further, IGF-1/AKT inhibits the effects of myostatin,
a member of the transforming growth factor-f (TGF-p) family that is a negative regulator of
skeletal muscle mass (181). Activation of AKT is also required for glucose uptake in skeletal
muscle (182-184). In response to insulin, AKT phosphorylates AKT substrate of 160 kDa
(AS160) on thr642 and its homolog TBC1 domain family 1 (TBC1D1) on thr596 (185).
Phosphorylation of these substrates results in the translocation of glucose transporter type 4
(GLUT4) from the cytoplasm to the outer plasma membrane promoting glucose uptake (186).

These signalling pathways are simplified in figure 2.3.
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Figure 2.3 The effects of activated AKT in skeletal muscle. Via insulin activation of the
IRS-1/PI3K pathway, AKT indirectly activates mMTORC1 and inhibits GSK3p leading to
protein synthesis. AKT also reduces skeletal muscle atrophy by inhibiting the effects of
myostatin and decreasing nuclear translocation of MuRF1 and MAFbx via FOXO
phosphorylation. Lastly, AKT phosphorylates AS160, leading to the translocation of GLUT4
to the plasma membrane and an increase in insulin-stimulated glucose uptake.
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2.3.2mTORC1

As mentioned (section 2.3.1), PDK1 phosphorylates AKT on thr308 leading to its
activation (176). However, phosphorylation on ser473 by mTORC?2 is required for full AKT
activation. AKT indirectly activates mMTORC1 by phosphorylating the Tuberous Sclerosis
Complex 2 (TSC2) and Tuberous Sclerosis Complex 1 (TSC1) on ser939 and thr1462, relieving
the inhibitory effect of the TSC2 complex on mTORC1 (187).

The mTORC1 complex can also be activated via BCAA sensing through the
sestrins/gator/Rags/ragulator pathway. The Rags regulate mTORC1 activity by recruiting
mMTORC1 to the lysosomal membrane, where RHEB GTPase, an mTORCL activator, is located.
During BCAA availability, specifically leucine (the most studied), leucyl-tRNA synthetase
migrates to the lysosome to facilitate proper RAG GTPase nucleotide loading, thus stimulating
mTORC1 activity. However, the Rags are inhibited by GATOR1, which in turn is inhibited by
GATORZ2. Sestrin2, a leucine sensor, is upstream and inhibits GATOR2. However, in the
presence of the BCAAs, sestrin2 is inhibited, leading to the eventual downstream translocation
and activation of mMTORC1 at the lysosome (27).

Once activated, mTORCL1 phosphorylates multiple substrates, such as ribosomal protein
S6 kinase (S6K1) and eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1).
Once phosphorylated on thr389, S6K1 phosphorylates ribosomal protein S6 (S6), eukaryotic
translation initiation factor 4B (elF4B), eukaryotic translation elongation factor 2 kinase
(eEF2K) and programmed cell death protein 4 (PDCD4) (188, 189). Once 4E-BP1 is
phosphorylated on thr37/46 by mTORC1, 4E-BP1 dissociates from eukaryotic translation
initiation factor-4E (elF4E) (190). mTORC1 also inhibits the Unc-51 Like Autophagy Activating

Kinase 1/Autophagy-related protein 13 (ULK-1/ATG13) complex (191), highlighting the
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importance of MTORCL1 in not only increasing protein synthesis, but also inhibiting protein

breakdown. mTORC1 upstream and downstream signalling is shown in Figure 2.4.
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Figure 2.4 Upstream and downstream schematic of mTORCL1 signalling in skeletal
muscle. Stimulation of the IRS-1/PI3K/AKT pathway by insulin inactivates the TSC2/1
complex, leading to RHEB GTP, the mTORCL1 activator. Translocation of mMTORCL1 to the
lysosomal membrane by AAs and BCAAs through the activation of components in the
sestrins/gator/RAG/ragulator pathway is required for full activation. nTORC1
phosphorylates S6K1, 4E-BP1 and ULK1/ATG13 leading to the activation of protein
synthesis, mRNA translation and inhibition of autophagy. Adapted from Mann et al (33).

2.4 Skeletal Muscle Catabolism

In response to catabolic stimuli, such as poor nutritional status (192), muscle disuse
(193), diseasef/illness (63—65) and cachexia (194), skeletal muscle undergoes protein breakdown,
whereby mass is decreased. The following section will briefly address malnutrition,

inflammation and insulin resistance as they pertain to skeletal muscle catabolism, but to remain
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within the scope of this dissertation, the bulk of this section will address cachexia.

2.4.1 Skeletal Muscle Catabolism — Malnutrition

Malnutrition, resulting from lack or inadequate caloric intake can lead to a range of
health issues such as alterations in body composition, physical mobility, quality of life and
mental function across all populations (195, 196). Lack of essential nutrients can also cause loss
of muscle mass and strength, due to factors related to reduced hemodynamics (197), decreased
mitochondrial capacity (198), insulin resistance (199) and anabolic resistance (200).

2.4.2 Skeletal Muscle Catabolism — Inflammation

Inflammation is the body’s defense mechanism against pathogens, damaged cells or
iliness/disease (201). In response to certain stressors, such as resistance exercise, the immune
response is necessary for repair and maintenance of skeletal muscle (202) and is deemed vital to
health (203). However, low-grade chronic inflammation can pathologically alter skeletal muscle
function and metabolism.

2.4.3 Skeletal Muscle Catabolism — Insulin Resistance

Insulin resistance is a metabolic problem in which the normal biological response to
insulin is impaired. Typically, the hormonal action of insulin results in the removal of glucose
from the blood into target tissues such as the skeletal muscle, liver and adipose tissue (204).
However, in insulin resistance, impairments in glucose disposal and transport can lead to a
compensatory increase in beta-cell insulin production (205). Overtime, target tissues become
resistant to the repeated compensatory increase in insulin, leading to insulin resistance.
Metabolic consequences of insulin resistance include hyperglycemia, hypertension, and elevated
inflammatory markers (205) and if left untreated, can eventually develop into T2DM (206).

Hyperactivation of mMTORC1 has been linked to insulin resistance (207). Over activation
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of mMTORC1 either by growth factors (208) or BCAAs (209), potentiates a negative feedback
loop, whereby S6K1 phosphorylates IRS on serine residues. Since IRS is only activated when
phosphorylated on tyrosine residues, the PI3BK/AKT pathway is not activated and GLUT4 does
not translocate to the plasma membrane to uptake glucose and relieve hyperglycemia (207).

Insulin resistance has also been linked to alterations in skeletal muscle BCAA
metabolism. In obese type 2 diabetic mice, PP2CM was unchanged in skeletal muscle, however,
increased p-BCKD and protein expression of BDK, resulting in decreased BCKD activity and
increased plasma BCAAs and BCKAs were found in these mice (210). In obese mice, another
mouse model of insulin resistance, skeletal muscle mMRNA and protein expression of BCAT2 and
BCKD were unchanged (211). However, in the liver and adipose tissue, these catabolic enzymes
were decreased (211, 212). In obese patients, elevated serum BCAA levels are associated with
higher body-mass index and insulin resistance (213).

2.4.4 Skeletal Muscle Catabolism — Cachexia

Cachexia is a complex, multifactorial body and muscle wasting syndrome. Cachexia is
diagnosed in individuals who have lost more than 5% of total body weight in 12-months or less
while being diagnosed with a chronic condition (214). Chronic conditions such as kidney
disease, congestive heart failure and cancer account for the greatest prevalence of cachexia
diagnoses. However, cancer is the leader in disease-associated cachexia, as it is estimated that
over 80% of all cancer patients will experience symptoms of cachexia. Cachexia is associated
with uncontrollable and unvoluntary weight loss with detrimental decreases in muscle mass,
function and strength (16). Metabolically, loss of appetite (13), fatigue (15), aggravated skeletal
muscle catabolism (6, 8, 17, 18), systemic inflammation (9) and increases in energy expenditure

(11) are all observed in cachexia. Clinically, cachexia decreases quality of life (19) and treatment
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outcomes (22), while increasing morbidity and mortality in patients (20).

Cachexia induces skeletal muscle wasting through a prolonged and exacerbated negative
protein balance that leads to extreme skeletal muscle proteolysis. Protein synthesis is also
decreased in cachexia (18), but the increase in protein breakdown far outweighs the loss of
protein synthesis. I will limit the discussion on cachexia to cancer (215) and chemotherapy (216)
with respect to age- and sex-related differences in muscle maintenance. Factors such as the
BCAAs (33), inflammation (9) and insulin resistance (10) will also be discussed as they pertain
to cancer and chemotherapy.

2.5 Cancer

Cancer is a leading cause of death worldwide. There are greater then 10 million cases
diagnosed annually and 1 in 2 Canadians will develop cancer in their lifetime. Genetics (217),
environmental factors (218) and lifestyle (219) are all risk factors for this disease. However, age
(1) and sex (2) are two of the most significant risk factors for cancer diagnosis. Briefly, cancer is
characterized by uncontrollable and mutated cell growth with metastatic potential (220). Among
others, although often dependent on cancer diagnosis and type, newly developed lumps, bloody
urine, unexplained difficulties in food intake or swallowing and extreme weight loss are all
common symptoms of cancer (221). Lung, breast, prostate and colon are the most commonly
diagnosed cancers and have a significant impact on psychological and economic stress to
patients, caregivers and families (222).

2.5.1 Age and Cancer

Cancer is considered to be an age-related disease, as incidence and diagnosis of the
majority of cancer cases increases with age (1). For example, many invasive cancers begin to rise

in individuals starting at the age of 45 and peak at 70 (223). However, due to better screening
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technology today, this age of cancer diagnosis is beginning to decline.

The increase in cancer with age can be due to the fact that older individuals are subject to
carcinogenic factors such as environmental agents (e.g. smoking) (224), occupational exposures
(225) and ultraviolet radiation (226) for longer. In addition, hallmark factors of cancer diagnosis,
such as genomic instability and epigenetic alterations (227) are increased in aging (228).

2.5.2 Sex and Cancer

Sex is a significant risk factor for cancers (45). In men, cancers of the prostate, lung and
colon are most often diagnosed, while breast, lung and colon are most often diagnosed in females
(45). However, cancer incidence is ~20% higher in men (229). For example, incidence of colon
cancer is higher in males (230). Bladder cancer and leukemia are more often diagnosed in males
(231), while females have a higher incidence of thyroid cancer (232). Males are also reported to
have greater mortality from cancer compared to women (45), especially in the United States,
where mortality rate was also about ~40% higher in men (229). In general, lung, colon and
stomach cancers account for the majority of cancer deaths, with all these cancers showing higher
mortality in men. Cancer death from bladder, liver and esophagus also all showed higher
mortality in men (45), in addition to melanoma, where men had a 34% greater risk of death
(233), whereas females (compared to males) have higher mortality for breast cancer (45, 234).

Differences in cancer incidence and mortality between the sexes can be due to differences
in genetic composition. For example, men have a higher incidence of bladder cancer due to a
protective role played by a genetic polymorphism of sulfotransferase 1Al in women (232, 235).
Sex differences in other genetic polymorphisms have also been shown to increase the incidence
of certain cancers in men, such as acute leukemia (236) and lymphoma (237).

Sex hormones also play a prominent role in cancer incidence between the sexes. Higher
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levels of serum testosterone lead to increased risk of prostate cancer in older men (238). Lower
levels of estrogen in males leads to an increased risk of leukemia as estrogen plays a protective
role in this cancer (239). However, in females, where estrogen levels are potentially elevated,
there is an increased risk of thyroid (240) and breast cancer (241) development.

2.5.3 Cancer Cachexia — Aging

According to the Jackson laboratory, 3-month, 10-month and 18-month-old mice are
equivalent to 20, 38 and 56-year-old humans, respectively (242). However, due to factors such as
cost, supply and historical data compatibility (243), very few studies investigate cancer or
chemotherapy-associated cachexia in aged mice. Physiologically (among others), changes in the
mouse microbiome (244), liver enzymes (245), blood flow (243) and disease susceptibility (246)
with age further support the use of younger animals. Although age is rarely compared within the
same study, it is possible to compare the magnitude of differences across different studies.
However, due to inter-study differences such as cancer type, treatment length and animal strain,
variability in body and muscle weight loss differs.

Certain tumour models are used to induce body and skeletal muscle wasting, making
them viable options to study cancer cachexia, as cachexia accompanies growth of these tumours
in xenograft models. AH-130 Yoshida hepatoma (247-252), C26 adenocarcinoma (6, 7, 18, 252—
258), Walker-256 (259-263) and Lewis Lung carcinoma (LLC) (264-273) are animal tumour
models of the liver, colon, breast and liver, respectively. The majority of the studies outlined
here are conducted in mice aged between 3 and 24-weeks of age, which according to the Jackson
lab equates to a 20 or 30-year-old human. Therefore, this explains why there are not vast
differences in body or muscle weight in these studies. Three-week-old mice inoculated with

walker-256 cancer cells showed ~20% loss of body weight (263) , while human melanoma
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caused a 20% decrease in body weight in five-week-old mice (274, 275). AH130 Yoshida cells
led to an average loss of 15% in skeletal muscle weights of five-week-old mice (247). In 6-week-
old mice, LLC led to only a 10% loss of body weight, but a 40% decrease in skeletal muscle
weight (268). Using mice between the age of 6-8-weeks of age, C26 inoculation resulted in a
10% (276), 13% (18), 15% (253), 20% (7, 277, 278), 23% (279), and 30% (6, 280) loss of body
weight. Loss of skeletal muscle weights of either the TA, gastrocnemius or quadricep also ranged
from ~20-50% in these studies. In 12-week-old rats, walker 256 tumour inoculation caused less
then 10% loss of body weight (281, 282), while LLC caused ~20% loss of body weight and
~25% loss of muscle weights (265). LLC was also seen to cause ~5% loss of body weight in 20-
week-old mice (264) and ~20% loss of body weight in 28-week-old mice (269).

In patients with lung cancer (average age of 66), a recent review (283) highlighted that
patients show a loss of skeletal muscle mass of between 3 and 10% following 3-10 months of
chemotherapy (46, 284-287). In 111 advanced gastric cancer patients (average age of 65),
skeletal muscle (11.3%), body mass index (3.2%) and body weight (3.5%) were all decreased
within 4 weeks of chemotherapy treatment initiation. This study also found that females lost
more skeletal muscle (2.7%) and body weight (1.3%) compared to males (288). Other studies in
gastric cancers also showed losses in skeletal muscle (6.1%; >5%) following chemotherapy (289,
290). In 94 pancreatic cancer patients (>70 age) receiving chemotherapy, skeletal muscle loss
was >10% over the course of their treatment (291). Another study in pancreatic cancer also
showed ~6% loss in skeletal muscle (292), while skeletal muscle index was also seen to be
decreased by ~18% (293). In all these studies, the loss of body and skeletal muscle weight
negatively affected survival and treatment outcomes in all patients.

2.5.4 Cancer Cachexia — Sex
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In a recent 2023 study, sex differences in the onset of C26-induced cancer cachexia were
investigated in male and female mice after 25 days of tumour inoculation. Male mice
experienced worsened outcomes for body weight, muscle mass, torque force, protein synthesis
and mitochondrial dynamics. Similarities between the sexes were found for fat loss and increased
proteolytic markers. Findings from this study suggest preservations in muscle quality displayed
by females during early onset of cancer cachexia (294).

These results in animals are confirmed in humans, as cancer cachexia-related outcomes
are worsened in males. For example, in lung (295), colorectal (296, 297) and pancreatic (298)
cancer cachexia, clinical outcomes (such as muscle depletion), tumour phenotype, survival,
cardiac muscle loss and inflammatory responses are all more severe in male cancer patients.
Mechanistically, these findings may be due to the effects of cancer cachexia on glycolytic fibres
(86, 299), the fibre type that has greater distribution in males (82). In various other cancers,
reductions in grip strength (300), cancer-related fatigue (301) and overall survival (302) were
also all worse in males. This is highlighted by the fact that the inability of males to produce
sufficient testosterone (hypogonadism), often accompanies cachexia (303). Moreover, as
mentioned, females may be more protected against inflammatory-based pathologies such as
cancer cachexia, as estrogen can blunt liver IL-6 secretion (304). In summary, as outlined in a
review by Zhong et al (305), cachexia prevalence, and loss of weight, grip strength, muscle mass,
myofiber area, type 2 muscle fibres and mitochondrial function are all more severe in male
cancer patients, whereas females experience greater atrophy of type 1 muscle fibres.

2.5.5 BCAA Levels and Metabolism in Cancer

The metabolism of the BCAAs is altered in some cancers. During the first step of BCAA

catabolism, BCAT?2 transamination generates glutamate, which in turn is metabolized to
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glutamine via glutamine synthetase. Interestingly, there is an increased requirement for
glutamine in cancer cells (306), an AA that can drive the TCA cycle and activate ATP
production in the mitochondria. In addition, some tumour cells also use the BCAAS as alternative
fuel to drive cellular proliferative capacity and tumour formation (307). In addition, the
expression of MYC, a family of transcription factors involved in BCAA catabolism, is also
upregulated in over 70% of cancers (308). Mechanistically, MYC upregulates LAT1 and BCAT1
expression, while increasing glucose and glutamine uptake (309). These changes drive the
BCAAs and energy into tumours, further supporting growth. The direct effects of folfiri on MYC
expression remain to be elucidated, but overexpression of the MYC family of transcription
factors have been reported to initiate chemoresistance (310).

In hepatocellular carcinoma, Ericksen et al found that BCAT2 mRNA was increased,
while protein expression and enzymatic activity of BCKD were decreased. In addition, serum
concentrations of the BCAAs were lower, but significantly increased in liver tumours (40),
highlighting a potential mechanism whereby BCKAs are unable to undergo further oxidation and
are therefore re-aminated back into the BCAAs. High BCAA concentrations can drive
hyperactivation of mMTORCL1, a mechanism linked to liver tumour progression (311-313).

In breast cancer patients, serum BCAA levels are significantly increased compared to
healthy controls. BCAA levels were also found to be increased in breast cancer tissue. The
MRNA expression of BCAT1/2 and BCKD were also increased in breast cancer tissue, leading
to increased substrates for the TCA cycle and enhanced growth of breast cancer cells. However,
lentiviral knockdown of BCATL1 not only repressed breast cancer cell growth, but also reduced
colony number (41). A prospective analysis by Zeleznik et al, found that serum BCAA levels

were associated with higher breast cancer risk in postmenopausal women compared to their
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premenopausal counterparts (314). In addition, Lecuyer et al found that higher plasma levels of
valine were associated with elevated breast cancer risk (315).

Elevated serum BCAA levels are observed in mice inoculated with pancreatic ductal
adenocarcinoma (PDAC) cells (316). Interestingly, PDAC tumours display decreased BCAA
uptake (317), while PDAC cells exhibit increased BCAA uptake (318). In addition, elevated
plasma BCAA levels are associated with future pancreatic cancer risk (316), and tumour
progression in PDAC patients (319). In both mouse models and human PDAC, BCAT2 is
significantly elevated, while BCKD activity is decreased (317). Consistent with this, during cell
proliferation, the BCAASs can be used by PDAC tumours as a source of carbon for fatty acid
synthesis (318). However, tissue-specific pancreatic knockout of BCAT2 slows pancreatic
neoplasia (320). In tandem, inhibition of BCKD also reduced proliferation and colony formation,
stressing the importance of BCAT2 and BCKD enzymes in PDAC growth and progression (321).

These changes are summarized in Table 1.

Table 1 The effect of cancer on serum, tumour and BCAA catabolic enzyme levels

Cancer Type Serum BCAA | Tumour BCAA Effect on BCAA Enzymes
Levels Levels
. BCAT2 mRNA increased and BCKD
Liver Decreased Increased . 2.
enzymatic activity decreased
BCAT1/2 and BCKD mRNA
Breast Increased Increased .
increased
BCAT?2 protein upregulated and
Pancreas Increased Decreased BCKD protein decreased
BCAT2 elevated and BCKD
Lung Increased Increased
elevated

In patients suffering from non-small cell lung carcinoma (NSCLC), serum (322), and

tumour (317) BCAA levels are increased. In tandem, LAT1 was increased in these tumours.

Both BCAT2 and BCKD were also found to be elevated in lung tumours. BCAT was found to be

essential for NSCLC growth, as BCAT null NSCLC cells failed to form tumours (317).

In studies utilizing other cancer models, such as Yoshida AH-130 hepatoma, observed
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increases in skeletal muscle leucine oxidation were found (323), while animals inoculated with
Walker-256 tumours showed enhanced BCAA dehydrogenase activity (324). In some cancers,
such as lymphoma and sarcoma, where minimal weight loss was observed, plasma AA levels
were similar to controls. However, in esophageal cancer patients who experienced ~20%
decreases in body weight, total serum AAs were markedly reduced compared to controls (325).
However, BCAT1 seems to be the main culprit, as BCAT1 drives cell proliferation and tumour
formation. In addition, BCATL1 overexpression accelerates tumour growth in multiple cancers
(326-329). Therefore, adjuvant therapy combined with the inhibition of BCAT1 shows promise
in cancer treatment.

2.5.5.1 BCAA and AA Treatment in Cancer Cachexia

Considering their anabolic effects, the BCAASs have the potential to act as nutritional aids
in certain muscle wasting syndromes like cancer cachexia. Many studies have investigated the
potential for leucine to reduce the loss of body weight and muscle mass in cachexia, as this is the
most common BCAA attributed to the enhancement of protein synthesis (142).

In mice inoculated with the MAC16 colon tumour, valine and leucine together
suppressed body weight loss and inhibited tumour growth, by increasing protein synthesis
through phosphorylation of mMTORCL1, S6K1 and 4E-BP1 (330). In C26 tumour bearing mice, 8¢
of leucine supplementation counteracted muscle-mass loss, but had no effect on E3 ligase
expression (331). However, glycine treatment decreased E3 ligase protein expression (332),
while glutamine has also been shown to preserve body weight (333) and reduce tumour growth
(334) in C26 tumour bearers. In another study of C26 tumour bearing mice, a nutritional diet of
high protein and fish oil also significantly reduced carcass, muscle and fat loss, while improving

muscle performance and total daily activity (276). In Walker-256 tumour bearing animals,
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leucine supplementation improved muscle gastrocnemius strength, while leading to a
maintenance of body weight and muscle mass (335). In this same tumour model, animals
supplemented with leucine also exhibited smaller reductions in carcass mass and muscle myosin
(336). Mechanistically, leucine supplementation in the gastrocnemius elevated protein synthesis
and significantly reduced 20S and 19S ubiquitin proteasome subunits (337), while also inducing
a shift from glycolytic towards oxidative phosphorylation and enhanced mitochondrial density in
walker-256 tumour bearing animals (338). HMB, the metabolite of leucine, also attenuated body
weight and muscle loss in tumours (261, 339-341). It should be mentioned that in the majority of
these studies, although the BCAAs provided beneficial effects on the attenuation of muscle loss,
the cachexia phenotype was not fully reversed and survival was not increased in these animals.
In hepatocellular carcinoma patients undergoing chemotherapy, BCAA supplementation,
either through long term administration or a late evening snack, had no significant effects on
skeletal muscle mass and fat free mass (38, 39). However, BCAAs have been seen to improve
protein kinetics and albumin synthesis in malnourished cancer cachectic patients (342, 343). In
other patients, oral administration of the BCAASs following liver resection improved body weight
and red blood cell count, but tumour recurrence and survival rate was not benefitted (344). In
gastrointestinal tumour patients, an isolated BCAA diet was not associated with increases in
skeletal muscle index (345), while a high protein diet, including the BCAAs, did not promote
better muscle function (346). Other studies, using a mixture of HMB, arginine and glutamine
yield mixed results, as one study showed a significant increase in lean mass (347), while others
showed minimal beneficial effects on muscle mass maintenance (348, 349). Other nutritional

interventions that have been studied in cachexia are shown (Table 2).
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Table 2 Nutritional interventions and their effects on attenuating cachexia

Nutritional Tumour Effect Ref
Intervention (Host)
Fish Qil Pancreatic Increased weight gain and dietary intake. (350)
(Human) Decreased serum IL-6, cortisol and proteolysis | (351)
inducing factor
Fish Qil Walker-256 Increased body weight and food intake (263)
(Rat)
High Protein and C26 Increased muscle contraction, reduced systemic | (352)
Fish Oil (Mice) inflammation, muscle loss and physical (276)
performance loss
Iron C26 Prevented decreases in grip strength, body weight, | (353)
Supplementation (Mice) muscle mass and increased mitochondrial function
Niacin C26 Increased muscle weights and protein synthesis, | (354)
(Mice) while, improving mitochondrial function
Carnitine C26 Increased dietary intake and gastrocnemius (355)
(Mice) weight, downregulated inflammatory cytokines, | (356)
proteasome and MuRF1
Coix Seed Oil LLC Prevented body weight loss and systemic (357)
(Mice) inflammation, while decreasing MuRF1
Fucoidan Bladder Reduced the loss of body weight and muscle (358)
(Mice) atrophy, while decreasing pro-inflammatory
cytokine production
Creatine Walker-256 | Attentuated body weight loss, decreased tumour | (359)
(Rat) size and decreased MuRF1/Atrogin-1

2.5.6 Cancer and Inflammation

Elevated inflammatory cytokine levels are the most prominent feature of cancer cachexia

(360). Tumour-necrosis factor-alpha (TNF-a) (361, 362), interleukin-1 (IL-1) (360, 363), and

interleukin-6 (IL-6) (364, 365) are the most common inflammatory cytokines produced by the

tumours of cancer patients. These cytokines can readily cross the blood-brain barrier and

suppress appetite (366, 367). In addition, these cytokines act directly on skeletal muscle and

promote protein degradation by increasing E3 ubiquitin ligase expression (361, 362, 368, 369)

and activating the ubiquitin proteasome. However, inhibiting these cytokines does not always

slow cachexia progression or increase food intake (369, 370), highlighting the complex interplay

of multiple factors in cachexia.




2.5.7 Cancer and Insulin Resistance

Cancer induces the loss of skeletal muscle mass (6, 7, 253), the major glucose reservoir in
the human body. Theoretically, this could lead to hyperglycemia and a compensatory response to
increase beta-cell insulin production. Cancer also increases pro-inflammatory cytokines (361,
362) and ROS (371-373), two factors known to induce insulin resistance (374-376). Cancer also
decreases serum insulin (377, 378), serum glucose (378) and glucose availability to healthy
tissues as glucose is the favourable energy source for tumours (379).

2.6 Chemotherapy and Cachexia

Chemotherapy is the one of the most common forms of cancer treatment (380).
Generally, chemotherapy acts by attacking and damaging the DNA of rapidly dividing cells,
such as those from tumours. However, chemotherapy is not specific to just tumours and therefore
causes severe side effects such as hair loss, appetite loss, nausea and vomiting (381). Different
chemotherapy drugs are used dependent on the cancer diagnosis. A few examples are provided.
Cisplatin, a platinum containing compound, is used in the treatment of cervical, head, neck and
lung cancers (382). Carboplatin, another platinum containing compound, is also used in the
treatment of cervical cancer (383). Irinotecan hydrochloride (CPT-11) is used in the treatment of
colorectal cancer (384). 5-fluorouracil (5FU) is used in the treatment of colon, breast, head and
neck cancers (385, 386). However, chemotherapy drugs can be combined, as combinatory
cocktails can reduce drug toxicity and resistance, while increasing bioavailability of drugs (387,
388). Different chemotherapeutics can also significantly affect the organs. Conventional
chemotherapeutic drugs that are effective anti-cancer agents cause toxicity in the kidney (389,
390), liver (391, 392), spleen (393, 394) heart (395, 396) and other dividing cells.

CPT-11 is an inhibitor of DNA topoisomerase-1, a critical enzyme involved in DNA
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replication and transcription, as it makes single strand cuts in DNA (397). Following
administration, via carboxylesterase, CPT-11 is converted into its active form SN-38 in the liver.
SN-38 is then excreted from the liver in the bile and absorbed into the intestine (398), where the
potent topoisomerase inhibition of this compound makes CPT-11 a primary treatment for colon
cancer (398, 399). Barriers to CPT-11 treatment include neutropenia (low white blood cell count)
(400), debilitating diarrhea (401) and intestinal mucositis (inflammation of the mucosa) (402).

5FU is a pyrimidine analog that is transported into cells either by non-facilitated diffusion
or facilitated nucleobase transport (403). Since 5FU by itself is inactive, this compound
undergoes a myriad of intracellular changes until it is converted into one of three active forms: 5-
fluoro-2'-deoxyuridine-5'-monophosphate (FAUMP), 5-fluorodeoxyuridine-5'-triphosphate
(FAUTP), 5-fluorouridine-5'triphosphate (FUTP). In these active forms, 5FU is a potent inhibitor
of DNA synthesis, DNA function, RNA synthesis and mRNA translation (404, 405).
Intracellularly, FAUMP (the most studied) binds to and inhibits thymidylate synthase, an enzyme
critical for DNA synthesis (405). However, major barriers exists in the use of 5FU as an anti-
cancer treatment: 1) Treatment with 5FU leads to increases in catabolic enzymes responsible for
the breakdown of FAUMP, FAUTP and FUTP (406); 2) 5FU treatment augments compensatory
increases in protein content and synthesis of thymidylate synthase (407, 408), leading to greater
dosage requirements and possible toxicity from 5FU; 3) 5FU is rapidly excreted from the body
following administration, again leading to greater dosage requirements.

Leucovorin (folinic acid) is a reduced form of folate, and was originally used as a
treatment for folate deficiency in individuals treated with methotrexate (409), a common drug
used to treat certain cancers (e.g. leukemia). However, it was discovered that intracellularly,

leucovorin can bind to FAUMP (an active form of 5FU), leading to greater binding of the
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FdUMP-leucovorin complex to thymidylate synthase (410) and greater bio-availability of the
5FU, as the FdAUMP-leucovorin complex takes longer to be excreted (405).

Taken together, the combination of CPT-11, 5FU and leucovorin make up folfiri, a
combinatory drug cocktail used in the treatment of colorectal cancer (411). Previous reports have
found greater cytotoxic action and significantly higher response rates when 5FU and leucovorin
are combined (412, 413). In addition, since colon cancer is one of the top diagnosed cancers in
both men and women and colon cancer diagnosis rates increase with age, we chose this
chemotherapy cocktail as a viable option to study age and sex differences following treatment.

In myotubes, cisplatin induces myotube atrophy via impairment of AKT signalling and
increases in proteasomal activity (414). Treatment with ghrelin rescues cisplatin-induced
myotube atrophy via down regulation of pathways associated with inflammation and myostatin
(265). Doxorubicin also induces myotube atrophy via increased expression of MuRF1 and ROS,
while decreasing protein synthesis, myosin and mitochondrial content. However, electrical
stimulation was able to reverse doxorubicin-induced mitochondrial content loss, but did not
affect ROS levels (415). Another chemotherapy drug, carboplatin, often used to treat ovarian
cancer, also reduces myotube diameter, protein synthesis and markers of mTORCL activity in
C2C12 myotubes. In these myotubes, knockout of Regulated in Development and DNA Damage
Response 1 (REDD1), a stress response protein, reversed all these effects (416). Chemotherapy
drug cocktails have also been seen to induce myotube atrophy, associated with significant loss of
myosin content, protein synthesis and mitochondrial abundance (417). However, activin receptor
2B (a myostatin inhibitor), has been seen to rescue decreases in myotube diameter and AKT in
C2C12 myotubes treated with folfiri (8).

The effects of chemotherapy have also been studied on myofiber type. Doxorubicin
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treatment in rats decreases fiber cross sectional area of both the slow twitch soleus and fast
twitch EDL muscles (418). Cisplatin treatment also decreased myofiber diameter of the
quadricep and hindlimb fast twitch muscles (17). Combinatory chemotherapy drug cocktails such
as folfiri and folfox have also been shown to decrease the myofiber size of glycolytic type 1l
fibres, specifically the gastrocnemius and tibialis anterior (6, 18). Another study in mice, using a
combination of cyclophosphamide, doxorubicin and 5FU also caused atrophy of the type Il
muscle fibers of the tibialis anterior (419). In breast and colon cancer patients, chemotherapy
reduced force development, suggesting greater effects on type Il fibers (420). Another study in
breast cancer patients treated with cyclophosphamide, doxorubicin or trastuzumab also decreased
myosin heavy chain-related type 1l muscle fibers (421).

Side effects of common chemotherapy drugs is highlighted in Table 3.

2.6.1 Chemotherapy-induced Cachexia — Aging

In 7-week-old mice, cisplatin treatment led to ~15% decreases in body and skeletal
muscle weights (253). In 8-week-old mice, folfiri or folfox led to ~15-20% decreases in body
and skeletal muscle weights (6, 8, 18). Doxorubicin treatment in 8-week-old mice led to ~15%
decreases in body weight, but greater then 25% decreases in the cross-sectional areas of the
soleus and EDL (418). In 9-week-old mice, cisplatin caused ~15% and 30% decreases in body
and skeletal muscle weights respectively (17), while doxorubicin only led to ~10-15% decreases
in body and skeletal muscle weights (422). In 10-week-old rats, doxorubicin led to a modest 2%
decrease in body weight and ~3% decrease in EDL (423). However, in 14-week-old rats,
doxorubicin led to a significant change in body weight and ~25% decrease in EDL CSA (424).

One study, by Huot et al investigated the effects of cisplatin-induced cachexia in young

and old mice. In young mice, cisplatin induced ~13% decrease in gastrocnemius weight, ~6%
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decrease in muscle force and ~52% decrease in motor unit estimation (MUNE). In old mice,
cisplatin induced ~25% decrease in gastrocnemius, ~19% decrease in muscle force and ~72%
decrease in MUNE, highlighting exacerbation of cachexia in older mice. Older mice were also
more susceptible to the loss of mitochondrial proteins following cisplatin treatment (425).

In humans, several different chemotherapeutic agents have induced skeletal muscle
atrophy and/or loss in aging patients diagnosed with (among others) gastrointestinal cancer (426,
427), liver cancer (285, 428), pancreatic cancer (429, 430) and esophageal cancer (431, 432).

2.6.2 Chemotherapy-induced Cachexia — Sex

In young mice treated with cisplatin, no sex differences were observed for the loss of
muscle force, but males experienced greater gastrocnemius (5%) and MUNE (2%) loss. In the
same study, older female mice experienced a 5% greater gastrocnemius muscle loss, but males
experienced greater loss of muscle weakness (3%) and MUNE (425).

Compared to males, females have a 34% increased risk of developing severe adverse
drug reactions from chemotherapy (433). These adverse drug reactions differ between
chemotherapeutic agents: 5FU causes stomatitis (inflamed mouth), leukopenia (low white blood
cell count) and alopecia (hair loss) (434); paclitaxel causes myocardial infarction and lesion
revascularization (434); oxaliplatin causes leukopenia, neutropenia and stomatitis (435). Other
common adverse events are cardiovascular complications, sleep disturbances, mood changes,
musculoskeletal loss, skin lesions and gastrointestinal difficulties (433). Females are also
significantly more likely to be hospitalized due to these adverse events (434). One main cause of
this phenomenon is that the majority of clinical trials are conducted in men. Therefore, the
majority of the findings from these trials are generalized to women and their maximum tolerated

dose is often lower, compared to the dose they receive from treatment (436-438).
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The increased incidence of adverse reactions in females is also due to pharmacokinetic
differences between the sexes. During treatment, elevated blood concentrations for the majority
of FDA approved chemotherapy drugs were found in women (434). In addition, women have
lower elimination and drug clearance rates (2, 434, 439) for almost all chemotherapeutic agents
including, but not limited to paclitaxel (440), 5FU (441) and doxorubicin (442) compared to
men. Elevated blood concentration and lower elimination rates may be due to higher plasma
volume, organ perfusion and body fat in women (443). Since these chemotherapy drugs often
bind to erythrocytes to be removed from circulation, lower hematocrit levels in females may also
account for these differences (444). However, one study found men to experience more cases of
thrombocytopenia (low platelet count) compared to women (435). Kidney function is important
for elimination of drugs and chemicals from the circulation. Specifically, renal clearance, blood
flow, glomerular filtration rate and passive diffusion are all greater in men (445, 446).

In women, these pharmacokinetics lead to higher drug plasma levels and more extensive
rates of toxicity incidence compared to men (447). Due to the greater tissue toxicity in females,
chemotherapy dose and therefore treatment effectiveness is decreased overtime as women have
significantly higher rates of neuropathic pain (439), cognitive dysfunction (448), nausea and
vomiting, especially from chemotherapeutic agents cisplatin (449) and oxaliplatin (435).

2.6.3 BCAA Levels and Metabolism following Chemotherapy

Very few studies have investigated the effect of chemotherapy on BCAA metabolism and
availability in the skeletal muscle. The main reason for this is because the majority of studies
focus on BCAA availability and their metabolism in tumours of cancer patients and overlook
how the skeletal muscle and surrounding tissues/organs are affected. In a study by Fabris et al,

they investigated AA concentrations in the plasma, interstitial space and gastrocnemius muscle

33



of rats for 8 days following a single 1.5mg/kg dose of doxorubicin. Plasma concentrations of
total, essential and BCAAs were all increased up to 8 days following the doxorubicin injection.
Similar elevations of the AAs were found in the interstitial space up to 6 days post treatment, but
returned to normal levels at day 8. Interestingly, BCAA levels were significantly elevated in the
gastrocnemius and remained elevated up to 8 days following the doxorubicin dose (450). In
another study, mice treated with folfiri for 6-weeks were found to have elevated levels of
BCAA:s in the plasma, but no change in the skeletal muscle compared to vehicle. Compared to
cancer, folfiri-treated animals had increased plasma BCAA concentrations, but similar skeletal
muscle concentrations (6). The discrepancies between the two studies could be due to factors
such as animal type, treatment time, muscle examined and chemotherapy type. A third study by
Barreto et al, found that folfiri treatment in mice led to a drastic downregulation of several
enzymes involved in AA metabolism, but this study was not explicit in which or how many of
the enzymes were affected (18).

2.6.4 The Effect of Chemotherapy on Inflammation and Insulin Resistance

Current research suggests chemotherapy is associated with pro-inflammatory cytokine
levels, as anti-cancer agents activate Nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-KB) (451). NF-KB is a stress response gene that promotes production of IL-1, IL-6
and TNF-a (452). Cancer patients receiving chemotherapy also show increased inflammatory
cytokine content (453, 454).

Similar to the effects of cancer-induced insulin resistance, chemotherapy similarly
decreases skeletal muscle mass (6, 8, 17), increases pro-inflammatory cytokines (455-457) and
increases ROS production (458, 459). Chemotherapy also increases hyperglycemia (460),

decreases insulin sensitivity and decreases glucose uptake (417, 424).
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2.6.5 Chemotherapy and Sex Hormones

In cancer patients receiving chemotherapy, studies have shown low levels of testosterone
(461-463), suggestive of hypogonadism in cancer patients (303). However, levels of testosterone
return to normal levels following the cessation of chemotherapy treatment (464). In rats,
chemotherapy has also been seen to inhibit the testosterone synthesis pathway (465).

Chemotherapy also decreases estradiol levels in breast cancer patients (466, 467) and
mice (468), whereby chemotherapy can decrease the ovarian follicle pool size (469, 470).
Estrogen has also been seen to increase efficacy of chemotherapy treatment in breast cancer cells
(471). However, long term chemotherapy treatment can induce ovarian failure or premature
menopause (472, 473).

2.6.6 Cancer and Chemotherapy-induced Mitochondrial Damage

Mitochondria play a pivotal role in skeletal muscle health, as they are essential
contributors to whole-body energy expenditure. Their primary role is to oxidize nutrients in order
to generate ATP molecules that serve multiple high energy demanding processes (474).
Mitochondria also play vital roles in muscle contraction (475), glucose metabolism/insulin
sensitivity (476), exercise adaptation (477) and thermogenesis (478). These roles highlight the
importance of mitochondria in the maintenance of skeletal muscle homeostasis.

During cancer cachexia, DNA encoding multiple subunits of the mitochondrial
complexes are downregulated (479-481), suggesting decreased mitochondrial functioning.
However, the effects of cancer cachexia on mitochondrial biogenesis are inconsistent, as some
studies have reported upregulation (482, 483), with other studies showing downregulation (480).
One study comparing cancer cachectic patients to their weight-stable counterparts, found that

mitochondrial fission was increased, consistent with higher autophagy-related proteins and
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apoptosis (484). Ultimately, any decline or alteration in mitochondrial functioning in cancer
cachexia leads to elevated ROS production, potentially driving cancer cachexia (485).

In skeletal muscle, chemotherapeutic agents such as doxorubicin, enhance ROS
production (486), increase mitophagy (487) and negatively regulate calcium homeostasis (488).
In breast cancer patients, doxorubicin decreases mitochondrial content and peroxisome
proliferator-activated receptor-gamma coactivator (PGC-1alpha) expression (489). In mice,
folfiri administration significantly decreased mitochondria number, size and genes in the skeletal
muscle (8). Folfiri has also been reported to decrease mitochondrial fusion proteins and to alter
oxidative phosphorylation in the TCA cycle (18). Folfox is also documented as a negative
regulator of mitochondrial content and mitophagy (490).

2.7 Mechanisms of Skeletal Muscle Catabolism

Mechanisms related to autophagy (491), ubiquitin proteasome pathway (UPP)(492),
myostatin (493) and calcium calpains (494) are all negative regulators of skeletal muscle mass.
To remain within the scope of this dissertation, autophagy and UPP will be discussed, as these
are the two catabolic pathways severely upregulated in cachexia (32, 495).

2.7.1 UPP

The majority of protein degradation in mammalian skeletal muscle is regulated by the
UPP (496). In preparation for proteins to be degraded, substrates are conjugated by multiple units
of ubiquitin through a cascade of events. First, ubiquitin proteins are activated by E1 enzymes
using ATP. The ubiquitin molecule is then transferred from E1 to E2, a ubiquitin carrying
molecule. E3 ligases then bind to both E2 and the protein substrate, activating the transfer of
ubiquitin from E2 onto the protein substrate that is set for degradation. Polyubiquitination occurs

and the ready to degrade protein is docked to the 26S proteasome for degradation (497), a crucial
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protein complex involved in the final steps of the UPP (498).

In humans, there are over 650 ubiquitin ligases (499), however, only a few have been
identified as muscle specific: atrogin-1 (also known as MAFbx) and MuRF1 (32). Specifically,
atrogin-1 promotes the degradation of muscle transcription factor MyoD (500) and activator of
protein synthesis elF3f (501). MuRF1 interacts and targets structural proteins such as troponin,
myosin heavy chain, actin and desmin (502-504). In many animals models, atrogin-1 and
MuRF1 have been deemed necessary for muscle atrophy (505). For example, mice are resistant
to denervation-induced muscle atrophy when they lack atrogin-1 and MuRF1 (32). In addition,
atrogin-1 knockdown prevents fasting-induced muscle atrophy (506), while MuRF1 knockdown
prevents dexamethasone-induced muscle atrophy (507).

2.7.1.1 UPP in Cachexia

In cancer cachexia, mMRNA expression of 26S proteasomal subunits are elevated in
skeletal muscle (508, 509), suggesting increased proteasomal activity. In C26 tumour-bearing
animals, multiple studies have shown either increases in subunits and activity of the proteasome
(508) or elevations in the skeletal muscle E3 ubiquitin ligases atrogin-1 and MuRF1 (253, 510).
Similarly, in melanoma tumour-bearing mice, MuRF1 gene expression was increased. (511). In
cancer patients suffering weight loss, increases in subunits, activity and genes from the UPP are
all increased (512-514).

In-vitro, multiple studies have shown upregulation of the E3 ligases MuRF1 and Atrogin-
1 following cisplatin treatment (17, 414). In addition, doxorubicin (515) and oxaliplatin (516)
have shown similar effects. However, another study using folfox and folfiri found no changes in
E3 ligase protein expression or proteasome activity (8). However a chemotherapy cocktail of

cisplatin, 5FU and leucovorin increased ubiquitinated proteins in myotubes (417). Differences
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may be explained by chemotherapeutic agent, cell line and timing of treatment.

2.7.2 Autophaqgy

Autophagy is a highly regulated protein and cellular recycling process. Microautophagy,
macroautophagy and chaperone mediated autophagy (CMA\) are the three primary forms of
autophagy, all of which transport substrates, such as harmful products from mitochondria energy
production, towards the lysosome for autophagy. Highlighted in a review by Bonaldo et al (497),
the three types of autophagy are described as: Microautophagy is the simple engulfing of small
cytoplasmic portions into the lysosome; During macroautophagy, beclin-1 signals towards ULK1
to initiate autophagosome formation, a process facilitated by the conversion of microtubule-
associated proteins 1A/1B light chain 3B (LC3I) to LC3II. Tagged cargo ready for recycling is
then brought to the autophagosome by P62 and degraded by the lysosome (517, 518); In CMA,
chaperones recognize exposed amino acid sequences of damaged proteins and deliver them to
the lysosome. Mitochondria can also undergo autophagy, a process known as mitophagy (519).
Although autophagy is vital for the maintenance and survival of cells (520), progression of
certain pathologies such as cancer and diabetes have been linked to dysregulated autophagic
machinery (520, 521).

2.7.2.1 Autophagy in Cachexia

In cancer cachexia, elevations in Beclin-1 (autophagy induction) and LC3II levels
(autophagosome formation) were found in patients (522). C26 tumour-bearing animals also show
significantly elevated p62 levels, suggestive of overloading autophagic flux in skeletal muscle
(523). Lung (524) and esophageal (525) cancer cachectic patients also show muscle wasting due
to autophagic dysregulation.

In-vitro studies have investigated autophagy related markers following chemotherapy.
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Specifically, BNIP3, as well as beclin-1 and LC3BII have all been observed to be upregulated
following chemotherapy treatment (414, 417). In addition, since chemotherapy is a well-
characterized inhibitor of upstream and downstream mTORCL1 signalling in skeletal muscle (17,
18, 417), mTORC1 would not be able to inhibit ULK-1-mediated increases in autophagy (30).

2.8 Current Treatments

There are currently no effective or approved therapies to combat cancer cachexia. Some
studies have proposed that treatment of cachexia relies heavily on treating the tumour itself
(526). However, research has heavily focused on different pharmacological, nutritional and
targeted therapies in an attempt to attenuate cachexia.

In rats, treatment with B-blockers (heart medication) preserved body, lean and adipose
tissue weight in liver cancer (527). In mice, angiotensin-converting enzyme (ACE) inhibitors
(another type of heart medication) also reduced the loss of muscle mass by inhibiting TNF-a
production in colon cancer (528). Erythropoietin treatment has also proven successful in
relieving body and muscle weight loss in cachectic mice, through a mechanism related to
reduced IL-6 production (529-531).

In humans, megestrol acetate treatment increases appetite and caloric intake in cachectic
patients (532-536). Progestogens (steroid hormones) (537) and corticosteroids (anti-
inflammatories) (538) have also shown positive effects on the stimulation of appetite in cachexia.
However, side effects such as insulin resistance and protein breakdown limit their long-term use
(539). Ghrelin has been shown to improve body weight and lean mass, while stimulating food
intake during cancer cachexia (540, 541). COX-2 inhibitor treatments have also led to weight
gain, increased BMI and improvements in quality of life (542). Treatment with the omega-3-fatty

acids have also been shown to improve body weight and stimulate appetite by decreasing pro-
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inflammatory cytokine content (539, 543, 544). Other treatments, such as bortezomib (545),
cannabinoids (546, 547) and insulin (548) have very minimal effects on reversing the loss of
tissue mass in patients.

2.9 Age and Sex Differences

2.9.1 Anabolic Hormones and Nutrition

2.9.1.1 Insulin

Aging is associated with some changes in insulin dynamics following hyperglycemic
challenges, but basal circulating levels of insulin remain similar between young and old
individuals (549). However, in the context of aging, pancreatic insulin secretion (550) and
insulin sensitivity (551) are both decreased in older individuals. Sedentary lifestyles and weight
gain, two factors commonly seen in aging, can exacerbate these declines in insulin dynamics,
contributing to a higher risk of developing diabetes.

For sex, hormonal differences contribute to variations in insulin dynamics, but circulating
insulin levels do not differ between the sexes (552). However, females exhibit greater insulin
secretion (553) and are more insulin sensitive (554, 555) compared to men.

2.9.1.2 Testosterone

Testosterone increases skeletal muscle mass and strength in healthy young and old
individuals (556-560). However, in aging, decreases in free testosterone and hypogonadism are
both associated with increased risks of falls, functional disabilities and lower muscle mass (561,
562). Sarcopenia is linked to decreased testosterone in men (563), but this effect is unclear in
women, as testosterone does not decrease independently of estrogen (564). In the aging male,
testosterone decreases at about 1-2% every year after the age of 50 (565), but the decrease in

female testosterone with aging is controversial and unclear, as women show small steady
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increases in testosterone after the age of 70 (566).

Male plasma testosterone concentrations are 10-35nmol/L, while females are 0.5-
2.4nmol/L. Higher concentrations in males compared to females (567) is due to the fact that
primary production of testosterone is in the testicles, while females produce limited amounts in
the ovaries and adrenal glands (568). This disparity in circulating testosterone levels between the
sexes likely contributes to the observed differences in various physiological aspects, such as
muscle mass/strength (569), fat distribution (570) and bone density (571). However, no sex
differences are observed in androgen receptor content or sensitivity in the skeletal muscle (572,
573). In addition, only testosterone supplementation in males shows promise in attenuating
muscle loss in spinal cord injury (574) and elevated glucocorticoid conditions (575).

2.9.1.3 Estrogen

With aging, decreases in circulating estrogen levels are observed, irrespective of sex
(576). Around menopause, estrogen loss leads to dysfunction in muscle mass and strength (577,
578). Due to age-related decreases in estrogen, the protective effects of this hormone on bone
mineral density (579), muscle repair (580), oxidative damage (581, 582) and mitochondrial
oxidative enzymes (583, 584) are all suggestive to be reduced in the aging female. However,
whether these losses in relation to estrogen also occur in the aging male remains to be elucidated.

Compared to females, there is less available research on the effects of estrogen in males
(585). Healthy young female plasma concentrations are between 30-400pg/mL, compared to 10-
50pg/mL in males. However, these levels are known to fluctuate severely in females dependent
on their estrous stage (586). Interestingly, estrogen supplementation rescued disuse atrophy in
male (587), but not female (588) rats, whereas only females show maintenance of mitochondrial

efficiency with estrogen (589).
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2.9.1.4 Nutrition and Exercise

Compared to young, older individuals have significantly decreased nutrient intake of
energy, protein, alcohol, water, sodium and fibre (590). Other nutrient deficiencies in vitamin
B12, vitamin D, iron and calcium are also common (591). Reduced appetite and food intake
likely accounts for these changes as circulating levels and production of ghrelin (hunger
hormone) decrease (592) and cholecystokinin (satiety hormone) production increases (593) in
aging. Moreover, older populations face barriers such as poor health, pain, fatigue and a lack of
willpower (594) that may hinder their involvement in resistance exercise.

Compared to women, men tend to have greater total energy intake, protein intake and
sodium intake (590). Men also have greater absolute intakes of all the macronutrients, while
women were more likely to exceed recommendations for total fat and sugar (595). In addition,
men are more likely to resistance or strength train compared to women (596).

2.9.2 BCAAs

2.9.2.1 Concentrations

Compared to young, total AAs, essential AAs, non-essential AAs and BCAAs are all
decreased in the skeletal muscle of older individuals. The only AAs that were increased with
aging were cysteine and citrulline (590), however, citrulline is not one of the 20 primary AAs.

Since men have higher muscle mass than women, men typically have higher skeletal
muscle BCAA levels (47). Higher plasma BCAAs were also more likely to be found in
individuals who were males (597). Higher concentrations of essential AAs and other small AAs
were also found to be higher in males (590).

2.9.2.2 Transport

Although expression of these AA transporters are regulated by amino acid ingestion in
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both young (598) and elderly (599) individuals, sex differences in amino acid transporter
expression have not been reported. Basal expression of these amino acid transporters in skeletal
muscle are similar between young and old individuals. However, these studies report inconsistent
results, as one study found an increase in AA transporter expression following resistance
exercise in old individuals (600), while another study did not (601).

2.9.2.3 Catabolism

Minimal studies have investigated sex differences in BCAA metabolism. Following
endurance exercise, males show higher rates of leucine oxidation compared to females (602),
suggesting that males tend to oxidize more AAs for energy, while females oxidize more fats.
Another study found that estrogen can activate BDK, thereby inhibiting the BCKD complex and
decreasing BCAA metabolism (603, 604).

2.9.3 Skeletal Muscle Anabolism

2.9.3.1 mTORC1

Compared to young, basal phosphorylation of mMTORC1 and S6K1 are higher in older
subjects, with no changes observed for muscle fractional synthetic rate (605). However,
following a bout of resistance exercise, phosphorylation of S6 (ser240/244) and activation of
transcription factor 4 is higher in younger individuals (606), suggesting that exercise-induced
increases in protein synthesis are either delayed (607) or blunted (608) in older populations.

Current research suggests there are no sex differences in mTORC1 signalling/activation
following food consumption (609) or resistance exercise (610, 611).

2.9.4 Skeletal Muscle Catabolism

2.9.4.1 Malnutrition

In aging, malnutrition is linked to chronic illness, hospitalizations, dementia, depression
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and socioeconomic status (612). Malnutrition is not limited to older populations, but is more
frequent with higher age, especially when you consider the effects that malnourishment can have
on clinical outcomes, disease recovery, trauma and surgery (613, 614). Following malnutrition,
older populations show a greater loss of body composition (615), slower recovery (616) and a
greater risk of geriatric syndrome development (e.g. dementia, depression, delirium) (617).

Current literature reveals that males are more likely to be malnourished in their early
years, but with age, this disadvantage lessens (618-620).

2.9.4.2 Inflammation

Older populations have higher basal levels of inflammation, linking these signals to
reduced regenerative responses (621) and lower muscle mass and strength (202). A key pro-
inflammatory cytokine elevated in aging is TNF-a (622), which leads to physical decline (623)
and decreases in force-generating capacity (624). Other inflammatory factors increased in aging
include IL-6 and IL-1 (625). Aging-induced increases in pro-inflammatory cytokines is also
associated with metabolic dysfunction (626), weakened anabolic signalling (627), elevated
muscle protein catabolism (628) and reductions in oxidative metabolism (629).

Current research suggests females may be protected against inflammatory-induced
muscle wasting diseases (630), as males are observed to have greater muscle mass loss and side
effects in these conditions (296, 297). These findings can be explained by sex hormone
abundance, as estrogen can blunt atrophy by inhibiting liver secretion of IL-6 (304). In addition,
less cachectic symptoms are experienced by cycling females compared to their acyclic
counterparts (631).

2.9.4.3 Insulin Resistance

In aging, there is an increased risk for both type 2 diabetes (632) and insulin resistance
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(633). In addition, the prevalence of impairments in glucose tolerance increases with age (634).
Mechanistically, compared to their younger counterparts, greater risk of insulin resistance in
older populations is a consequence of decreased skeletal muscle glucose transporter 4 (635),
lower insulin-stimulated AKT activity (636) and impaired insulin signalling/sensitivity (637).

Sex differences have also been reported, with men showing greater prevalence and
development of insulin resistance compared to women (638). Lower adiponectin levels (639) and
higher visceral and hepatic adipose tissue levels (640) contribute to greater prevalence in men. In
addition, estrogen can improve glucose uptake in skeletal muscle (641) and reduce liver glucose
production (642). However, after menopause, the incidence of insulin resistance is similar
between men and women (643), further highlighting the protective effects of estrogen in young
females.

2.9.5 Mitochondria

Highlighted by multiple reviews (644-646), aging is associated with significant
alterations in mitochondrial dynamics. In aging, mitochondria are characterized by decreased
oxidative capacity, oxidative phosphorylation, ATP production, antioxidant defenses and
mitochondrial biogenesis and fusion. Further, aging is associated with increased mutations to
mitochondrial DNA, ROS generation and oxidative damage. Therefore, it should come as no
surprise that the loss of mitochondrial content is associated with early onset sarcopenia, resulting
in loss of muscle mass and function (647).

Compared to males, females have greater mitochondrial content (648-650), oxygen
affinity (651), transcription factors (652) and activity (649, 650, 653). In addition, estrogen,
helps maintain mitochondrial biogenesis (654). These findings suggest that mitochondrial quality

is greater in females relative to males. Other studies have found similarities between the sexes
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for maximal mitochondrial respiration rates and abundance of ADP transporter proteins.
However, females display lower mitochondrial ADP sensitivity and create less ATP during
muscle atrophy (652, 655, 656).

2.9.6 Skeletal Muscle Catabolism

2.9.6.1 UPP

Proteasome activity declines in aging skeletal muscle (657). This decline is related to
decreases (658), replacement (659) or disassembly (660) of proteasomal subunits. However, E3
ligases MuRF1 and Atrogin-1 are markedly increased in aging tibialis anterior muscle (661).
Perturbations in protein homeostasis and proteostasis have been linked to the proteasome and the
onset of neurogenerative diseases such as Alzheimers (662).

Current research suggests that basal UPP activity is greater in males, a finding likely
mediated by estrogen signalling (663, 664).

2.9.6.2 Autophagy

Reduced autophagy has been reported in aging (665). Although specific autophagy
regulators such as beclin-1 were upregulated, decreases in autophagosome formation, observed
through reduced LC3BII levels, suggests reduced autophagic machinery in aging (666).
Therefore, in aging, insufficient autophagy is found, either due to a build up of ready-to-degrade
cargo (causing cellular damage in itself) or diminished autophagic flux (665).

Current research suggests that protein expression of autophagy initiation proteins are
greater in females, leading to greater autophagy-related protein degradation compared to males

(667, 668).
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Table 3 Common chemotherapeutic agents, their affecting organs and side effects

Chemotherapy
Agent / Drug

Cancers Treated

Side Effects

Ovary, Lung, Head, Neck,

Nausea, Vomiting, Anemia, Hair

Carboplatin Esophagus, Bladder, Cervical Loss, Fatigue
. . Testicle, Ovary, Head, Neck, Lung, | Nausea, Vomiting, Anemia, Kidney
Cisplatin -
Esophagus toxicity
Doxorubicin Breast, Ovarian, Bladder, Stomach | Nausea, Vomiting, Anemia, Hair loss
Irinotecan Diarrhea, Fever, Cramping, Nausea,
Colon, Lung Vomiting, Anemia, Neutropenia,
(CPT-11) D
Mucositis
Neuropathy, Nausea, Vomiting,
Oxaliplatin Intestine, Pancreas, Stomach Diarrhea, Anemia, Fatigue, Appetite

Loss, Stomatitis, Neutropenia

5-Fluorouracil

Breast, Colon, Pancreas, Skin,
Stomach, Rectal, Head, Neck

Diarrhea, Nausea, Anemia, Hair loss,
Taste changes, Appetite Loss,
Stomatitis, Neutropenia

Paclitaxel

Bone, Lung, Ovary, Breast

Anemia, Hair loss, Joint pain,
Neuropathy, Diarrhea, Mouth sores

Methotrexate

Blood, Breast

Dizziness, Drowsiness, Hair loss,
Headaches, Decreased Appetite

(References, PMID: 37397557, 30186799, 35158895)
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Chapter 3 Overview, Rationale, Objective and Hypotheses

3.1 Dissertation Overview

The overall goal of this dissertation is to examine the effect of age and sex on
mechanisms and severity of chemotherapy-induced cachexia, with a focus on BCAA availability,
metabolism and transporter expression in young and aged animals.

3.2 Dissertation Rationale

Cancer incidence varies with sex and is more common with advancing age. However,
previous research investigating chemotherapy-induced cachexia focuses primarily on young
male animals. Clinically, these studies provide a limited understanding of cachexia across
different demographics, as older age and sex can affect various aspect of cancer care. In addition,
the branched-chain amino acids (BCAA), which present as promising targets to treat cachexia,
have yielded inconsistent and minimal results in humans, a finding that may in part be due to
altered skeletal muscle BCAA availability and metabolism following chemotherapy, a topic
rarely studied. Better understanding of the mechanisms associated with chemotherapy-induced
damage on skeletal muscle and BCAA metabolism may help in the development of interventions
that attenuate muscle wasting and enhance overall quality of life in cancer patients.

3.3 Study Objectives

The objective of Chapter 4 is to investigate the effect of a chemotherapy drug cocktail on
BCAA concentrations, transporter expression and metabolism in myotubes. Examining whether
maintaining BCAA concentrations could attenuate myotube atrophy was also investigated.

The objective of Chapter 5 is to evaluate sex differences in cachexia outcomes and
BCAA metabolism/availability in young mice following chemotherapy.

The objective of Chapter 6 is to evaluate sex differences in cachexia outcomes and
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BCAA metabolism/availability in aged mice following chemotherapy.

3.4 Hypotheses

1. Chemotherapy is a potent inducer of skeletal muscle atrophy (8). In addition, the BCAAs
are potent stimulators of skeletal muscle protein synthesis (27). | hypothesize that
chemotherapy-induced atrophy is associated with decreases in transporter expression,
metabolism and concentrations of the BCAAs in myotubes (Chap. 4).

2. LAT1 is the most abundant BCAA transporter in skeletal muscle and been linked with
myotube anabolism, via mechanisms additional to AA transport (157). | hypothesize that
increasing LAT1 expression will help maintain myotube BCAA levels and attenuate
measures of myotube atrophy following chemotherapy (Chap. 4).

3. Males have greater skeletal muscle mass and BCAA concentrations (48). In addition,
estrogen decreases BCAA breakdown in skeletal muscle of females (603). Chemotherapy
will induce greater catabolism and loss of the BCAAs in male skeletal muscle and that
this change would be associated with more severe cachexia (Chap. 5).

4. Estrogen has protective roles against insulin resistance (641), therefore males will
experience worsened insulin tolerance following chemotherapy in young mice (Chap. 5).

5. Cachexia prevalence is greater in male cancer patients receiving chemotherapy (305). |
hypothesize that aged male mice will experience greater reductions in body and muscle
weight, corresponding to more severe decreases in skeletal muscle BCAA concentrations
and their metabolism following chemotherapy (Chap. 6).

6. Estrogen has protective roles against insulin resistance (641). Since this hormone
decreases substantially during aging in females (576), | hypothesize that insulin tolerance

will not differ following chemotherapy in male and female aged mice (Chap. 6).
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Chapter Summary

Preventing cachexia is a critical issue in muscle wasting conditions. Although the branched-
chain amino acids (BCAA) have anabolic roles in skeletal muscle, they have minimal beneficial
effects on treating cachexia. The diminished effects of the BCAAs may be related to altered
metabolism from chemotherapy, the most common form of cancer treatment. Since this topic is
minimally studied, the purpose of this study was to investigate the effects of chemotherapy on
BCAA concentrations, transporter expression and their metabolism. L6 myotubes were treated
with vehicle (DMSO) or a common chemotherapy drug cocktail, folfiri (a mixture of CPT-11
(20pg/mL), leucovorin (10pg/mL), and 5-fluorouracil (5-FU, 50ug/mL)) for 24-48h. Following
chemotherapy, myotube diameter (43%), myofibrillar protein content (50%) and the mTORC1
substrate S6K 117389 (80%) were all decreased. BCAA concentrations (52%) and expression of
their transporter, LAT1 (67%) also exhibited decreases following drug treatment. Increased
BCAT?2 transaminase expression, but decreased PP2CM (54%) and increased phosphorylation of
BCKD®*"2%3 (98%), corresponding with decreased BCKD enzyme activity (23%) were found
following chemotherapy. Time course analyses showed that the loss of BCAA concentrations
was preceded by decreases in LAT1 and BCKD activity. In drug-treated myotubes, BCAA
supplementation was successful in restoring intracellular myotube BCAAs, but did not
counteract atrophy. However, siRNA knockdown of NEdd4 in chemotherapy-treated myotubes
counteracted the loss of LAT1, BCAA concentrations, anabolic signalling, protein synthesis and
myofibrillar proteins. Our findings suggest that interventions regulating muscle amino acid

transporters might represent a promising strategy to treat cachexia.
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Introduction

Cancer cachexia is a devastating body and skeletal muscle wasting syndrome that
contributes to poor prognosis (669), treatment outcomes (22) and reduced quality of life (19). In
addition to poor nutritional status and tumour-related factors, chemotherapy is also a major
contributor to the loss of skeletal muscle mass in cachexia (68, 18). With no available cure,
development of therapeutic strategies to mitigate the loss of skeletal muscle mass in cachexia is
vital in order to better manage this condition.

The branched-chain amino acids (BCAA: leucine, isoleucine and valine) regulate body
weight (145), activate skeletal muscle protein synthesis (143) and have been studied in the
context of muscle wasting conditions for decades (670). However, nutritional support/treatment
with the BCAAs shows minimal effects on fully reversing cachexia (36—39), a finding that may
be related to altered metabolism of these amino acids.

The BCAA:s are transported into skeletal muscle via the L-type amino acid transporter 1
(LAT1) (26) and activate skeletal muscle protein synthesis (34), a process regulated by the
mammalian/mechanistic target of rapamycin complex 1 (mMTORCL1). In addition to upstream
activation by the insulin receptor substrate-1(IRS-1)/phosphatidylinositol-3 kinase
(P13K)/protein kinase B (AKT) pathway (25), the BCAAs also activate components in the
sestrins/gator/RAG/ragulator pathway, translocating mTORCL1 to the lysosomal membrane
where the mTORC1 activator RHEB, is localized. Activated mTORC1 positively regulates
MRNA translation initiation (28) and ribosomal biogenesis (29), while also inhibiting protein
breakdown (30). In cachexia, anabolic pathways, such as mTOR and insulin-like growth factorl-
AKT are downregulated (18, 31), while catabolic pathways, mainly the autophagy/lysosomal and

ubiquitin proteasome pathway (UPP) are upregulated (32, 495).
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During BCAA metabolism, the BCAAs are first transaminated by branched-chain
aminotransferase (BCAT2) forming glutamate and the branched-chain a-keto acids (BCKA): 2-
keto-isocaproate/4-methyl-2-oxopentanoic acid (KIC) from leucine, a-keto-f-methylvaleric
acid/3-methyl-2-oxopentanoate (KMV) from isoleucine, and 2-keto-isovalerate/3-methyl-2-
oxobutanoic acid (KIV) from valine. The BCKAs are then oxidatively decarboxylated by the
branched-chain a-keto acid dehydrogenase complex (BCKD), producing their corresponding
acyl CoA derivates: isovaleryl-CoA from KIC, 2-methylbutyryl-CoA from KMV, and
isobutyryl-CoA from K1V, which fuel several metabolic pathways such as the TCA cycle (33).

In tumours, BCAT1/2 and BCKD are increased, leading to sustained BCAA catabolism
and elevations in substrates that support tumour cell growth (40-42). However, in these tumour-
inoculated animals, skeletal muscle BCAA metabolism is often overlooked. Since any alterations
in skeletal muscle BCAA concentrations and their transporters may help to rationalize the
diminished effectiveness of the BCAASs in treating cachexia, we present data on the effects of
chemotherapy on BCAA metabolism in skeletal muscle myotubes. We then investigated whether
increasing BCAA concentrations either through supplementation or by genetically manipulating
the abundance of the BCAA transporter LAT1 would rescue chemotherapy-induced myotube
atrophy. We hypothesized that chemotherapy, a main cause of cachexia, would decrease skeletal
muscle BCAA concentrations and alter BCAA metabolism, and that interventions that maintain

myotube amino acid concentrations would attenuate chemotherapy-induced myotube damage.
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Materials and Methods
Reagents

Growth media (GM) was made by supplementing AMEM (Wisent Inc, #310-010-CL)
with 10% fetal bovine serum (Gibco, #12483-020) and 1% antibiotic-antimycotic (Gibco,
#15240-062). Differentiation medium (DM) was made by supplementing AMEM with 1%
antibiotic-antimycotic and 2% horse serum (Gibco, #26050-088). Opti-MEM, reduced serum
media was purchased from Gibco (#31985-062). Phosphate buffered saline (PBS) (#311-010-
CL) and trypsin (#325-043-CL) were purchased from Wisent Inc. Protease inhibitor (#P8340),
phosphatase inhibitor (#P5726), dimethyl sulfoxide (DMSO) (#D5879-100mL), O-
phthalaldehyde (OPA) (#P1378), TCA (#196057) and chemotherapeutic agents CPT-11
(#11406), 5-FU (#F6627-1G) and leucovorin (#F7878-500MG) were purchased from Sigma
Aldrich (St. Louis, MO). Radioactive *C-L-valine (#NEC291EU050UC) was purchased from
Perkin Elmer. Dithiothreitol (DTT) was purchased from Research Organics (#2190D-A101X).
Triton X-100 was purchased from MP Biomedicals, LLC (#M2528).

Cell Culture and Chemotherapy Treatment

L6 skeletal muscle myoblasts (American Type Culture Collection) were thawed from
-80°C, cultured in GM and incubated at 37°C and 5% CO.. Cells were passed daily at 70-80%
confluency to avoid clustering and contact inhibition. On experiment start dates, cells were
counted and seeded into either 6-well (2x10°) or 12-well (1x10°) plates. Once cells reached 80-
90% confluency, cells were shifted into DM (Day 0). The horse serum in DM, which has less
proliferative factors compared to that of FBS, slows down the proliferation of myoblasts,
providing the ability for myotubes to differentiate rather than proliferate (671). Fresh DM was

replenished every 24 — 48h until Day 4 or 5 when experiments were performed on myotubes.
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Myotubes were used to model skeletal muscle in-vitro, as skeletal muscle fibres are composed of
myoblasts that fuse together and form multi-nucleated myotubes. Stock solutions for each
chemotherapy drug were made (See Appendix A). On day 4 or 5 depending on experiment,
myotubes were treated with either vehicle (1.4pL/mL DMSO) or a chemotherapy drug cocktail,
folfiri (CPT-11 (20pg/mL), leucovorin (10pg/mL), and 5-FU (50ug/mL)) for 24 — 48h. Since
CPT-11 and 5-FU were dissolved in DMSO, this reagent was chosen as the suitable vehicle for
these experiments.

For BCAA supplementation experiments, myotubes were grown until day 4 of
differentiation and were then treated with chemotherapy in DM, combined with 400uM of each
of the BCAAs for 24h. After 24h, 1mL of media was collected and myotubes were re-
supplemented with an additional 200uM of each of the BCAAs for the remaining 24h. Media
was collected again (1mL) after 48h. All myotubes were then harvested for western blotting and
HPLC analyses.

siRNA Gene Silencing

On day 3 of differentiation, myotubes were transfected with 10uM of NEdd4 (Sigma
Aldrich, #NM_001008300) or scrambled (Sigma Aldrich, #SIC001) siRNA oligonucleotides
with lipofectamine RNAIMAX (Thermo Fisher, #100014472) according to manufacturer’s
instructions. Lipofectamine, NEdd4 siRNA and scrambled siRNA were all diluted in Opti-MEM
medium. Diluted siRNAs were then mixed with diluted lipofectamine reagent (1:1 ratio) and
incubated for 5 min at room temperature. Two-hundred and fifty puL of the sSiRNA-lipid complex
was added to each well of the 6-well plate, containing 1mL of antibiotic free DM. Twenty-four h
after transfection, ImL of DM was added to each well. Thirty hours following transfection,

myotubes were treated for 48h with chemotherapy and harvested for western blotting and high
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pressure liquid chromatography (HPLC) analyses. Full procedure is in Appendix B.

Western Blotting

After 24 and 48h of treatment, myotubes were washed in PBS and lysed (final
concentration diluted in ddH2O: 1mM ethylenediaminetetraacetic acid (EDTA), 2% sodium
dodecyl sulfate (SDS), 25mM Tris-HCI1 pH 7.5, 10 uL/mL protease inhibitor cocktail, 10 uL/mL
phosphatase inhibitor cocktail, LmM DTT). Following lysing, the pierce Bicinchoninic acid
(BCA) protein assay method (Thermo Fisher #23225) was used to determine protein
concentrations. Approximately 25ug of protein extracts were then heated (80°C, 5min),
vortexed, electrophoresed in 10 or 15% SDS-page gels and transferred onto polyvinylidene
difluoride (PVDF, 0.2uM, BIO-RAD) membranes overnight at 4°C. The following day,
ponceauS (Sigma Aldrich, #81460) staining (15min, room temperature) was used to confirm
quality of transfer. Membranes were then incubated in a milk solution (5% skim milk powder in
TBST for 1h, room temperature) to block non-specific antigen binding. Each membrane was
then washed (3X5min in Tris-Buffered Saline + Tween 20 (TBST)) followed by overnight

incubation at 4°C in primary antibody of choice:

Primary Antibody | Dilution Company Secondary
MHC-1 1:500 Development Hybridoma #MF 20 — s Mouse
Tropomyosin 1:400 Development Hybridoma #CH1 —s Mouse
Troponin 1:400 Development Hybridoma #JLT12 —s Mouse
p-FoxO3a%%3 1:1000 Cell Signalling #9466 Rabbit
p-AKTSer473 1:2000 Cell Signalling #4060 Rabbit
p-S6¢1235/236 1:1000 Cell Signalling #4858 Rabbit
p-S6K1138s 1:1000 Cell Signalling #9234 Rabbit
SNAT1 1:1000 Cell Signalling #36057 Rabbit
p-BCKD*% 1:1000 Cell Signalling #40368 Rabbit
BCKD 1:1000 Cell Signalling #90198 Rabbit
NEdd4 1:1000 Cell Signalling #4013 Rabbit
AKT 1:1000 Cell Signalling #4691 Rabbit
S6K1 1:1000 Cell Signalling #9202 Rabbit
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S6 1:1000 Cell Signalling #2317 Mouse
BCAT?2 1:1000 Protein Tech #16417-1-AP Rabbit
LAT1 1:500 Invitrogen #PA5-50485 Rabbit
MuRF1 1:1000 Protein Tech #55456-1-AP Rabbit
PP2CM 1:1000 Protein Tech #14573-1-AP Rabbit
BDK 1:1000 Invitrogen #PA5-31455 Rabbit
y-tubulin 1:10000 Sigma Aldrich #T6557 Mouse

After overnight incubation, primary antibodies were stored, and membranes were
washed (3X5min in TBST) and incubated in anti-rabbit (Cell Signalling) or anti-mouse (Cell
Signalling) secondary antibody conjugated to HRP at a 1:10000 dilution for 3h. Following,
membranes were washed (3X5min in TBST) and HRP chemical luminescent substrate (BioRad,
#1705060S) was applied to each membrane for signal visualization by the BioRad ChemiDoc
XRS+. Images were quantified using image lab software v7 (Bio-Rad).

Protein Synthesis (INSET Analysis)

After 48h of treatment, myotubes were starved (complete serum free media absent of any
amino acids, US Biological, #R8999-03) for 24h to avoid nutrient uptake variability for protein
synthesis in myotubes. After the 24h starvation, myotubes were treated with 1uM of puromycin
(Sigma Aldrich, #P8833) dissolved in DM for 30 minutes. Myotubes were then lysed (as
described above for western blotting) and immunoblotted against an anti-puromycin antibody
(EMD Millipore, #MABE343), corrected to their respective ponceaus staining.

For SUNSET analysis in NEdd4-depleted myotubes treated with chemotherapy, following
transfection, cells were treated with chemotherapy drugs for 36h. The remaining 12h of
chemotherapy treatment took place in starvation media, prior to puromycin treatment and lysing.

HPLC (Amino Acid Concentrations)

After 24 and 48h of treatment, myotubes were washed (in PBS) and harvested in 250uL
of 10% TCA. Cell lysates were then centrifuged (2.3g for 15 min, 4°C). Sample amino acids, in

the supernatant (following centrifugation), were then diluted: 1 (sample): 2 (potassium borate
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buffer): 1 (0.1N hydrochloric acid): 8 (HPLC grade water). Diluted samples were pre-column
derivatized in OPA (ratio of 1:1) and samples were then injected into a YMC-Triart C18 column
(C18, 1.9um, 75 x 3.0mm; YMC America, Allentown, PA, USA) fitted onto an ultra HPLC
system (Nexera X2, Shimadzu, Kyoto, Japan) connected to a fluorescence detector (Shimadzu,
Kyoto, Japan; excitation: 340 nm; emission: 455 nm). Mobile phase A (20mM potassium
phosphate buffer (pH 6.5)) and Mobile phase B (45% acetonitrile, 40% methanol, 15% HPLC
grade water) formed a gradient solution and the amino acids were eluted at a flow rate of
0.8mL/min. A gradient made up of 5%-100% mobile phase B was run over 21 minutes. Amino
acid standard curves were used to calculate amino acid concentrations and all samples were
normalized to total protein. Full procedure can be found in Appendix C.

Immunofluorescence Microscopy

Myotubes were grown in 12-well plates on top of cover slips (Fisher Scientific, #092815-
9). Twenty-four and 48h following chemotherapy treatment, myotubes on cover slips were fixed
(4% paraformaldehyde in PBS for 10 min, room temperature, 1mL/well), permeabilized (0.03%
Triton X-100 in PBS for 5 min, room temperature, ImL/well), blocked (10% horse serum in PBS
for 1h, 37°C, 400uL/well) and incubated overnight in primary antibody (2.5pg/mL of MHC-1 in
1% Bovine Serum Albumin (BSA) in PBS, 4°C, 500uL/well). After overnight incubation, all
cover slips were washed (3X5min in PBS, room temperature), exposed to secondary antibody
(Texas Red anti-mouse 1gG secondary antibody (1:100 with 1% BSA in PBS) for 2h, room
temperature, 500uL/well), stained for nuclei (4',6-diamidino-2-phenylindole (DAPI)) and
mounted on cover slides. All cover slips were imaged using the EVOS FL Auto microscope (Life
technologies) and the EVOS FL Auto program was used to maintain acquisition (light and

brightness) settings for each slide. Blinding took place during microscopy to avoid any treatment
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bias. ImageJ was used to quantify all images by measuring the diameter of myotubes (in pum).
See full procedure in Appendix D.

BCKD Activity Assay

At 24 and 48h following drug treatment, myotubes were incubated in **C-L-valine and
the resultant CO> given off via BCKDs decarboxylation activity was collected on 2M NaOH
soaked filter paper wicks. Valine was used as K1V, the keto acid of valine, is the preferred
substrate for BCKD (33). The radiolabelled bicarbonate (formed by CO2 mixing with NaOH on
each wick) was inserted into scintillation vials (Perkin-Elmer, #6008118), containing scintillation
fluid (Ecoscint A, National Diagnostics, #L.S-273). Each vial containing a wick was subject to
scintillation counting. To calculate BCKD activity, we divided each CPM by the amount of
counts that is equal to 1pumol of the BCKD enzyme activity and corrected for total protein. See
full procedure in Appendix E.

Statistical Analyss

Quantified immunoblot bands were adjusted to their corresponding gamma tubulin
(loading control) values. Gamma tubulin was used as loading control as we noticed no
significant effects of chemotherapy on it’s abundance. All graphs were drawn and statistical
analyses were performed using GraphPad prism 9 software. For figures 1 — 3, a two-way analysis
of variance (ANOVA) with a tukey’s post-hoc test was used to analyze vehicle and drug
treatment differences at the 24 and 48h time points. For figures 4 — 6, a one-way ANOVA was
used to analyze vehicle and drug treatment differences. Significance was determined p < 0.05. P-
values were considered a trend when they were equal to or less than 0.1. All results were
expressed as +SEM of at least 3 independent experiments (biological replicates), with each

independent experiment conducted with at least three technical replicates.
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Results
A chemotherapy drug cocktail induces myotube atrophy, decreases protein synthesis and
increases protein breakdown

Immunofluorescence detection of MHC-1 staining following chemotherapy revealed
reduced myotube diameter (—43%), but no effect on nuclei (Figure 4.1A — C). Myotube atrophy
coincided with decreases in the abundance of myofibrillar proteins at 48h: MHC-1 (-48%),
troponin (-52%) and tropomyosin (—47%) (Figure 4.1D — G). Chemotherapy also decreased the
phosphorylation of AKT™"3 (-56%), S6%235/2% (_68%) and its kinase, S6K 1" at 48h (—80%),
with no changes in total protein levels (Figure 4.1H — L). Protein synthesis, observed through the
SUNSET analysis, was also decreased 24 and 48h following chemotherapy (Figure 4.1M). At 48h,
phosphorylation of p-FoxO3a*?>® was also decreased (-85%), coinciding with a treatment-

induced increase in MuRF1 following chemotherapy (+100%; Figure 4.1N — P).
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Figure 4.1 A chemotherapy drug cocktail induces myotube atrophy, decreases protein
synthesis and increases protein breakdown. Myotubes were treated with differentiation medium
in combination with either a chemotherapy drug cocktail (20pug/mL CPT11, 50pg/mL 5-
Fluorouracil and 10upg/mL Leucovorin) or vehicle (DMSO) for 24 and 48h. A:
Immunofluorescence detection of MHC-1 and nuclei DAPI staining (Bar, 400uM). Quantification
of myotube diameter (B) and nuclei (C). Immunoblotting (D) and quantified data for MHC-1 (E),
troponin (F), tropomyosin (G), as well as phosphorylated AKT"73 (H, J), S6%2%5/23% (H, K) and
S6K 138 (H, L) and their total levels (1). Protein synthesis was measured via SUnSET analysis
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(M). Immunoblotting (N) and quantified data for phosphorylated p-Fox03a*°3(0) and MuRF1
(P). Data are mean + SEM, n = 3-4 independent experiments, with at least three technical replicates
per experiment, *p < 0.05, **p < 0.01, ***p < 0.001. MHC-1, myosin heavy chain-1; DAPI, 4',6-
diamidino- 2- phenylindole; V, Vehicle; D, Drug; h, hours; p, phosphorylated; DMSO, dimethyl
sulfoxide.

Chemotherapy decreases BCAA concentrations and their transporter expression

At 48h of treatment, chemotherapy tended to reduce myotube intracellular concentrations
of leucine (—48%, p=0.08), isoleucine (-56%, p=0.07) and valine (-56%, p=0.06), but significantly
reduced total BCAAs (-52%; Figure 4.2A — D). Valine concentration also tended (p=0.09) to be
lower at 24h. No effects on alanine (Figure 4.2E) and serine (Figure 4.2F) were observed, but at
48h, there were decreases in the concentrations of arginine (—65%), and trends for phenylalanine
(-59%, p=0.08) and glutamate (—46%, p=0.1; Figure 4.2G — I). Chemotherapy drugs also reduced
the expression of amino acid transporters SNAT1 (—63%) and the BCAA transporter LAT1 at 24

(—38%) and 48h (—67%) following treatment initiation (Figure 4.2J — L).
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Figure 4.2 Chemotherapy decreases BCAA concentrations and their transporter expression.
Myotube were treated with chemotherapy drugs as described in Figure 1. Samples were harvested
and myotube concentrations of leucine (A), isoleucine (B), valine (C), total BCAAs (D), alanine
(E), serine (F), arginine (G), phenylalanine (H) and glutamate (1) were measured by HPLC.
Immunoblots (J) and quantified data for SNAT1 (K) and LAT1 (L). Data are mean + SEM, n =3
independent experiments, with at least three technical replicates per experiment, *p < 0.05, **p <
0.01, ***p < 0.001. HPLC, high-pressure liquid chromatography; V, Vehicle; D, Drug; BCAAs,

branched-c

hain amino acids.
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A chemotherapy drug cocktail reduces BCAA catabolism

Decreases in amino acid levels, especially the BCAA, intrigued us to explore BCAA
catabolism. BCAT2 was significantly increased in drug-treated myotubes (Figure 4.3A, B). Total
protein expression of BCKD and BDK were unchanged (Figure 4.3A, C, D), but the level of
PP2CM was reduced at 48h (-54%; Figure 4.3A, E). At 48h, the inhibitory phosphorylation of
BCKD*"?%3 was increased (+98%) following chemotherapy (Figure 4.3A, F). This change, along
with the reduced level of PP2CM, likely contributed to the observed reduction (—23%) in BCKD

enzyme activity at 48h (Figure 4.3G).
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Figure 4.3 A chemotherapy drug cocktail reduces BCAA catabolism. Myotubes were treated
with chemotherapy drugs as described in Figure 1. Samples were harvested and immunoblots (A)
and quantified data for BCAT2 (B), BCKD (C), BDK (D), PP2CM (E) and p-BCKD®*"?% (F) are
shown. BCKD activity was measured from the release of 1*CO, from C labelled valine (G). Data
are mean + SEM, n = 3 independent experiments, with at least three technical replicates per
experiment, *p < 0.05. h, hours; V, Vehicle; D, Drug.
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Decreases in LAT1 and BCKD activity precede BCAA loss following chemotherapy

Decreased LAT1 and BCAA concentrations could explain the reductions in BCAA
catabolism. Therefore, we ran a time course experiment to address these changes. Chemotherapy

decreased SNAT1 (-57%) and LAT1 (-76%) transporter expression starting at 18h (Figure 4.4A,

B). However, the enzyme activity of BCKD did not start to decrease (—28%) until the 24h time

point (Figure 4.4C). In addition, as a later response, leucine (Figure 4.4D) and isoleucine (Figure

4.4E) had a delayed decrease, being noticeable at 48h.
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Figure 4.4 Decreases in LAT1 and BCKD activity precede BCAA loss following
chemotherapy. Myotubes were treated as in Figure 1, but were harvested at 3, 6, 10, 18, 24 and
48h following the start of treatment. Immunoblots and quantified data for SNATL1 (A) and LAT1
(B). BCKD activity (C) and concentrations of leucine (D) and isoleucine (E) following
chemotherapy. Data are mean £ SEM, n = 3 independent experiments, with at least three technical
replicates per experiment, *p < 0.05. h, hours; V, Vehicle; D, Drug.

BCAA supplementation increases myotube BCAA concentrations, but does not rescue
myotube amino acid concentrations or myofibrillar protein abundance

The pattern of changes our time course revealed, made us to hypothesize that the
maintenance of BCAA concentrations may help reduce atrophy following chemotherapy.
Supplementation with BCAAs led to increases in their media content at 24h (Figure 4.5A — C) and
returned their myotube concentrations back to their control levels, especially for leucine and
isoleucine (Figure 4.5D — F), but had no effect on increasing amino acid levels or expression of
their transporters (Figure 4.5G — N). In addition, increasing BCAA concentrations in drug- treated
myotubes did not rescue mTORC1 signalling (Figure 4.50 — Q) or myofibrillar protein abundance

(Figure 4.5R —T).

67



&) AP A,

o |
) A
o — -
g [ [ 3 g,
* _ o = 5 2
H - ¥ B M Mov *_H T T T T T T 1
= ° L I T T T
r T T T T 1 Q (=} o o o o o
c_o. A.D - o .w M M s 8 s 8 M M M M ulingn-A7L 191 =__:n_:u_..>_~umw_.mnu._0mmw|n
o < < e i c (urejouy Brifsajopu) {urajo14 Brifsajopw) N Q
(Ww) auljep G sujuey K ajeLLEINIG
—_ o
— @
; A * o —F o] \ .
2 o *
5 ¢ | q
< = = Fo)
-m- T T T T T 1
= b % & 4 - & o I T J T 1
m * N E.M__En_ﬂm;.‘_mw_oi.-ui ° et b il 2 o M
—_ d - - ™~ - - o
¥ M_.| g B (uer04g Brifsejopw) = aulueejfuayy M ulnqni-A/i-LYNS =™ :::n:f?.%?ﬁ?.m.m.n
* ™ aulep
S S S < & <
S w o ®w o m m m m m m
o - - o o Ty © g 7 = = & S =
o (IWw) sunajos| 2 N ~ P L PN 7
m o 1 1 1 1 1 1
- e Ll . _
1
M T T T 1 I T T T T 1 - + !
[ N @ < < I T T R
m - o o o o (= o o o o
m .m, = (ureoud Brijso|omuw) (uisyoad Briysojopw)
“m m_ E} aulona|os| ) aulubay
> 00 . + . Q ,
108 i
—_ o —_
S AN EES 2
= =
| - T 3 o — +
) i ® £ o) Z o
°
m_\\\\\\\\\\\\\\\\ R - - E 3 wd &8 = = =
* - - - =] o o ©o © o © o i
ol ..Im {u1aj0.4 Briysajopw) (uje304g Brissejopw) ] = = ) = < < m o= @)
* A A = 22 S A = " 7))
i a suiPna H auuag Z. ] _w M a o v & _.w M
D T S — i 7 A = X 5 2 7B
- = s S > o % o T
(Ww) auonen f nb_
= o

68

Drug
BCAAs



R

MHC'I R — 'ZOOkDa 0.4 *
S * T
1.5 *
Troponin | s 37kDa g .| * c s
——— 2 F
_tubuli [S0kDa 2 EN
Y tubulin i > é 0.2+ i:'a !
DMSO:  + - - O £ 054
= 0.1 a
Drug: - + =
BCAAs: _ ) 0.0 0.0-

Figure 4.5 BCAA supplementation increases myotube BCAA concentrations, but does not
rescue myotube amino acid concentrations or myofibrillar protein abundance. Myotubes
were treated as in Figure 1, but a separate group of myotubes were treated with chemotherapy and
supplemented with 400uM of the BCAAS for 24h, followed by treatment with 200uM of the
BCAAs for the remaining 24h. Media concentrations of leucine (A), isoleucine (B) and valine (C),
as well myotube intracellular levels of leucine (D), isoleucine (E), valine (F), alanine (G), serine
(H), arginine (1), phenylalanine (J) and glutamate (K) were measured by HPLC. Immunoblots (L,
O, R) and quantified data for SNAT1 (M), LAT1 (N), p-S6K1""3€ (P), p-S6%r2%/236 (Q), MHC-1
(S) and troponin (T) are shown. Data are mean £ SEM, n = 3 independent experiments, with at
least three technical replicates per experiment, *p < 0.05, ***p < 0.001. BCAAs, branched-chain
amino acids; HPLC, high-pressure liquid chromatography; h, hours; DMSO, dimethyl sulfoxide.

Prevention of LAT1 degradation counteracts myofibrillar protein abundance and BCAA
loss following chemotherapy

NEdd4 is the ubiquitin protein ligase responsible for the ubiquitination of LAT1, targeting
it for degradation. Therefore, we examined whether loss of NEdd4 would ameliorate the decreases
in LAT1 and BCAA concentrations. We used siRNA to deplete NEdd4 (Figure 4.6A, B) and found
a resulting increase in LAT1 (Figure 4.6A, C). In NEdd4 depleted myotubes treated with
chemotherapy, BCAA concentrations (Figure 4.6D — F), mainly leucine and isoleucine were
returned to their control levels, but the effects of chemotherapy on arginine, phenylalanine,
glutamate and SNAT1 were not rescued following NEdd4 depletion (Figure 4.6G — M). Anabolic
signaling (Figure 4.6N — P), protein synthesis (Figure 4.6Q), ubiquitinated proteins (Figure 4.6R,

S) and myofibrillar protein content (Figure 4.6T — W) were all restored.
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Figure 4.6 Prevention of LAT1 degradation counteracts myotube atrophy and BCAA loss
following chemotherapy. L6 myotubes were treated with control or NEdd4 siRNA
oligonucleotides for 24h, followed by treatment with the chemotherapy drug cocktail for an
additional 48h. Immunoblots (A) and quantified data for NEdd4 (B) and LAT1 (C) in myotubes
from the different treatment groups. Concentrations of leucine (D), isoleucine (E), valine (F),
alanine (G), serine (H), arginine (I), phenylalanine (J) and glutamate (K) were measured via
HPLC. Immunoblots (L, N) and quantified data for SNAT1 (M), p-S6°¢2%5/236 (O) and p-S6K 117389
(P). Protein synthesis was measured via SUnSET analysis (Q). Immunoblots (R, T) and quantified
data for ubiquitinated proteins (S), MHC-1 (U), troponin (V) and tropomyosin (W). Data are mean
+ SEM, n = 3 independent experiments, with at least three technical replicates per experiment, *p
<0.05, **p <0.01, ***p < 0.001. h, hours; HPLC, high-pressure liquid chromatography; DMSO,
dimethyl sulfoxide.

BCAAs are positively correlated with myotube diameter, LAT1 and BCKD activity

BCAA concentrations showed positive correlations with myotube diameter (Figure 4.7A),
BCKD activity (Figure 4.7B), protein expression of LAT1 (Figure 4.7C), MHC-1 (Figure 4.7D)
and troponin (Figure 4.7E). We found positive correlations between LAT1 and myotube diameter
(Figure 4.7F), MHC-1 expression (Figure 4.7G) and troponin expression (Figure 4.7H). A positive

correlation was found between BCKD activity and myotube diameter (Figure 4.71).
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Figure 4.7. BCAA levels are positively correlated with myotube diameter, LAT1 and BCKD
activity. Correlations between total intracellular BCAAs and myotube diameter (A), BCKD
activity (B), protein expression of LAT1 (C), MHC-1 (D), and troponin (E). Correlations between
LAT1 and myotube diameter (F), MHC-1 (G), and troponin (H). BCKD activity and myotube
diameter correlation (1). Data were analyzed using linear regression and 95% confidence intervals
are denoted. BCAAS, branched-chain amino acids; MHC-1, myosin heavy chain-1.
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Discussion

We show that administration of chemotherapeutic agents to skeletal muscle myotubes
causes atrophy and decreases in BCAA concentrations, as well as reduced expression of the
amino acid transporters LAT1 and SNAT1. These changes occurred in parallel to altered
expression of key enzymes involved in BCAA catabolism, leading to decreased BCKD activity,
the rate-limiting enzyme in BCAA metabolism. Importantly, we showed that maintaining LAT1
attenuates the loss of BCAAs, myofibrillar proteins, protein synthesis and anabolic signalling
following chemotherapy.

The effects of the chemotherapy drug cocktail on decreasing myotube diameter and
myofibrillar content were expected, as previous studies have reported similar findings (415—
417). However, the fact that myotube diameter was not affected until 48h, but anabolic signalling
and protein synthesis were decreased as early as 24h, suggests, as least in part, that the loss of
anabolic processes may precede myotube atrophy. In terms of protein synthesis, we were
surprised to see no effect of the chemotherapy drugs on total levels of AKT, S6K1 and S6,
especially since we saw next to zero puromycin incorporation in drug-treated myotubes.
However, this finding is similar to a previous study whereby severely decreased protein synthesis
following chemotherapy treatment in myotubes also had no effect on total protein levels (416).

Studies investigating the effects of the BCAAs often focus on the anabolic properties of
these amino acids, as anabolism is their primary role (34). However, the BCAASs serve a number
of other roles in the body such as: yielding keto acids (33), beta-hydroxy-beta-methylbutyrate
(HMB, from leucine) (672) and glutamine (673). Therefore, altered metabolism of the BCAAs
following chemotherapy, a topic that has received very little attention in the skeletal muscle, may

help explain the inability for these amino acids to successfully reverse cachexia.
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A main finding of our work is that BCAA supplementation in chemotherapy-treated
myotubes restored intracellular BCAA levels, but did not rescue atrophy. Of note, although we
supplemented the media with 400uM of BCAAs, these increases do not match what we saw
intracellularly, as not all the BCAAs that we supplemented are going to be absorbed. In addition,
the y-axis units are different as intracellular BCAA levels are expressed as a fraction of total
protein, while plasma is expressed as uM in the media. The inability for BCAAs to rescue
atrophy is in line with inefficacy of BCAA/protein supplementation to fully reverse cachexia (38,
39). However, the fact that supplementation with the BCAAs did not attenuate LAT1 expression,
but were still able to increase intracellular BCAAs, suggests that maybe the activity of LAT1 is a
rate limiting step in the transport of BCAAs into the cell. It is also possible that other kinases,
such as general control nonderepressible 2, which plays a role in inhibiting global protein
synthesis during amino acid deficiency (674), may also play a role in decreased protein synthesis
during chemotherapy, however, we did not investigate this phenomenon. Since a previous
overexpression of LAT1 was unable to increase intracellular AA concentrations (675), we used
RNAI to deplete NEdd4, the ubiquitin protein ligase that targets LAT1 for proteasomal
degradation (676). However, the fact that increasing LAT1 (which only transports select amino
acids), was more effective in attenuating myotube atrophy compared to simply the addition of
BCAAs, underlies the significance of the BCAAs and LAT1 in myotube anabolism. In further
support of this point, the transport rate and expression of LAT1 can be controlled by intracellular
amino acids, as intracellular (compared to extracellular) amino acids having a higher affinity for
LATL1 (154, 677). We also showed strong and significant positive correlations between LAT1,
myotube diameter and BCAA concentrations. Thus, LAT1 may play roles in myotube anabolism

by mechanisms additional to facilitating the transport of its cognate amino acids (678, 679).
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BCAT?2 is responsible for removing the amino group from the BCAAs, forming
glutamate and the BCKAs (33). We observed higher BCAT2 expression and lower glutamate
concentrations in drug-treated myotubes, suggesting that BCAT2 is removing and transferring
the amino group from glutamate back to the BCKAs, attempting to regenerate the BCAAs.
Inhibited BCKD and reductions in this enzyme’s activity further support our finding, as the
BCKAs cannot undergo further decarboxylation. Therefore, our findings on the effects of
chemotherapy on BCAA catabolism suggest a compensatory mechanism, whereby the BCKAs
build up and give BCAT2 a chance to replenish the BCAA pool.

Ordinarily, reductions in protein synthesis and increases in protein breakdown would
result in increased intracellular BCAAs and amino acids, however we saw decreases. For the
BCAAs, these amino acids cannot be made in the skeletal muscle, therefore, there decreases can
be explained by decreased transport. We found no differences for alanine, serine or
phenylalanine, therefore, we provide reasoning as to why arginine and glutamate were decreased.
Since glutamate can be metabolized into glutamine in the skeletal muscle and increase
antioxidant capacity (680), a decrease in this amino acid suggests a reduction in the ability for
myotubes to handle reactive oxygen species generated from chemotherapy (425). Decreased
arginine concentrations could be related to the fact that arginine can be converted to glucose and
catabolized to produce energy during chemotherapy (681)(682), therefore, reductions in
intracellular arginine levels may worsen glucose homeostasis following chemotherapy.

Aside from just BCAA concentrations, it is also important to consider other factors that
may be playing a role in chemotherapy-induced myotube atrophy and changes in BCAA
catabolism that we observed. For example, chemotherapy reduces peroxisome proliferator-

activated receptor-gamma coactivator (PGC-1a) in skeletal muscle (425), a transcriptional

77



activator that can increase BCAT2 and BCKD (683). Krueppel-like factor 15 (KLF15) has also
been seen to increase BCAT2 and reduce BCAA concentrations under BCAA-starved conditions
(684), however the direct effects of chemotherapy on KLF15 have not been reported.
Chemotherapy has also been seen to increase myostatin expression, a factor involved in negative
regulation of muscle mass (265). Inhibition of myostatin prevented chemotherapy-induced
myotube atrophy, but the effects of myostatin on BCAA metabolism were not reported (8).

A main limitation of our current study is that although NEdd4 depletion resulted in an
increase in LAT1 with a concomitant increase in BCAA intracellular levels, we can not rule out
the contributions of the other substrates of NEdd4 to the observed benefits of NEdd4 depletion
on protein synthesis. Therefore, other substrates that are ubiquitinated by NEdd4, such as
phosphatase and tensin homolog (PTEN), AKT and RNA polymerase 2 (685) may also cause the
observed benefits that we observed on protein synthesis. PTEN and AKT are two important
substrates involved in the propagation of insulin signalling that leads to the activation of
mMTORCI. Less ubiquitination and breakdown of these substrates suggests hyperactivation of
mTORC1, which could account for the increased protein synthesis. In addition, less degradation
of RNA polymerase 2, an indispensable kinase involved in DNA transcription (686), also
supports more protein synthesis. Another limitation is that we cannot fully rule out is that some
of our findings may be related to the effect of chemotherapy on myaoblasts, especially since
myoblasts are known to express LAT1 (687). Therefore, we ensured that our myotubes were
fully differentiated prior to treatment and blotted for proteins such as MHC-1, troponin and
tropomyosin that only appear in myotubes. Since this is an in-vitro model, we are unable to
investigate the contributions of other tissues, including adipose tissue and liver to the altered

BCAA catabolism. Therefore, in-vivo studies investigating the effects of cancer and
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chemotherapy on similar measures as in our study are warranted. Nonetheless, by using a
clinically relevant chemotherapy cocktail (216), this in-vitro model allows us to explore the
direct mechanistic effects of chemotherapy on skeletal muscle cell atrophy and amino acid
metabolism. Lastly, in some cases, double bands (for example SNATL in figure 4.5/4.6 and
NEdd4 in 4.6) are seen in blotting, but only for scrambled conditions. We are not sure why this
phenomenon occurred, but may due to off target background binding of the antibodies.

In this study, we demonstrated profound negative effects of chemotherapy on the
concentrations, metabolism and transporter expression of the BCAAs in myotubes. However,
using RNA interference against NEdd4 to prevent the decline in LAT1 expression rescued the
atrophy phenotype, including improvements in anabolic signalling, protein synthesis and
myofibrillar protein abundance. While these findings suggest that interventions that preserve
LAT1 have therapeutic potential in cancer cachexia, they would need to be replicated in pre-
clinical models and LAT1 manipulation would need to be done in tissue- (skeletal muscle)
specific manner because whole body increases in LAT1 expression might have undesirable

consequences in other tissues, especially in cancer cells (26).
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Chapter Summary

Cachexia is a body wasting syndrome that affects 25-80% of cancer patients. Chemotherapy is
reported as a major contributor to cachexia, but studies investigate mainly male animals.
Although the branched-chain amino acids (BCAA: leucine, isoleucine and valine) have anabolic
roles in skeletal muscle, BCAA nutritional support does not fully reverse cachexia and this may
be related to their altered metabolism during chemotherapy. Our study examines sex differences
in cachexia outcomes and BCAA metabolism following chemotherapy. Ten-12-week-old CD2F1
male and female mice were treated with either the chemotherapy drug cocktail folfiri (50mg/kg
5-FU, 90mg/kg Leucovorin and 24mg/kg CPT-11) (drug) or vehicle (10% DMSO in saline) for
6-weeks. Insulin tolerance tests were conducted during treatment and BCAA levels and their
metabolism were measured in plasma and tissues. In both sexes, body weight, skeletal muscle
weight and anabolic signalling were reduced following chemotherapy. Worsened outcomes for
body weight (male: —15%, female: —25%, p < 0.05) , gastrocnemius weight (male: —17%, female:
—23%, p < 0.05) and p-S6K 1138 (male: —36%, female: —61%, p < 0.05) were found in female
drug-treated mice. While only male drug-treated animals showed elevated plasma BCAAs, the
drug cocktail reduced BCAA concentrations in the skeletal muscle of both sexes; this reduction
was more severe in males (male: —70%, female: —33%, p < 0.05). LAT1, the BCAA transporter,
was also reduced following drug treatment in both sexes, a reduction that was more severe in
females (male: —40%, female: —-50%, p < 0.05). Minimal differences were found for key enzymes
involved in BCAA metabolism following chemotherapy. However, the activity of the BCKD
enzyme was decreased following chemotherapy in both sexes. In the liver, BCAA concentrations
and their transporter were both increased regardless of sex. Lastly, positive correlations were

observed between muscle weight and LAT1 (r?=0.39 p=0.0008) and BCKD activity (r>=0.34,
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p=0015). Our study demonstrates sex- and tissue-specific differences following chemotherapy-
induced cachexia in mice. We suggest that sex needs to be a major consideration when
developing interventions that can correct/manage cachexia, as altered availability and

metabolism of the BCAAs may contribute to muscle wasting dependent on sex.
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Introduction

Affecting 20-80% of cancer patients dependent on cancer stage and type is cachexia, a
devastating body and skeletal muscle wasting syndrome (688). Systemic inflammation, insulin
resistance, increases in energy expenditure, negative protein/energy balance, appetite loss,
anorexia and fatigue are all experienced in cachexia (62). Chemotherapy is also major
contributor to skeletal muscle loss and cachexia (6-8).

During cachexia, autophagy/lysosomal and the ubiquitin proteasome pathway (UPP), two

of the main pathways implicated in skeletal muscle protein breakdown (32), are severely
upregulated leading to muscle wasting (495). Muscle protein synthesis is regulated by the
mammalian/mechanistic target of rapamycin complex 1 (mnTORCL1). Upstream, mTORCL1 is
activated through the insulin receptor substrate-1(IRS-1)/phosphatidylinositol-3 kinase
(PI3K)/protein kinase B (AKT) pathway which allows RHEB, an mTORC1 activator, to stay
GTP loaded. mTORC1 sensing of amino acids (AA) and especially the branched-chain amino
acids (BCAA: leucine, isoleucine, and valine) is also required for full activation (25). Activation
of components in the sestrins/gator/RAG/ragulator pathway by AAs and BCAAs leads to the
translocation of MTORC1 to the lysosomal membrane where RHEB is localized (27). Once
activated, mTORC1 phosphorylates several downstream targets, such as ribosomal protein S6
kinase beta-1 (S6K1) and eukaryotic translation initiation factor 4E-binding protein 1 (4E-
BP1) leading to protein synthesis (25). Due to this, the BCAAs are potent stimulators of skeletal
muscle protein synthesis and represent a promising target to treat cachexia, as the BCAAs have
shown some positive effects on reversing cancer-induced cachexia (36, 337). However,
nutritional interventions using the BCAAs to mitigate cachexia have yielded minimal and
inconsistent benefits (38, 39).

Apart from activating protein synthesis, the BCAAs can also be metabolized in the
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skeletal muscle and other organs/tissues, including the liver and adipose tissue. Branched-chain
aminotransferase (BCAT2) reversibly transaminates the BCAAs into their respective branched-
chain a-keto acids (BCKA) and glutamate. The branched-chain a-keto acid dehydrogenase
complex (BCKD) then oxidatively decarboxylates the BCKAs producing their corresponding
acylCoA derivates: isovaleryl-CoA from KIC, 2-methylbutyryl-CoA from KMV, and isobutyryl-
CoA from KIV (33). Although it is known that enzymes involved in the metabolism of these
BCAAs are increased in some cancers (40, 41), the impact of cancer and/or chemotherapy on the
metabolism of the BCAAs in skeletal muscle is rarely studied. Therefore, exploring BCAA
metabolism in the skeletal muscle following chemotherapy may provide a rationale to help
explain the inability for BCAAs to successfully treat cachexia.

Although sex is a major risk factor for cancer, many of the previous studies on
chemotherapy-induced cachexia are conducted in male animals (6, 8, 18). However, there is
evidence for sex differences in BCAA metabolism. Compared to females, males have higher
concentrations of the BCAAs (48) and greater leucine oxidation after endurance exercise (49).
Further, estrogen has been shown to decrease BCKD activity, but this study only investigated
female animals (603). Here, we hypothesized that chemotherapy would induce greater
catabolism of BCAAs in tissues of male mice, and that this change would be associated with

more severe cachexia.
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Materials and Methods

Ethics Statement

All animal experiments were approved by the York University Animal Care Committee
in accordance with the recommendations of the Canadian Council on Animal Care and the
requirements of the Government of Ontario’s Animal Research Act (1980).

Reagents

Protease inhibitor (#P8340), phosphatase inhibitor (#P5726), dimethyl sulfoxide (DMSO)
(#D5879-100ML), O-phthalaldehyde (OPA) (#P1378), puromycin (#P8833), leupeptin
(#L2884), CoA (#C4282), NAD+ (#N0632), thiamine (#T1270) and our chemotherapy drugs,
CPT-11 (#11406), 5-FU (#F6627) and leucovorin (#F7878) were purchased from Sigma Aldrich
(St. Louis, MO). Insulin was purchased from Shoppers Drugmart (Humulin R, #DIN00586714).
Radioactive *C-L-valine (#NEC291EU050UC) was purchased from Perkin Elmer, DTT from
Research Organics (#2190D-A101X), FBS from Gibco (#12483-020), Triton X-100 from MP
Biomedicals (#¥M2528) and HEPES from BioShop (#HEP001). PBS was purchased from Wisent
(#311-010-CL).

Animals

Fourteen male and 14 female 8-week-old CD2F1 mice were purchased from Charles
River Laboratories and Envigo. Mice were acclimatized, housed in the vivarium and given free
access to food and water until 10-weeks of age. For females, estrous tracking occurred 1-week
prior to the beginning of treatment and experiments were conducted during di-estrous. Tracking
was completed by following a step-by-step procedure outlined in Appendix F and outlined by
Byers et al (689). Mice were separated into four groups: male vehicle, male drug, female vehicle,
female drug (n=7 for all groups). Mice were administered intraperitoneally (i.p) either the
chemotherapy drug cocktail folfiri (50mg/kg 5-FU, 90mg/kg Leucovorin and 24mg/kg CPT-11)
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(drug) or vehicle (10% DMSO in saline) for 6-weeks. Dosing calculations are shown in
Appendix A. Our drug dosages were taken from a previous study (18). Animal body weight and
food consumption were recorded daily. An example of our daily logs is shown in Appendix G.
At the end of the study, animals were euthanized via cervical dislocation. Following sacrifice,
several skeletal muscles and other tissues were collected, weighed, flash-frozen and stored at
-80°C until further analysis.

Insulin Tolerance Testing

At both 3 and 6 weeks of treatment, insulin tolerance tests (ITT) were performed in all
animals. After fasting for 6 hours, insulin (0.75units/kg) was administered via subcutaneous
injection and blood glucose concentrations were collected on glucose strips (Alpha TRAK,
#71681) using a glucometer (AlphaTRAK Blood Glucose Monitoring System, #71675-01) from
the saphenous vein at 0, 5, 15, 30 and 120 minutes. Following each ITT, mice were rehydrated
with a 750pL intraperitoneal injection of saline.

BCKD Activity Assay

Frozen gastrocnemius muscles or livers were crushed in liquid nitrogen and homogenized
(Bio-Gen PRO200 Homogenizer) in 250uL of ice-cold buffer 1 (30mM KPI, 3mM EDTA, 5mM
DTT, 1mM valine, 3% FBS, 5% Triton X-100, 1um leupeptin). The resulting sample was
centrifuged (10minutes at 10,0009, 4°C) and 50uL of the supernatant was added to 300uL of
buffer 2 (50mM HEPES, 30mM KPI, 0.4mM CoA, 3mM NAD+, 5% FBS, 2mM Thiamine,
2mM magnesium chloride and 7.8uM [**C]valine). Valine was used as KIV, the keto acid of
valine, is the preferred substrate for BCKD (33). This reaction took place in a 1.5mL eppendorf
tube containing a raised 2M NAOH CO: wick trap. Each eppendorf tube was capped and sealed

tight using tape, before being place in a non-shaking incubator at 37°C for 30minutes. The
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radiolabeled **CO. contained in the wick trap was counted in a liquid scintillation counter. To
calculate BCKD activity, we divided each CPM by the amount of counts that is equal to 1umol
of the BCKD enzyme activity and corrected for total protein. A more detailed procedure is
shown in Appendix H.

Western Blotting

Approximately 30-200mg of gastrocnemius muscle or liver tissue was weighed out and
homogenized in 7X complete buffer: 20mM HEPES, 2mM EGTA, 50mM NaF, 100mM KCl,
0.2mM EDTA, 50mM B-Glycerospahte. This buffer was completed with protease inhibitor
(10uL/mL), phosphatase inhibitor (10uL/mL), sodium vanadate (2.5uL/mL), DTT (1uL/mL)
and benzamidine (5uL/mL). Homogenized samples were then centrifuged (1000g for 3 minutes,
4°C), and the resulting supernatant was centrifuged again (10000g for 30minutes, 4°C). Protein
concentration was determined using the Pierce BCA Protein Assay Kit (Thermo Scientific
#23225). Approximately 25ug of protein was then loaded and electrophoreses in 10 or 15%
SDS-page gels. Gels were transferred overnight onto PVDF (0.2uM, BIO-RAD) membranes and
quality of transfer was measured via ponceau$S staining. Membranes were then incubated in milk
to block non-specific antigen binding. Each membrane then underwent a 3x5 minute wash in

TBST followed by overnight incubation at 4°C in the primary antibody of interest:

Primary Antibody | Dilution Company Secondary
MHC-1 1:500 Development Hybridoma #MF 20 — s Mouse
Tropomyosin 1:400 Development Hybridoma #CH1 —s Mouse
Troponin 1:400 Development Hybridoma #JLT12 —s Mouse
p-FoxO3a%r25%2 1:1000 Cell Signalling #9466 Rabbit
p-AKTSer473 1:2000 Cell Signalling #4060 Rabbit
p-S6eer23s/236 1:1000 Cell Signalling #4858 Rabbit
p-S6K1138s 1:1000 Cell Signalling #9234 Rabbit
SNAT1 1:1000 Cell Signalling #36057 Rabbit
p-BCKD*% 1:1000 Cell Signalling #40368 Rabbit
BCKD 1:1000 Cell Signalling #90198 Rabbit
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p-4E-BP1137/46 1:1000 Cell Signalling #2855 Rabbit
AKT 1:1000 Cell Signalling #4691 Rabbit
S6K1 1:1000 Cell Signalling #9202 Rabbit

S6 1:1000 Cell Signalling #2317 Mouse
4E-BP1 1:1000 Cell Signalling #9644 Rabbit
BCAT2 1:1000 Protein Tech #16417-1-AP Rabbit
LAT1 1:500 Invitrogen #PA5-50485 Rabbit
MuRF1 1:1000 Protein Tech #55456-1-AP Rabbit
BDK 1:1000 Invitrogen #PA5-31455 Rabbit
y-tubulin 1:10000 Sigma Aldrich #T6557 Mouse

The following day, membranes were washed 3x5 minutes in TBST and incubated in
either anti rabbit (Cell Signalling) or mouse (Cell Signalling) secondary antibodies for 3h.
Membranes were washed again 3x5 minutes in TBST and HRP chemical luminescent was
applied to each membrane and BioRad ChemiDoc XRS+ was used for signal visualization.
Images were quantified using image lab software v7 (Bio-Rad).

High Pressure Liquid Chromatography

During sample preparation of skeletal muscle and liver (see section® We st er n), Bl ot t i
free amino acids were collected from the supernatant following the centrifugation step (10000g
for 30 minutes). Free amino acids (also from plasma) were diluted in a ratio of 1 (sample): 2
(potassium borate buffer): 1 (0.1N hydrochloric acid): 8 (HPLC grade water). Diluted samples
from skeletal muscle, liver and plasma were pre-column derivatized in a ratio of 1 (sample): 1
(OPA, 29.28mM). Samples were then injected into a YMC-Triart C18 column (C18, 1.9um, 75 x
3.0mm; YMC America, Allentown, PA, USA) fitted onto an ultra HPLC system (Nexera X2,
Shimadzu, Kyoto, Japan) connected to a fluorescence detector (Shimadzu, Kyoto, Japan;
excitation: 340nm; emission: 455nm). A gradient solution derived from 20mM potassium
phosphate buffer (pH 6.5) (Mobile phase A) and a solution made from HPLC grade water (15%),
acetonitrile (45%) and methanol (40%) (Mobile phase B) at a flow rate of 0.8mL/min was used

to elude the amino acids. A gradient made up of 5%-100% mobile phase B was run over 21
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mins. Amino acid standard curves were used to help calculate amino acid concentrations and all
samples from muscle and liver were normalized to total protein. Full procedure can be found in
Appendix C.

Protein Synthesis (8nSET Analysis)

Mice were starved for 3h to control for any nutrient uptake effects on protein synthesis.
Thirty minutes prior to euthanasia, mice were intraperitoneally injected with 0.040umol/g
bodyweight of puromycin in saline. Skeletal muscle samples were then immunoblotted against
an anti-puromycin antibody (EMD Millipore, #MABE343) and corrected to their respective
ponceaus staining.

Statistial Analyses

All immunoblot analyses were quantified and adjusted to their corresponding y-tubulin
values. Gamma tubulin was used as loading control as we noticed no significant effects of
chemotherapy on it’s abundance. In some cases, double bands are noticed in gamma tubulin
blots. This is because when the membranes were previously blotted against anti-BCKD or p-
BCKD®*"?*3 antibodies before blotting with anti-gamma tubulin antibodies, the signals from
BCKD or p-BCKD®**?% could still be seen. All graphs were drawn using Graph pad prism
version 9. Since male and female mice came from separate vendors, statistical comparison using
a two-way ANOVA was viewed as inappropriate. Instead, unpaired t-tests were used to measure
treatment differences within each sex (identified as an *). We then calculated percentage change
due to treatment (within each sex) and used an unpaired t-test to compare whether percentage
change in one sex was different from percentage change in another sex (identified as an #). For
our ITT data, within sex, a two-way-ANOVA was used to measure blood glucose differences

following chemotherapy across all time points followed by area under the curve (AUC) analysis.
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Significance was determined when p-value < 0.05. P-values were considered a trend when they

were equal to or less than 0.1. Results were expressed as standard error of the mean (SEM).
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Results

Drug-treated female mice have worsened outcomes for body and skeletal muscle weight
following chemotherapy

Following 6 weeks of chemotherapy, both male (~15%) and female (~25%) drug-treated
mice lost body weight compared to controls (Figure 5.1A). Body weight loss at each time point
relative to control can be found in Appendix I. At week 6, drug-treated females lost more weight
compared to males (Figure 5.1B). We found no difference in food intake following chemotherapy
in both sexes (Figure 5.1C). The loss of body weight in drug-treated animals was consistent with
a significant decrease in the skeletal muscle mass of the gastrocnemius (Figure 5.1D), tibialis
anterior (Figure 5.1E) and quadriceps (Figure 5.1F), but not the EDL (Figure 5.1G) or soleus
(Figure 5.1H). The loss of gastrocnemius muscle mass in females was more severe compared to
drug-treated males (Figure 5.1D). We found minimal effects of drug treatment on the adipose
tissue (Figure 5.11), kidney (Figure 5.1J) and heart (Figure 5.1K), but both sexes showed a
significant increase in spleen weight (Figure 5.1L), while only drug-treated females showed an
increase in liver weight compared to female controls (Figure 5.1M). Protein expression of skeletal
muscle contractile proteins myosin heavy chain-1 (Figure 5.1N, O), troponin (Figure 5.1N, P) and

tropomyosin (Figure 5.1N, Q) were decreased in both SEXes.
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Figure 5.1 Drug-treated female mice have worsened outcomes for body and skeletal muscle
weight following chemotherapy. Male and female 10-12-week-old CD2F1 mice were treated
with either vehicle (10% DMSO in saline) or a chemotherapy drug cocktail (Drug: 50mg/kg 5-
FLU, 90mg/kg Leucovorin, 24mg/kg CPT11) for 6 weeks. Body weight (A, B) and food intake
(C) were recorded daily for 6 weeks. Weights of the skeletal muscles: gastrocnemius (D), tibialis
anterior (E), quadriceps (F), EDL (G) and soleus (H), as well as the organs: adipose tissue (1),
kidney (J), heart (K), spleen (L) and liver (M). Weights were normalized to FBW. Immunoblotting
and quantified data for muscle contractile proteins: MHC-1 (N, O), troponin (N, P) and
tropomyosin (N, Q) are shown. Data are mean = SEM; n = 6-7 animals per group; * p < 0.05 for
within sex drug vs vehicle, # p < 0.05 for whether percentage change in one sex is different from
the other sex. V, Vehicle; D, Drug; DMSO, dimethyl sulfoxide; FBW, final body weight.

Chemotherapy causes insulin resistance in both sexes, but female-drug treated mice
experience worsened outcomes for anabolic and catabolic signalling

We conducted ITT during week 3 and 6 of treatment. At week 3 of treatment (Figure 5.2A-
C), male (Figure 5.2A), but not female (Figure 5.2B) drug-treated mice showed impaired insulin
tolerance, corresponding with a trend toward higher blood glucose AUC (Figure 5.2C). However,
at week 6 of treatment (Figure 5.2D — F), both male (Figure 5.2D) and female (Figure 5.2E) drug-
treated mice showed impaired insulin tolerance, with greater impairment in males (Figure 5.2F).
We measured and found decreases in the phosphorylation of AKT73 SpK 11389 5pser235/236 g
AE-BP1""3716 jn the skeletal muscle (Figure 5.2G — K) compared to controls. Consistent with
gastrocnemius muscle weight data, the decreased phosphorylation of S6K1"% in drug-treated
females was more severe in the gastrocnemius (Figure 5.2G, ). No differences for total proteins
were found (Figure 5.2L). Protein synthesis (SUNSET analysis) was also decreased following drug

treatment in the gastrocnemius of both sexes (Figure 5.2M, N). For catabolic signalling, only drug-
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treated female mice showed significant decreases in p-Fox03a*?*® (Figure 5.20, P), consistent

with a treatment-induced increase in MuRF1 expression (Figure 5.20, Q) and ubiquitin in the

gastrocnemius (Figure 5.2R, S).
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Figure 5.2 Chemotherapy causes insulin resistance in both sexes, but female-drug treated
mice experience worsened outcomes for anabolic and catabolic signalling. During week 3 (A-
C) and 6 (D-F) of treatment, male and female mice were starved for 6h and underwent ITT.
Immunoblotting and quantified data for the phosphorylation of AKT®7 (G, H), S6K1"% (G,
1), S6%r23%5/2% (G, J), 4E-BP1"746 (G, K) and total proteins (L). Thirty minutes prior to
euthanization, mice were injected with 0.040pumol/g bodyweight of puromycin, immunoblotted
against an anti-puromycin antibody and corrected to their respective ponceauS stain (M, N).
Immunoblotting and quantified data for p-Fox03a*?> (O, P), MuRF1 (O, Q) and ubiquinated
proteins (R, S) are shown. Data are mean £ SEM; n = 5-7 animals per group; * p < 0.05 for within
sex drug vs vehicle, # p < 0.05 for whether percentage change in one sex is different from the other
sex. All measures were made in the skeletal muscle. V, Vehicle; D, Drug; p, phosphorylated; h,
hours; ITT, insulin tolerance test; AUC, area under the curve.

Following chemotherapy, the reduction in skeletal muscle BCAA concentrations is more
severe in males

Due to decreased expression of their transporters, we next examined BCAA concentrations
in the gastrocnemius. Concentrations of leucine (Figure 5.3A), isoleucine (Figure 5.3B), valine
(Figure 5.3C) and total BCAAs (Figure 5.3D) were all significantly decreased in drug-treated
animals. The decreases were more severe in males compared to females. Aside from arginine
(Figure 5.3E), males (Figure 5.3F, H) and females (Figure 5.3G, H) showed minimal differences
for concentrations of other amino acids measured. Both sexes showed significant decreases in
amino acid transporter expression of SNAT1 (Figure 5.31, J) and LAT1 (Figure 5.31, K), with

females showing a more severe decrease in LAT1.
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Figure 5.3 Following chemotherapy, the reduction in skeletal muscle BCAA concentrations
is more severe in males. Concentrations of leucine (A), isoleucine (B), valine (C), total BCAAS
(D), arginine (E), other amino acids (F, G) and glutamate (H) in the gastrocnemius were measured
by HPLC. Immunoblotting (1) and quantified data for SNAT1 (J) and LAT1 (K) are shown. Data
are mean = SEM; n = 5-7 animals per group; * p < 0.05 for within sex drug vs vehicle, # p <0.05
for whether percentage change in one sex is different from the other sex. V, Vehicle; D, Drug; h,
hours; BCAAs, branched-chain amino acids; HPLC, high-pressure liquid chromatography; p,
phosphorylated.

Skeletal muscle BCAA metabolism is decreased following chemotherapy in both sexes
Since changes in BCAA catabolism could explain changes in their concentrations, we
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measured key enzymes involved in their catabolism. BCAT2 and BDK were unchanged following

drug treatment in both sexes (Figure 5.4A, B, D). Protein expression of BCKD was unchanged in

males, but drug-treated female animals showed significant decreases in BCKD compared to

controls (Figure 5.4A, C). However, p-BCKD*"% was significantly increased in both sexes

(Figure 5.4A, E), corresponding with decreased activity of this kinase following chemotherapy

(Figure 5.4F).
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Figure 5.4 Skeletal muscle BCAA metabolism is decreased following chemotherapy in both
sexes. Immunoblotting (A) and quantified data for BCAT2 (B), BCKD (C), BDK (D) and
phosphorylated BCKD®"?% (E) are shown. BCKD activity was measured from the release of
14C0O, (BCKD’s decarboxylation) from “C labelled valine (F). Data are mean + SEM; n = 5-7
animals per group; * p < 0.05 for within sex drug vs vehicle. V, Vehicle; D, Drug; p,
phosphorylated.

Chemotherapy treatment leads to elevated concentrations of liver BCAASs in both sexes,

but only males show elevated plasma BCAAs

Drug-treated males, but not females showed elevated plasma concentrations of leucine
(Figure 5.5A), valine (Figure 5.5C) and total BCAAs (Figure 5.5D), but not isoleucine (Figure
5.5B). The livers of drug-treated animals showed elevated concentrations of leucine (Figure 5.5E),
valine (Figure 5.5G), and total BCAAs (Figure 5.5H), but not isoleucine (Figure 5.5F) for both
sexes. LATL1 expression was also increased in the liver from both sexes (Figure 5.51, J). Protein
expression of liver BCKD (Figure 5.5K, L) and BDK (Figure 5.5K, M) were unchanged following
drug treatment in both sexes. However, the inhibitory phosphorylation of BCKD®*"?% was higher
following drug treatment (Figure 5.5K, N), corresponding with decreased activity of BCKD in the

liver (Figure 5.50).
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Figure 5.5 Chemotherapy treatment leads to elevated concentrations of liver BCAAs in both
sexes, but only males show elevated plasma BCAAs. Plasma leucine (A), isoleucine (B), valine
(C) and total BCAAs (D), as well as liver leucine (E), isoleucine (F), valine (G) and total BCAASs
(H) were measured via HPLC. Immunoblotting and quantified data for LAT1 (I, J), BCKD (K,
L), BDK (K, M) and p-BCKD®*"% (K, N). BCKD activity in the liver (O). Data are mean + SEM;
n = 5-7 animals per group; * p < 0.05 for within sex drug vs vehicle, # p < 0.05 for whether
percentage change in one sex is different from the other sex. V, Vehicle; D, Drug; BCAAs,
branched-chain amino acids; p, phosphorylated; HPLC, high-pressure liquid chromatography.

The BCAAs are positively correlated with gastrocnemius muscle weight, LAT1 transporter
expression and BCKD activity

Total BCAAs showed significant positive correlations with gastrocnemius muscle weight
(Figure 5.6A), protein expression of their transporter LAT1 (Figure 5.6B) and BCKD activity
(Figure 5.6C). Lastly, positive correlations were observed between gastrocnemius muscle weight

and LAT1 (Figure 5.6D) and BCKD activity (Figure 5.6E).
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Figure 5.6 The BCAAs are positively correlated with gastrocnemius muscle weight, LAT1
transporter expression and BCKD activity. Correlations between the BCAAs and
gastrocnemius muscle weight (A), skeletal muscle LAT1 transporter expression (B) and skeletal
muscle BCKD activity (C). Relationship between gastrocnemius muscle weight and LAT1 (D)
and BCKD activity (E) are also shown. Data were analyzed using linear regression and 95%
confidence intervals are denoted. BCAAs, branched-chain amino acids.
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Discussion

We report, to our knowledge for the first time, sex differences in BCAA availability and
metabolism following administration of anti-cancer drugs to mice. Body and gastrocnemius
muscle weight loss in females was more severe compared to males, consistent with a greater loss
of anabolic signalling and increases in catabolic signalling. However, drug-treated males were
observed to have more severe decreases in skeletal muscle BCAA concentrations and impaired
insulin tolerance compared to females. In opposition to BCAA concentrations, the suppression of
LAT1, the canonical BCAA transporter, was more severe in females. Findings from this study
highlight sex-and tissue-specific alterations to muscle BCAA metabolism and suggest that sex
may determine the magnitude of skeletal muscle loss during chemotherapy.

In our study, food intake was not affected by chemotherapy. Although this may seem
surprising, findings on food intake are similar to past studies (8). In addition, since we corrected
food intake for final body weight, our food intake data provides a better indication of food
intake, rather than a result mediated by an overall change in body weight. Nonetheless, at the
forefront of cachectic studies today, is the need for nutritional interventions that successfully
treat cachexia. In this study, we focus on the BCAAS, substrates that have shown to increase
skeletal muscle anabolism (34), but have little effect on increasing survival during cachexia (36,
337). We believe that our data presented here and in our in-vitro work (Chapter 4, Study 1),
demonstrate that inability for nutritional interventions to rescue cachexia may be due to blunted
substrate delivery to skeletal muscle.

We have previously shown that myotubes treated with a chemotherapy drug cocktail
exhibit decreases in myotube diameter, myofibrillar protein content and anabolic signalling

(417). In this study, drug-treated female mice lost more body and gastrocnemius muscle weights
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compared to males. This is an important finding, given that skeletal muscle mass is a determinant
of chemotherapy dose and treatment effectiveness (21). In healthy subjects, males have greater
muscle mass than females (77) and higher levels of testosterone, the prominent anabolic
hormone that enhances muscle mass in a dose dependent manner (690). In addition, females have
lower blood elimination and drug clearance (2, 439) for chemotherapy agents, supporting a more
catabolic environment in females. Therefore, females may experience more side effects and
decreased chemotherapy effectiveness compared to males. Since chemotherapy can also decrease
fat mass (691), we were surprised to see no significant effect of chemotherapy on the adipose
tissue weight in both sexes, especially since females have a greater fat mass compared to males
(692). However, it is important to note that cachexia can occur with or without the loss of
adipose tissue and since these animals are relatively young in age, it is possible they do not have
large fat storage, compared to the fat storage seen in aging (693). We also did not measure
muscle force here, but since previous studies in mice (8) and humans (694, 695) have found
decreases in muscle force/strength following chemotherapy, we can reasonably suggest that
muscle weakness may be associated with the muscle atrophy we observed.

As insulin resistance is a feature of cachexia (696), we conducted ITTs on our animals to
determine whether sex differences may be related to sex-dependent altered insulin sensitivity.
We have also shown previously in myotubes, that chemotherapy leads to decreased insulin-
stimulated glucose uptake and substrate availability of glucose (417). Our finding of worsened
insulin sensitivity only in males is likely related to hormonal differences between the sexes, as
estrogen has protective effects against insulin resistance in females (697). Therefore, repeating
these experiments in female animals that are aged past the point to when they are no longer

cycling and producing estrogen may produce different results.
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Contrary to current literature whereby minimal sex differences exist in mTORC1
signalling and protein synthesis (610), we found that in healthy mice administered
chemotherapy, drug-treated female animals were more susceptible to decreases in mTORC1
signalling, observed through a more severe loss of p-S6K1""%8° compared to males. We also
found drug-treated female mice had increased MuRF1 protein expression, a finding not seen in
males. This is contrary to previous literature, whereby males have greater ubiquitin proteasome
activity compared to females (664). However, we only measured protein expression of an E3
ligase associated with the proteasome, not proteasome activity per se. We suggest that
chemotherapy administration in healthy mice alters sex differences related to protein turnover.
Therefore, the more severe loss of gastrocnemius muscle weight in drug-treated female mice, is
related to a more severe loss in p-S6K1"38 and increase in MuRF1. We also observed increases
in ubiquitinated proteins only in females, which is also supportive of a more catabolic
environment. However, a build up of ubiquitinated proteins does not always translate to greater
protein breakdown, as ubiquitinated proteins are degraded rather quickly (698) and differences
may be related to the fact that the proteasome may be degrading proteins faster then what we can
detect. Therefore, using proteasome inhibitors such as MG132 may provide a more accurate
picture of poly ubiquitinated proteins following chemotherapy.

Since all twenty amino acids are required for protein synthesis in skeletal muscle (27,
34), we believe a main finding of this work is the profound sex differences in tissue and
circulating BCAA levels. Males have higher concentrations of skeletal muscle BCAAs (48).
Therefore, higher BCAA concentrations may present a protective effect against chemotherapy-
induced cachexia in males, an observation that may partially explain the more severe loss of

gastrocnemius muscle weight in females. Nonetheless, in both sexes, we present novel findings
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whereby chemotherapy decreases BCAA concentrations, an effect that is more severe in males.
This finding could simply be due to the greater BCAA pools found in males, giving these
animals more to lose. However, during skeletal muscle substrate deficits, males tend to oxidize
more amino acids for energy, while females tend to oxidize more fats (699). Therefore,
following chemotherapy, males, but not females, may generate more energy from amino acids
within their skeletal muscle to support protein synthesis and abrogate some of the loss of muscle
mass from chemotherapy. Since insulin is typically required for skeletal muscle BCAA uptake
into skeletal muscle (700), males may also be more susceptible to reduced concentrations of
BCAA:s in their skeletal muscle, as they showed greater insulin intolerance compared to females.
Decreased concentrations of BCAAS in both sexes is associated with decreased expression of
their transporter LAT1, an effect that is more severe in females. The greater loss of LAT1 in
females may be explained by the fact that LAT1 can function as a bi-directional transporter
(701), helping to limit the loss of BCAAs and other amino acids in females, especially given that
females lost more muscle, had greater S6K1 suppression, higher MuRF1 expression and greater
ubiquination of proteins, all consistent with a more catabolic environment in females.

Decreased BCAA concentrations in the skeletal muscle following chemotherapy may
also be related to altered metabolism of these amino acids. We believe that the decreased BCKD
activity in the skeletal muscle of both sexes following chemotherapy is a compensatory
mechanism to reduce further oxidation in an attempt to try and preserve the BCAA pool.

Lastly, we were interested in alternate fates of the BCAAs. Male, but not female
elevations in the plasma BCAAs can be partially explained by multiple factors: 1) Since males
had decreased skeletal muscle BCAA concentrations and rely on oxidation of amino acids during

substrate deficits, the transport of BCAAs through the plasma towards the skeletal muscle may
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be increased; 2) Our drug-treated male mice were insulin resistant and previous reports have
associated circulating plasma BCAAs levels and insulin resistance (702); 3) A previous review
has outlined that dysregulation of BCAA metabolism in the gut microbiome can result in
elevated plasma BCAAs (703), an interesting finding as chemotherapy may cause changes in gut
microbiome (704). However, we did not measure gut microbiome in this study.

Our liver data indicates that accelerated efflux of the BCAAs from the skeletal muscle are
travelling towards the liver. In the liver, amino acids such as alanine and glutamine can be
converted into glucose, by gluconeogenesis (705). Therefore, it is likely that the increase in liver
BCAAs is a compensatory mechanism in an attempt to not only remove excess BCAAs from the
plasma, but to also generate glucose, following chemotherapy where there are substrate deficits.

A limitation of this study is that for our ITT data, because mice were starved prior to the
commencement of ITT, data on glucose levels during the ITT could be confounded by
chemotherapy-induced changes in baseline glucose levels. Another limitation is that
chemotherapy drugs are not typically given to healthy individuals. However, we have used
clinically relevant chemotherapy drugs (216) to probe sex differences in metabolic responses,
especially BCAA catabolism, to these drugs. The fact that elevations in liver BCAA
concentrations (40, 41) are seen in many cancers is consistent with observations made in this
study, and suggest that the changes we observed will likely be heightened when tumour
implantation is combined with chemotherapy, a subject that our lab is interested in.

In conclusion, compared to male animals, drug-treated female animals experienced
worsened outcomes for body weight, gastrocnemius weight and p-S6K 1" signalling. On the
other hand, male drug-treated animals were more insulin resistant and experienced more severe

decreases in skeletal muscle BCAA concentrations. The positive correlations that we observed
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between LAT1, BCKD activity and muscle weight suggest that disruption of BCAA metabolism
may play a role in cachexia and that interventions that can correct this disruption may help in the

management of this condition.
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Chapter Summary

Age is the most significant risk factor for cancer, but models of cachexia often study young male
animals. The branched-chain amino acids (BCAA: leucine, isoleucine, and valine) are critical
anabolic stimulators in skeletal muscle. However, altered metabolism of these amino acids may
account for their diminished effectiveness in fully reversing cachexia. Therefore, we present data
on sex-related differences in cachexia outcomes and BCAA metabolism following chemotherapy
in aged animals. Mice aged 18+2 months of age were treated with either the chemotherapy drug
cocktail folfiri (50mg/kg 5-fluorouracil (5FU), 90mg/kg Leucovorin and 24mg/kg CPT11) (drug)
or vehicle (10% DMSO in saline) for 6-weeks. The metabolism and concentrations of the
BCAAs were measured in plasma and tissues. In both sexes, chemotherapy reduced body weight,
skeletal muscle weight, myofibrillar protein content, anabolic signalling and protein synthesis.
Drug-treated male animals showed worsened outcomes for body weight, gastrocnemius muscle
weight and ubiquitination of proteins. Following chemotherapy, only drug-treated males showed
decreases in skeletal muscle BCAAS, but both sexes exhibited reduced expression of their
transporter, LAT1. Minimal differences were found for the enzymes involved in skeletal muscle
BCAA metabolism. However, only drug-treated males showed reduced skeletal muscle p-
BCKD*"?%3 corresponding with increased activity of this enzyme. Only drug-treated males
showed elevated plasma BCAAs, while minimal sex differences were found for liver BCAA
concentrations following chemotherapy. Due to sex-related differences in cachexia and BCAA
metabolism, data from our study suggests that aged male animals are more susceptible to the

damaging effects of chemotherapy.
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Introduction

Cachexia is a complex metabolic muscle wasting syndrome that affects the majority of
hospitalized cancer patients receiving chemotherapy (62, 706). The preservation of muscle mass
during chemotherapy represents an important therapeutic intervention to increase disease-free
survival (707). However, in-vivo models that study cancer- and/or chemotherapy-induced
cachexia investigate mainly young male animals (6, 8, 18), even though age (1) and sex (2) are
two of the most significant risk factors for cancer.

The branched-chain amino acids (BCAA: leucine, isoleucine and valine) are transported
into the skeletal muscle by the L-type amino acid transporter 1 (LAT1) and are transaminated by
branched-chain aminotransferase 2 (BCAT?2) into their respective branched-chain a-ketoacids
(BCKA): 2-keto-isocaproate/4-methyl-2-oxopentanoic acid (KIC) from leucine, a-keto-f-
methylvaleric acid/3-methyl-2-oxopentanoate (KMV) from isoleucine, and 2-keto-isovalerate/3-
methyl-2-oxobutanoic acid (KIV) from valine (33). The BCKAs are then transported mainly
towards the liver, where they are oxidatively decarboxylated by the branched-chain a-keto acid
dehydrogenase complex (BCKD), an enzyme that is predominantly found in the liver (33). Aside
from being metabolized in target tissues, skeletal muscle BCAAs activate components in the
sestrins/gator/RAG/ragulator pathway leading to activation of mammalian/mechanistic target of
rapamycin complex 1 (mTORC1), a master regulator of protein synthesis (25). Full activation of
MTORC1 is dependent on insulin and growth factor stimulation of the insulin receptor substrate-
1(IRS-1)/phosphatidylinositol-3 kinase (P13K)/protein kinase B (AKT) pathway, which allows
RHEB, an mTORCL1 activator to remain GTP loaded (24, 25). However, in cachexia, these
anabolic pathways are downregulated, while catabolic pathways, such as autophagy/lysosomal

and ubiquitin proteasome pathways (UPP) are elevated (495).
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Animal studies have begun to show that the BCAAs have some positive effects on
reversing cancer-induced cachexia (36, 337). Interestingly, these studies are conducted in young
animals, although age and sex differences exist for BCAA metabolism. Males have higher
BCAA concentrations (48) and leucine oxidation following endurance exercise (49). In addition,
estrogen can decrease BCAA metabolism in females (603). Further, aged individuals (708) and
animals (709) exhibit significantly lower amino acid concentrations and protein intake compared
to their younger counterparts. However, the effect of chemotherapy on the activity and
abundance of enzymes involved in BCAA metabolism, which can play a role in the alteration of
plasma and tissue BCAA levels, have not been investigated in any tissue of aged animals.
Therefore, one can speculate that the diminished effectiveness of BCAAs in fully reversing the
symptoms of cachexia (38, 39), may be due to altered metabolism of these amino acids from
chemotherapy. Herein, we present data on sex differences in cachexia outcomes and BCAA

metabolism following chemotherapy in aged animals.
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Materials and Methods

Ethics Statement

All animal experiments were approved by the York University Animal Care Committee
in accordance with the recommendations of the Canadian Council on Animal Care and the
requirements of the Government of Ontario’s Animal Research Act (1980).

Reagents

Protease inhibitor (#P8340), phosphatase inhibitor (#P5726), dimethyl sulfoxide (DMSO)
(#D5879-100ML), O-phthalaldehyde (OPA) (#P1378), puromycin (#P8833), 1,2-diamino-4,5-
methylenedioxybenzene (DMB, #66807) and our chemotherapy drugs, CPT-11 (#11406), 5FU
(#F6627) and leucovorin (#F7878) were purchased from Sigma Aldrich (St. Louis, MO). Insulin
was purchased over the counter from Shoppers Drugmart (Humulin R, #DIN00586714).
Radioactive *C-L-valine (#{NEC291EU050UC) was purchased from Perkin Elmer and DTT
from MP Biomedicals (#2190D-A101X). Saline was purchased from Wisent (#311-010-CL).
Animals

Two-month-old CD2F1 male and female mice were purchased from Charles River
Laboratories. Mice were acclimatized and housed in the vivarium with free access to food and
water. Mice were aged to 18+2-months prior to receiving any treatment. According to the
Jackson Lab, an 18-month-old mouse is equivalent to a 56-year-old human. Mice were separated
into four groups: male vehicle, male drug, female vehicle, female drug (n=10 for all). Mice were
administered intraperitoneally either the chemotherapy drug cocktail folfiri (50mg/kg 5FU,
90mg/kg Leucovorin and 24mg/kg CPT-11) (drug) or vehicle (10% DMSO in saline) for 6-
weeks. Animal body weight and food consumption were recorded daily for the entirety of the

treatment timeline (see appendix G for a weekly example). All animals were sacrificed via
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cervical dislocation. Following sacrifice, several skeletal muscles and tissues were collected,
weighed, frozen in liquid nitrogen and stored at -80°C for further analysis.

Insulin Tolerance Testing

Insulin tolerance tests (ITT) were performed in all animals at week 3 and 6 of treatment.
Insulin (0.75units/kg) was administered subcutaneous after a 6h fast and blood glucose
concentrations (AlphaTRAK Blood Glucose Monitoring System, #71675-01) measured on
glucose strips (Alpha TRAK, #71681) were collected from the saphenous vein at 0, 5, 15, 30 and
120 minutes. Following each ITT, mice were rehydrated with a 750uL of saline.

BCKD Activity Assay

A homogenizer (Bio-Gen PRO200 Homogenizer) was used to crush frozen
gastrocnemius or liver in 250uL of ice-cold buffer 1 (30mM KPI, 3mM EDTA, 5mM DTT,
1mM valine, 3% FBS (Gibco, #12483-020), 5% Triton X-100 (MP Biomedicals, LLC, #M2528),
1um leupeptin). We then centrifuged the supernatant (10minutes at 10,000g, 4°C) and added
50uL of the supernatant into buffer 2 (300uL of 50mM HEPES, 30mM KPI, 0.4mM CoA, 3mM
NAD+, 5% FBS, 2mM Thiamine, 2mM magnesium chloride and 7.8uM [**C]valine). Valine
was used as KIV, the keto acid of valine, is the preferred substrate for BCKD (33). Eppendorf
tubes containing a raised 2M NAOH CO wick served as a vessel for the reaction. The eppendorf
tube was capped and then tape was used to create a tight seal to prevent any escaping of CO..
Following 30 minutes in a non-shaking incubator set to 37°C, the radiolabeled *CO; contained
in the wick trap was counted in a liquid scintillation counter. To calculate BCKD activity, we
divided each CPM by the amount of counts that is equal to 1umol of the BCKD enzyme activity

and corrected for total protein. See Appendix H for full procedure.
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Western Blotting:

This procedure is similar to that of Chapter 5. Approximately 30-200mg of

gastrocnemius muscle or liver tissue was weighed out and homogenized in 7X complete buffer:

20mM HEPES, 2mM EGTA, 50mM NaF, 100mM KCI, 0.2mM EDTA, 50mM B-

Glycerospahte. This buffer was completed with protease inhibitor (10pL/mL), phosphatase

inhibitor(10pL/mL), sodium vanadate (2.5uL/mL), DTT (1puL/mL) and benzamidine (5uL/mL).

Homogenized samples were then centrifuged (1000g for 3 minutes, 4°C), and the resulting

supernatant was centrifuged again (10000g for 30minutes, 4°C). Protein concentration was

determined using the Pierce BCA Protein Assay Kit (Thermo Scientific #23225). Approximately

25ug of protein was then loaded and electrophoreses in 10 or 15% SDS-page gels. Gels were

transferred overnight onto PVDF (0.2uM, BIO-RAD) membranes and quality of transfer was

measured via ponceaus staining. Membranes were then incubated in milk to block non-specific

antigen binding. Each membrane then underwent a 3x5 minute wash in TBST followed by

overnight incubation at 4°C in the primary antibody of interest:

Primary Antibody | Dilution Company Secondary
MHC-1 1:500 Development Hybridoma #MF 20 — s Mouse
Tropomyosin 1:400 Development Hybridoma #CH1 —s Mouse
Troponin 1:400 Development Hybridoma #JLT12 —s Mouse
p-FoxO3a%25%3 1:1000 Cell Signalling #9466 Rabbit
p-AKTSer473 1:2000 Cell Signalling #4060 Rabbit
p-S6¢1235/236 1:1000 Cell Signalling #4858 Rabbit
p-S6K11r38e 1:1000 Cell Signalling #9234 Rabbit
SNAT1 1:1000 Cell Signalling #36057 Rabbit
p-BCKD*% 1:1000 Cell Signalling #40368 Rabbit
BCKD 1:1000 Cell Signalling #90198 Rabbit
BCAT?2 1:1000 Protein Tech #16417-1-AP Rabbit
LAT1 1:500 Invitrogen #PA5-50485 Rabbit
MuRF1 1:1000 Protein Tech #55456-1-AP Rabbit
BDK 1:1000 Invitrogen #PA5-31455 Rabbit
y-tubulin 1:10000 Sigma Aldrich #T6557 Mouse
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The following day, membranes were washed 3x5 minutes in TBST and incubated in
either anti rabbit (Cell Signalling) or mouse (Cell Signalling) secondary antibodies for 3h.
Membranes were washed again 3x5 minutes in TBST and HRP chemical luminescent was
applied to each membrane and BioRad ChemiDoc XRS+ was used for signal visualization.
Images were quantified using image lab software v7 (Bio-Rad).

High Pressure Liquid Chromatography

For BCAA concentrations, this procedure was similar to that of Chapter 5. During sample
preparation of skeletal muscle and liver (see section“ We s t e r n), fBd amihotadidswgere
collected from the supernatant following the centrifugation step (10000g for 30 minutes). Amino
acids (also from plasma) were diluted in a ratio of 1 (sample): 2 (potassium borate buffer): 1
(0.1N HCI): 8 (HPLC grade water). Diluted samples from skeletal muscle, liver and plasma were
pre-column derivatized in a ratio of 1 (sample): 1 (OPA). Samples were then injected into a
YMC-Triart C18 column (C18, 1.9um, 75 x 3.0mm; YMC America, Allentown, PA, USA) fitted
onto an ultra HPLC (Nexera X2, Shimadzu, Kyoto, Japan) system connected to a fluorescence
detector (Shimadzu, Kyoto, Japan; excitation: 340nm; emission: 455nm). A gradient solution
derived from 20mM potassium phosphate buffer (pH 6.5) (Mobile phase A) and a solution made
from HPLC grade water (15%), acetonitrile (45%) and methanol (40%) (Mobile phase B) at a
flow rate of 0.8mL/min was used to elude the amino acids. A gradient made up of 5%-100%
mobile phase B was run over 21 minutes. Amino acid standard curves were used to help
calculate amino acid concentrations and all samples from muscle and liver were normalized to
total protein. See appendix C for full procedure.

For BCKA concentrations, homogenized muscle, liver and plasma samples, as well as

standards were diluted in a 1:2:1:8 ratio (sample: potassium phosphate buffer: HPLC grade
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water/homogenization buffer: HPLC grade water, respectively). Following dilution, samples
were treated with DMB in 1:1 ratio. DMB solution was made by preparing 1.6mg of DMB of
1mL of solution containing: 4.9mg sodium sulfite, 70uL of 2-mercaptethanol, and 58uL of
concentrated HCI in 870uL of ddH.O. The sample + DMB solution was then heated (85°C, 45
minutes), cooled (on ice) and injected into a Inertsil ODS-4 (2 um, 100 x 2.1 mm; GL Sciences,
Torrance, CA, USA) fitted onto an ultra HPLC system (Nexera X2, Shimadzu, Kyoto, Japan)
connected to a fluorescence detector (Shimadzu, Kyoto, Japan; excitation: 340nm; emission:
455nm). Using mobile phases A (30% water, 70% MeOH) and B (100% MeOH), flow rate was
maintained at 0.2mL/min with stable column temperature (40°C). Full procedure in appendix C.

Protein Synthesis (SNSET Analysis)

To avoid any nutrient effects on protein synthesis, mice were starved for 3h. Following
starvation, mice were injected intraperitoneally with 0.040umol/g bodyweight of puromycin in
saline 30 minutes prior to euthanasia. Skeletal muscle samples were then immunoblotted against
an anti-puromycin antibody (EMD Millipore, #MABE343) and corrected to their respective
ponceaus staining.

Statistial Analysis

All immunoblot analyses were quantified and adjusted to their corresponding y-tubulin
values. Gamma tubulin was used as loading control as we noticed no significant effects of
chemotherapy on it’s abundance. In some cases, double bands are noticed in gamma tubulin
blots. This is because when the membranes were previously blotted against anti-BCKD or p-
BCKD*"?*3 antibodies before blotting with anti-gamma tubulin antibodies, the signals from
BCKD or p-BCKD®**?% could still be seen. All graphs were drawn using Graph pad prism

version 9. A two-way-ANOVA was used to measure treatment differences between all
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conditions. The effect of chemotherapy within sex (male vehicle vs male drug OR female vehicle
vs female drug) was identified as a *. Sex differences in chemotherapy’s effect (male drug vs
female drug ) was identified as a $. Significance was determined when p-value < 0.05. P-values
were considered a trend when they were equal to or less than 0.1. Results were expressed as

standard error of the mean (SEM).
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Results

Body and organ weights in aged animals treated with chemotherapy

Male (16%) and female (21%) aged mice lost weight following chemotherapy (Figure
6.1A). Body weight loss at each time point relative to control can be found in Appendix I. Weight
loss was not due to differences in food intake (Figure 6.1B). Minimal effects of chemotherapy
were found on heart, kidney and liver weights (Figure 6.1C — E). Males (p=0.06) and females
(p=0.1) trended for increases in spleen weight (Figure 6.1F), while both sexes exhibited decreases

in adipose tissue weight following chemotherapy (Figure 6.1G).
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Fig 6.1 Body and organ weights in aged animals treated with chemotherapy. Male and
female (18+£2 months of age) CD2F1 mice were treated with either vehicle (10% DMSO in
saline, black bars) or a chemotherapy drug cocktail (Drug: 50mg/kg 5-FLU, 90mg/kg
Leucovorin, 24mg/kg CPT11, red bars) for 6 weeks. Body weight (A) and food intake (B) were
recorded daily for 6 weeks. Weights of the organs: heart (C), kidney (D), liver (E), spleen (F)
and adipose tissue (G) are shown. Weights were normalized to final body weight (FBW). Bar
graphs show mean  SEM, n = 10, * p < 0.05 for the effect of chemotherapy. g, gram;
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Skeletal muscle weights in aged animals treated with chemotherapy

Both sexes showed decreases in the skeletal muscle mass of the gastrocnemius and tibialis
anterior following chemotherapy, with the loss of the gastrocnemius being worse in males (Figure
6.2A, B). Only males showed decreases in quadricep muscle weight (Figure 6.2C), while only
females showed decreases in EDL weight (Figure 6.2D). No differences were found for soleus
weight (Figure 6.2E). Myofibrillar proteins: MHC-1, troponin and tropomyosin were decreased

following chemotherapy in both sexes (Figure 6.2F — I).
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Fig 6.2 Skeletal muscle weights in aged animals treated with chemotherapy. Mice were treated
as indicated in the legends to figure 1. Weights of the skeletal muscles: gastrocnemius (A), tibialis
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gram; FBW, final body weight; MHC-1, myosin heavy chain-1.
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Insulin tolerance, anabolic signalling and catabolic signalling following chemotherapy in
aged animals

At week 3, chemotherapy had no effect on insulin tolerance in either sex, but drug-treated
males had higher blood glucose (Figure 6.3A, B). By week 6, impaired insulin tolerance was
observed in both sexes, with the impairment being more severe in males (Figure 6.3C, D).
Chemotherapy decreased the phosphorylation of AKT®™7 SEK1M8 gnd SEer235/236
corresponding with decreased protein synthesis (SUNSET analysis) in both sexes (Figure 6.3E —
J). No effects of chemotherapy were found on the catabolic signals p-Fox03a*?* or MuRF1
(Figure 6.3K — M). Lastly, chemotherapy treatment increased ubiquitination of proteins only in

males (compared to male control and drug-treated females; Figure 6.3N, O).
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Fig 6.3 Insulin tolerance, anabolic signalling and catabolic signalling following
chemotherapy in aged animals. Mice were treated as indicated in the legends to figure 1. At
week 3 (A, B) and 6 (C, D) of treatment, all animals were starved for 6h and then underwent
insulin tolerance testing. Immunoblotting (E) and quantified data for the phosphorylation of
AKT®M75 (F), S6K1"38° (G) and S6%2%5/2% (H) are shown. Thirty minutes prior to euthanasia,
mice were injected with 0.040pumol/g bodyweight of puromycin, euthanized and muscle protein
samples were immunoblotted (1) against an anti-puromycin antibody and quantified/corrected to
their respective ponceaus stain (J). Immunoblotting (K) and quantified data for phosphorylated
Fox03a*2* (L), the skeletal muscle E3 ligase MuRF1 (M) and ubiquitinated proteins (N, O) are
shown. Bar graphs show mean SEM, n = 8-10, * p < 0.05 for the effect of chemotherapy, $ p <
0.05 for sex differences in chemotherapy’s effect. V, Vehicle; D, Drug; AUC, area under curve; p,
phosphorylation.
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Chemotherapy decreases skeletal muscle BCAA concentrations in aged male animals
Chemotherapy decreased AA concentrations of leucine, valine, total BCAAs and arginine
only in males (Figure 6.4A — E). However, total BCAAs were higher in drug-treated males
compared to drug-treated females. In both sexes, drug treatment had minimal effects on
concentrations of alanine, phenylalanine, and serine (Figure 6.4F — H), while drug-treated males
had higher glutamate concentrations compared to females (Figure 6.41). Minimal effects were

found on muscle BCKA concentrations (Figure 6.4J — L). Both sexes showed significant decreases

in LAT1, but not SNAT1 following chemotherapy (Figure 6.4M — O).
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Figure 6.4 Chemotherapy decreases skeletal muscle BCAA concentrations in aged male
animals. Mice were treated as indicated in the legends to figure 1. Concentrations of leucine
(A), isoleucine (B), valine (C), total BCAAs (D), arginine (E), alanine (F), phenylalanine (G),
serine (H), glutamate (1), KIC (J), KMV (K) and KIV (L) in the gastrocnemius muscle were
detected via HPLC. Immunoblotting (M) and quantified data for LAT1 (N) and SNAT1 (O)
are shown. Bar graphs show mean  SEM, n = 8-10, * p < 0.05 for the effect of chemotherapy,
$ p <0.05 for sex differences in chemotherapy’s effect. BCAAs, branched-chain amino acids;
HPLC, high-pressure liquid chromatography. V, Vehicle; D, Drug.

In aged animals, chemotherapy increases skeletal muscle BCAA metabolism in males
Key enzymes involved in BCAA metabolism, BCAT2, BCKD and BDK were all
unchanged following chemotherapy in both sexes (Figure 6.5A — D). Chemotherapy decreased
p-BCK D% consistent with increased BCKD activity only in males following chemotherapy

(Figure 6.5A, E, F).
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Figure 6.5 In aged animals, chemotherapy increases skeletal muscle BCAA metabolism in
males. Mice were treated as indicated in the legends to figure 1. Key enzymes involved in BCAA
metabolism were immunoblotted (A) and quantified against antibodies to BCAT2 (B), BCKD (C),
BDK (D) and phosphorylated BCKD*"?*3 (E). The enzymatic activity of BCKD was measured
from the release of *CO, (BCKD’s decarboxylation) from 4C labelled valine (F). Bar graphs
show mean SEM, n = 8-10, * p < 0.05 for the effect of chemotherapy, $ p < 0.05 for sex
differences in chemotherapy’s effect. V, Vehicle; D, Drug.

Chemotherapy leads to increased BCAAs in the plasma, but not the liver of aged animals
Chemotherapy increases plasma levels of leucine, but not isoleucine in both sexes (Figure

6.6A, B). Only males showed elevated levels of plasma valine and total BCAAs following
chemotherapy (Figure 6.6C, D). No differences were found for plasma BCKAs (Figure 6.6E —
G) or liver BCAA levels following chemotherapy (Figure 6.6H — K). However, drug-treated
females exhibited decreases in liver KMV and K1V, but not KIC (Figure 6.6L — N). Minimal
differences were found for protein expression of LAT1, BCKD and BDK in the liver of either
sex (Figure 6.60 — R). Chemotherapy decreased p-BCKD®*?% corresponding to elevations in

liver BCKD activity in both sexes (Figure 6.60, S, T).
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Figure 6.6 Chemotherapy treatment leads to increased BCAAs in the plasma, but not the
liver of aged animals. Mice were treated as indicated in the legends to figure 1. Plasma leucine
(A), isoleucine (B), valine (C), total BCAAs (D), KIC (E), KMV (F) and KIV (G), as well as liver
leucine (H), isoleucine (1), valine (J), total BCAAs (K), KIC (L), KMV (M), KIV (N) were
measured by HPLC. Immunoblotting (O) and quantified data for liver LAT1 (P), BCKD (Q), BDK
(R) and p-BCKD®*?% (S) are shown. BCKD activity in the liver (T). Bar graphs show mean

SEM, n = 8, * p < 0.05 for the effect of chemotherapy, $ p < 0.05 for sex differences in
chemotherapy’s effect. V, Vehicle; D, Drug; BCAAs, branched-chain amino acids; HPLC, high-

pressure liquid chromatography.
BCAAs are positively correlated with muscle weight and LAT1, but not BCKD activity

Significant positive correlations were found between total BCAA and gastrocnemius
muscle weight (Figure 6.7A) and LATL transporter expression (Figure 6.7B), but not BCKD

activity (Figure 6.7C). However, gastrocnemius muscle weight was positively correlated with

BCKD activity (Figure 6.7D) and LAT1 (6.7E).
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Fig 6.7 BCAAs are positively correlated with muscle weight and LAT1, but not BCKD
activity. Correlations between total BCAAs and gastrocnemius (A), LAT1 expression (B) and
skeletal muscle BCKD activity (C). Gastrocnemius muscle weight and LAT1 (D) and BCKD
activity (E) correlations are also shown. Data were analyzed using linear regression and 95%
confidence intervals are denoted. BCAAs, branched-chain amino acids; BCKD, branched-chain

a-keto acid dehydrogenase complex.
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Discussion

Herein, we report sex-related differences in cachexia and tissue-related BCAA
metabolism/handling following chemotherapy in aged animals. We observed greater loss of
gastrocnemius muscle weight, consistent with greater impairments in insulin tolerance and
higher protein ubiquitination in males. Although LAT1, the canonical BCAA transporter, was
decreased following chemotherapy in both sexes, only drug-treated males showed decreases in
skeletal muscle BCAA concentrations. Further, only drug-treated males exhibited decreases in p-
BCKD®*"?% corresponding to higher muscle BCKD activity. Findings from this study highlight
sex-related differences in BCAA utilization/oxidation following chemotherapy in aged animals
and are predictive of greater susceptibility to the damaging effects of chemotherapy in males.

Minimal sex differences were found for cachexia outcomes in aged animals. In addition,
chemotherapy had no effect on food intake, as seen in a past study (8). This finding is likely due
to the fact that we corrected food intake to final body weight, as this gives a better indication of
food intake, rather than a result mediated by changes in overall body weight. Nonetheless,
following chemotherapy, males lost more gastrocnemius and quadriceps skeletal muscle weight.
This finding could be due to age-related decreases in testosterone (710). Although females also
lose this hormone during aging (711), testosterone loss in males is predictably more detrimental,
as testosterone is the prime anabolic hormone responsible for muscle mass regulation in males
(690). This data is in opposition to our findings in young animals, as we have previously shown
that chemotherapy causes more severe losses in female skeletal muscle following chemotherapy
(Chapter 5, Study 2). Since, lean body mass is a determinant of chemotherapy dose (21), our data
suggests that aged males are at a greater risk of decreased treatment effectiveness.

Insulin resistance is a common feature of cachexia (696). Consistent with worsened
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cachexia outcomes, male aged animals exhibited greater impairments in insulin tolerance
following chemotherapy. Prolonged increases in circulating plasma BCAA levels are associated
with insulin resistance (702), an observation made only in males. In addition, as a measure of
insulin action, we measured and found no differences for phosphorylation of AKTS™3, but
males were still less insulin tolerant compared to females. We previously found similar findings
in young animals; whereby male mice were less insulin tolerant following chemotherapy
(Chapter 5, Study 2). However, in young female mice, estrogen has protective effects against
insulin resistance (697), an effect not seen in old females due to age-related decreases in
estrogen. Therefore, investigating sex differences in other factors that are both increased by
chemotherapy and induce insulin resistance warrants further research.

Consistent with previous reports (610), decreases in mTORCL1 signalling and protein
synthesis were independent of sex following chemotherapy. In addition, ubiquitin proteasome
activity is reported to be higher in males (664), a finding in line with our observation of higher
protein ubiquitination in males following chemotherapy. This observation could be related to the
fact that testosterone, a hormone decreased in aging (710), can repress ubiquitin ligase
expression (712). However, MuRF1, the E3 ligase responsible for the majority of protein
ubiquitination in skeletal muscle (32), was not affected by chemotherapy treatment in either sex.
It is possible that the catabolic effects of aging on MuRF1 expression was already significant
(713) and therefore could not be worsened by chemotherapy. Nonetheless, chemotherapy-
induced changes in other E3 ligases (not measured here) such as MAFbx/atrogin-1, parkin and
Mind Bomb-1 (714), could account for the higher protein ubiquitination found in males. In
addition, using MG132 to inhibit the proteasome may provide a more accurate picture of

polyubiquitinated proteins, as sometimes antibody detection of ubiquitinated proteins is
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inaccurate as some of the ubiquitinated proteins may have been degraded quickly (698).

Currently, interventions that prevent or attenuate muscle wasting are at the forefront of
studies involving cachexia. Therefore, due to their anabolic properties (34), we were interested in
the effects of chemotherapy on the BCAAS, as supplementation with these amino acids to do not
delay the onset of cachexia. In healthy individuals, treatment with the BCAAS increases protein
synthesis, while simultaneously decreasing protein breakdown (34). Therefore, in males, our
observation of decreased skeletal muscle BCAAs is consistent with greater muscle weight loss
and higher ubiquitination of proteins. Although reduced skeletal muscle BCAAs in males could
be attributable to the effect of chemotherapy on reducing LAT1, females shared this decrease in
the transporter, but did not show significant decreases in skeletal muscle BCAAs. Therefore,
altered metabolism may account for the observed sex differences in skeletal muscle BCAA
concentrations. Following chemotherapy in females, higher phosphorylation (inhibition) of
BCKD®*"?*3 and decreased glutamate, suggests a sex-related compensatory mechanism, whereby
BCAT2 can remove the amino group from glutamate and transfer it to the BCKASs (33),
regenerating the BCAAs. This mechanism is further supported by no changes in plasma BCKAs
and reduced BCKAs in the liver of females, as more BCKAs can build up in the skeletal muscle
and be reconverted towards replenishing the BCAA pool to protect against atrophy. This
compensatory mechanism seen in females, was not the case in males. Decreased p-BCKD?®"2%3
and increased skeletal muscle BCKD activity in males suggests greater breakdown of the
BCAAs and their keto acids in the skeletal muscle, as males have been reported to oxidize more
amino acids for energy during substrate deficits (699).

A limitation of this study is the clinical implication of treating healthy mice with

chemotherapy. However, considering frailty and declines in regenerative processes with aging
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(715), we can speculate that our aged mice would not be unable to survive invasive surgical
procedures, such as tumour inoculation. In addition, since tumour-inoculated 6-week-old mice
only survive ~14 days (7), it is likely that our aged animals would not survive long enough to
observe any noticeable effects on body or muscle wasting. Therefore, we used clinically relevant
anti-cancer drugs (216) to induce cachexia and probe sex differences in skeletal muscle BCAA
metabolism, as metabolism of these amino acids are often only studied in tumours and
overlooked in the skeletal muscle (40, 41). We also did not measure the total protein content of
some of our phosphorylated proteins. However, we did measure and find no differences in total
BCKD expression, while still finding differences in its phosphorylated form. In addition, we
have previously shown no differences in the total levels of AKT, S6 and S6K1 following
chemotherapy treatment with a similar cocktail in myotubes (chapter 4) and mice (chapter 5).

In summary, our data reveals that following chemotherapy in aged animals, males have
worsened outcomes for gastrocnemius muscle weight, insulin tolerance and ubiquitination of
proteins. In addition, aged male, but not aged female animals exhibit decreases in skeletal muscle
BCAA concentrations, a finding related to sex differences in whole-body BCAA
metabolism/utilization following chemotherapy. Our data suggests that in aged animals, males

are most susceptible to muscle wasting during chemotherapy.
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Chapter 7 Summary of Findings

7.1 General Conclusions

Age (1) and sex (2) are significant risk factors for cancer. Over 80% of cancer patients
suffer from cachexia, a debilitating skeletal muscle wasting syndrome that significantly affects
patient’s quality of life (4). Chemotherapy, the most common form of cancer treatment, has also
been reported as a major contributor to cachexia (6-8). The majority of previous reports
investigating cancer and/or chemotherapy-induced cachexia are completed in young male
animals (8, 18). There is currently no available cure for cachexia, and nutritional interventions,
such as use of the BCAAs, have only showed some positive effects on cachectic symptoms (36,
37), but they do not fully reverse the syndrome. This could be related to the fact that previous
reports investigate the effects of BCAAs and their metabolism only in tumours (40, 41) and how
these amino acids are affected in the skeletal muscle are often overlooked. Therefore, altered
metabolism of the BCAAs in the skeletal muscle following chemotherapy may help explain or
rationalize the diminished effects of the BCAAs in attenuating cachexia.

In chapter 4, | investigated whether maintaining BCAA concentrations in chemotherapy-
treated myotubes could attenuate atrophy. In support of my hypotheses, RNAiI mediated deletion
of NEdd4, the E3 protein ligase responsible for ubiquitin-dependent degradation of LAT1 (676),
attenuated the effects of chemotherapy on LAT1 expression, intracellular BCAA concentrations,
protein synthesis and myofibrillar protein abundance.

In chapter 5, | evaluated sex differences in cachexia outcomes and BCAA
metabolism/availability in young mice following chemotherapy. Against my original hypotheses,
we found that females exhibited more severe cachexia, associated with more severe increases
and decreases in catabolic and anabolic signalling respectively.

In chapter 6, | explored sex differences in cachexia outcomes and BCAA

135



metabolism/availability in aged mice following chemotherapy. In support of my hypotheses,
only males exhibited skeletal muscle loss of the BCAASs, associated with more severe cachexia.

7.2 Limitations and Future Directions

7.2.1 Chapter 4 (Study 1)

A main limitation of this study is that chemotherapy is not given in the absence of cancer.
However, by using a clinically relevant chemotherapy cocktail, this in-vitro model allowed me to
manipulate and explore the direct mechanistic effects of chemotherapy on skeletal muscle cell
atrophy and amino acid metabolism.

Another potential limitation is that the link between myofibrillar protein content, anabolic
signalling, BCAA concentrations and protein synthesis following NEdd4 depletion and LAT1 is
indirect. Therefore, future experiments should consider overexpression to isolate the effects of
LAT1. However, since transient overexpression of LAT1 does not increase intracellular amino
acid concentrations nor protein synthesis in myotubes (675), | considered generating a cell line
that specifically overexpresses LAT1. In fact, | originally planned to use the CRISPR/CAS9
method to generate this cell-specific line. Although I was able to successfully grow high yield
DNA plasmids, | was unable to successfully transfect L6 myoblasts, as no cells survived
treatment with antibiotic resistance. This could be due to the efficiency problems associated with
transfections in L6 cells. Therefore, future studies using a more efficient cell line for
transfections (such as C2C12) or using a transfection reagent (Sigma, #06366236001) may
overcome these issues. After successfully establishing a cell line with overexpressed LATL, |
could assess the impact of chemotherapy on myotubes with elevated LAT1 compared to
myotubes without LAT1 overexpression. My main question would revolve around determining

whether LAT1 overexpression confers a protective effect against chemotherapy-induced atrophy.
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| anticipate that myotubes overexpressing LAT1 will exhibit increased resistance to the effects of
chemotherapy, given the sustained elevations of BCAA concentrations. This condition would
potentially allow for the maintenance of mTORCL1 activation and protein synthesis.

Lastly, studying in-vitro models poses other limitations. For example, | was unable to
investigate the contributions of other tissues, such as the liver to the altered BCAA catabolism
that was observed in chemotherapy-treated myotubes. In addition, although the novelty of my
work may present the groundwork for future in-vivo studies that investigate amino acid
transporters in cachexia, this work cannot be generalized to clinical settings unless they are
replicated in pre-clinical models. Therefore, in-vivo studies investigating the effects of
chemotherapy on similar measures as in my in-vitro study are warranted. Therefore, it is for this
reason that | decided to pursue this in chapters 5 and 6.

7.2.2 Chapter 5 and 6 (Study 2 and 3)

| am aware of the clinical limitations associated with treating healthy mice with
chemotherapy, as treatment with chemotherapy in the absence of cancer does not represent
clinical settings. However, by using a clinically relevant chemotherapy drug cocktail, | was able
to probe age and sex differences in cachexia and BCAA metabolism. In addition, my research
does not strive to increase the effectiveness of chemotherapy as cancer treatment. Instead, | use
chemotherapy as a model to induce skeletal muscle atrophy. In-vivo, this allows me to study the
direct effects of chemotherapy on the mechanisms of skeletal muscle atrophy and amino acid
metabolism. Nonetheless, in order to strengthen my conclusions, future experiments should
include more groups in order to provide a better understanding of clinical settings. For example,
tumour inoculation and chemotherapy lead to 10 — 15% decreases in body weight individually,

but when tumour inoculation is combined with chemotherapy, greater than 20% body weight loss
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can be observed (7). However, since humans who have cancer survive longer when they are
treated with chemotherapy, chemotherapy still remains front line treatment for cancer. In
addition to a vehicle and chemotherapy group, future experiments should include a tumour group
and a tumour group treated with chemotherapy (total of 4 groups). Not only does this design
provide a better clinical outlook, but it would also help to understand whether differences in
BCAA metabolism between cancer alone and chemotherapy alone are aggregated when these
conditions are combined. However, a limitation of this new design, which was also a limitation
of study 5 and 6 is that the findings from these studies are purely descriptive in nature and
interventions to attenuate the effects of chemotherapy-induced cachexia were not conducted.
However, since an examination of age and sex effects on chemotherapy-induced cachexia has
been rarely done, it was not clear what kind of interventions would be appropriate. In addition,
the novel findings from these studies would be invaluable in designing future studies, as
interventions that reduce the onset of cachexia in cancer patients is at the forefront of research
today. Therefore, using the findings from chapter 4 (study 1) as the groundwork, generating mice
that overexpress skeletal muscle LAT1 (potentially through the Cre/loxP system), would allow
our lab to explore whether we can replicate my findings from cell culture in-vivo. Therefore, this
new design would employ 6 groups: vehicle, chemotherapy, tumour, tumour plus chemotherapy,
LAT1 overexpression and LAT1 overexpression plus tumour and chemotherapy treatment. Since
| have shown that the inability for BCAAS to rescue myotube atrophy may be due to decreases in
the transporter expression of LAT1, one could hypothesize that overexpression of skeletal
muscle LAT1, may attenuate the loss of skeletal muscle mass from tumour and chemotherapy
treatment in mice. However, since LATL1 is overexpressed in many cancers (26), site specific

overexpression of LAT1 in the skeletal muscle would need to be confirmed.
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Another limitation of these two studies is that I did not investigate the metabolism of the
BCAAs in adipose tissue. Therefore, differences in tissue and circulating levels of the BCAAs
following chemotherapy may be due to altered metabolism of the BCAAs in adipose tissue,
especially when you consider differences in adipose tissue biology and distribution between the

sexes (716). This is an area of future study that | am planning to explore.
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Table 4 Young male and female percent change for each measured cachectic variable

Measured Male Percent Change | Female Percent Change | p-value of sex
Variable (Vehicle vs Drug) (Vehicle vs Drug) diff (0=0.05)
Body Weight Loss (WK 6) 10.9%* 15%* <0.05%
Skeletal Muscle
Gastrocnemius 17%* 23%* <0.05%
Quadricep 17%* 11%* 0.83
TA 37%* 33%* 0.27
Insulin Signalling
p-AKTr473 47%* 44%* 0.83
Anabolic Signalling
p-S6K1138s 36%0* 61%* <0.05%
p_8639r235/236 50%* 3804* 0.29
Protein Synthesis 70%* 83%* 0.57
Catabolic Signalling
p-FoxO3a%253 55% 46%* --
MuRF1 108% 582%* --
SM BCAA Metabolism
Total [BCAAS] 70%* 33%* <0.05%
LAT1 Expression 40%* 50%* <0.05*
BCKD Expression -- 55%* --
p-BCKD®*"?% Expression 125%* 113%* 0.21
BCKD Activity 68%* 51%* 0.39
Plasma
Total [BCAAS] 40%* 10% --
Liv BCAA Metabolism
Total [BCAAS] 99%* 47%* 0.11
LAT1 Expression 218%* 201%* 0.33
p-BCKDser2% 150%* 60%* 0.08
BCKD Activity 81%* 83%* 0.32

* indicates significant decrease (red) or increase (green) within sex (i.e., male vehicle vs male drug, or female vehicle vs female drug).

# indicates significant sex differences in response to drug treatment.
SM: skeletal muscle; BCAA: Branched-chain amino acids; p: phosphorylated; Liv: liver
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Table 5 Aged male and female percent change for each measured cachectic variable

Measured Male Percent Change | Female Percent Change | p-value of sex
Variable (Vehicle vs Drug) (Vehicle vs Drug) diff (0=0.05)
Body Weight Loss (Wk 6) 22%* 20%* 0.18
Skeletal Muscle
Gastrocnemius 26%0* 17%* <0.05#
Quadricep 30%* 16% 0.12
TA 28%* 23%* 0.25
Insulin Signalling
p-AKTr473 51%* 56%0* 0.97
Anabolic Signalling
p-S6K11r38s 72%* 57%* 0.93
p_S6ser235/236 520/4* 5304* 0.65
Protein Synthesis 65%* 67%* 0.99
Catabolic Signalling
p-FoxO3a%2%3 25% 55% 0.22
MuRF1 25% 5% 0.98
SM BCAA Metabolism
Total [BCAAS] 44%* 41% <0.05#
LAT1 Expression 51%* 48%* 0.99
BCKD Expression - -- --
p-BCKD®*"% Expression 75%* 20% <0.05#
BCKD Activity 49%* 21% <0.05#
Plasma
Total [BCAAS] 44%* 22% <0.05#
Liv BCAA Metabolism
Total [BCAAS] 26% 38% 0.57
LAT1 Expression 17% 21% 0.97
p-BCKD*r2% 66%0* 65%* 0.96
BCKD Activity 50%* 98%* 0.08

* indicates significant decrease (red) or increase (green) within sex (i.e., male vehicle vs male drug, or female vehicle vs female drug).

# indicates significant sex differences in response to drug treatment.

SM: skeletal muscle; BCAA: Branched-chain amino acids; p: phosphorylated; Liv: liver; Wk: week
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7.3 Age Interactions in Chemotherapy’s Effect on Cachexia and the BCAAs

The above studies only investigated the effects of chemotherapy on sex differences in

young (table 4) and aged (table 5) mice, without comparing age. Therefore, to bridge this gap, |

compared the effects of chemotherapy on differences across age (delta young male drug (study

2) vs delta aged male drug (study 3) ; delta young female drug (study 2) vs delta aged female

drug (study 3). Body weight loss, food intake, skeletal muscle mass, anabolic signalling and

BCAA metabolism were assessed (See Table 5).

Table 6 The effect of age on cachexia outcomes and skeletal muscle BCAA metabolism

Young Aged val Young Aged val
Measured Variable Male Male P Ya U Female | Female p_va He
0=0.05 a=0.05
Drug Drug Drug Drug
Body Weight Loss (Wk 6) | 10.9% 22%* <0.05 15% 20%* <0.05
Food Intake x *
(Intake (g) / FBW) 0.1726 | 0.09902 <0.05 | 0.1706 | 0.09402 <0.05
Skeletal Muscle
Gastrocnemius -17% -26%* <0.05 -23% -17% 0.6611
Quadriceps -17% -30% 0.3876 | -11% -16% 0.8666
Tibialis Anterior -37% -28% 0.9419 | -33% -23% 0.9890
Anabolic Signalling
p-S6K 1138 -36% -712%* <0.05 | -61% -57% 0.9639
Protein Synthesis -70% -65% 0.9946 | -83% -67% 0.5517
SM BCAA Metabolism
Total [BCAAS] -70% -44% 0.0782 | -33% -41% 0.9736
LAT1 Expression -40% -51% 0.5144 | -50% -48% 0.9850

Red (decrease) or green (increase) indicates significant difference from each groups vehicle. Black represents non significance.

* indicates significant difference across age with drug (young male vs aged male or young female vs aged female).

g: gram; p: phosphorylated; SM: skeletal muscle; BCAA: Branched-chain amino acids; WKk: week.

Body Weight Loss and Food Intake

Aged male animals experienced significantly greater body weight loss compared to

young males (aged: —22% vs young: —10.9%, p < 0.05). Similarly, body weight loss in aged

females was also significantly greater compared to young females (aged: —20% vs young: —15%,
p < 0.05), suggestive of greater body wasting in aged animals for both sexes. These findings are

in line with previous work, whereby cisplatin-treated (425) and LLC tumour-bearing (717) old
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animals also experienced exacerbated body weight loss in aging. However, much like my work,
the cisplatin-treated mice did not include tumour inoculation and the LLC tumour-bearing
animals were not treated with chemotherapy. Therefore, studies incorporating tumour-bearing
animals treated with chemotherapy is an area of future work that should be considered in aging
animals. In my study, greater body weight loss in aging drug-treated animals can partially be
contributed to reductions in food intake, as both male and female drug-treated aged animals ate
significantly less compared to their younger drug-treated counterparts (young male vs aged male,
—42%, p < 0.05)(young female vs aged female, —45%, p < 0.05). These findings are consistent
with reductions in food intake in aging, as ghrelin (hunger hormone) is decreased (592) and
cholecystokinin (satiety hormone) is increased (593) during aging. Further contributing to greater
body weight loss in aged animals, is the observation that only male and female drug-treated aged
animals experienced adipose tissue wasting from chemotherapy (compared to controls), but
young animals did not.

Skeletal Muscle Masand Anabolic Signalling

The loss of gastrocnemius muscle weight was more profound in aged males compared to
young males (aged: —26% vs young: —17%, p < 0.05) and is consistent with aged males
experiencing significantly greater loss of p-S6K1""%8° compared to young males (aged: —72% vs
young: —36%, p < 0.05). However, these findings did not translate to more severe decreases in
protein synthesis of aged male animals (aged: —70% vs young: —65%, p=0.9946). Interestingly,
the loss of skeletal muscle weight, anabolic signalling and protein synthesis was not exacerbated
in aged female animals following chemotherapy. This female data is in opposition to a previous
study, whereby older female animals did show exacerbated loss of lean mass and skeletal muscle

size compared to their younger counterparts (425). However, this study referenced used a
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different mouse strain (C57BL/6J), from a different vendor (Jackson Laboratory) treated with a
different chemotherapy drug (cisplatin). Differences in findings between this study and my study
may accurately represent variabilities in the impact that chemotherapy can have on cancer
patients clinically. However, my data on the exacerbation of skeletal muscle weight loss in only
aged drug-treated males (but not females), is supported by previous work, whereby males have a
higher prevalence of cachectic outcomes compared to females (305).

BCAA Metabolism

An interesting finding of this analysis, is that young males experienced a near significant
trend for greater decreases in skeletal muscle BCAA concentrations compared to aged males
(young: —70% vs aged: —44%, p=0.0782). Since skeletal muscle BCAA concentrations are
decreased in aging (708, 709), this finding may be explained by the simple fact that young male
animals have more to lose. Moreover, skeletal muscle BCAA oxidation was decreased in young
drug-treated males (-68%, p < 0.05, compared to young male control), while it was increased in
aged drug-treated males animals (+49%, p < 0.05, compared to aged male control). This finding
may suggest a compensatory mechanism to try and perverse the BCAA pool in young males to
protect against muscle atrophy, whereas aged males oxidize more BCAAS to generate energy.
This finding is supported by the fact that aged male animals suffered a greater loss of
gastrocnemius muscle weight compared to young males (aged: —26% vs young: —17%, p < 0.05).
However, since young drug-treated males still experienced greater losses of skeletal muscle
BCAA concentrations compared to aged males, suggests, a least in part, that the BCAAs are
being transported out of the skeletal muscle. These changes observed in males, were not found in
females. In addition, decreases in the expression of skeletal muscle LAT1 was not exacerbated in

aging for both sexes following chemotherapy.
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Another interesting finding was that for liver BCAA metabolism, opposite findings were
found between young and aged drug-treated animals. In young drug-treated animals (compared
to their young vehicle counterparts), regardless of sex, total BCAA concentrations (male: +99%,
female: +47%, p < 0.05), LAT1 expression (male: +218%, female: +201%, p < 0.05) and p-
BCKD*"?%3 (male: +150%, female +60%, p < 0.05) were all increased following chemotherapy
in the liver, corresponding with decreased BCKD activity (decreased BCAA oxidation). These
findings suggest that the liver is the main receiver of muscle-derived BCAASs in young animals.
However, in aged drug-treated animals, insignificant decreases were found for total liver BCAA
concentrations and LAT1 expression. In addition, decreased p-BCKD®**?% (male: —66%, female:
—65%, p < 0.05), corresponding to increased BCKD activity was found in aged animals (male:
+50%, female: +98%, p < 0.05) with no sex differences. These findings suggest that the liver is
either not the main receiver of muscle-derived BCAAs or that the BCAAs are immediately
oxidized when they are transported to the liver of aged animals. It is also possible that the
BCAAs may also be travelling to other areas such as the adipose tissue, which is a limitation of
my study as | did not study it here, but may be useful for future investigations.

Taken together, findings from this analysis show that both male and female aged drug-
treated animals experience exacerbated body weight loss and decreased food intake compared to
their younger counterparts. However, since only aged drug-treated male animals showed more
profound decreases in gastrocnemius muscle weight and anabolic signalling, it appears males
may be more susceptible to chemotherapy-induced cachexia in aging. In addition, aged drug-
treated male animals oxidize more skeletal muscle BCAAs during chemotherapy, potentially
resulting in less signalling towards protein synthesis, a finding not seen in younger drug-treated

males, as these animals exhibit decreased skeletal muscle BCAA oxidation. Since 18-month-old
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mice represent ~56-year-old human, further studies using mice that are 24-month-old (equivalent
to a 70-year-old human) could be employed. However, due to other physiological complications
that can occur in old mice, especially sarcopenia (66), delineating the differences in muscle loss
from sarcopenia, cancer and chemotherapy presents a further roadblock.

7.4 Conclusion

With no available cure, cachexia has been reported as a major contributor to the cause of
death in many cancer patients. Therefore, interventions that attenuate muscle wasting is
consistently at the forefront of cachexia research today. Findings from this thesis lay the
foundation for studies to investigate the potential for increasing skeletal muscle amino acid
concentrations and their transporters as a means for treating cachexia. In addition, | documented
age- and sex-related differences in cachexia and tissue-specific BCAA metabolism following
chemotherapy, suggesting that any successful treatment may need to consider patient age and sex

as a means for better cachexia management.
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Chapter 9 Appendix

Appendix A — In-vitro and In-vivo Drug Dosages

In-vitro Dosing Calculations

Drug Stock Solutions:

- CPT-11 (Sigma, #11406): 50mg dissolved in ImL DMSO (Sigma, #D5879)
0 Weight 50mg of CPT-11 on thin filter paper

Dump the 50mg into a 1.5mL eppendorf tube

Add 1mL of DMSO, vortex to dissolve

Aliquot into 30uL amounts and store at -20 (not near door)

o O O

- 5FU (Sigma, #F6627): 50mg dissolved in ImL DMSO

Weight 50mg of 5FU on thin filter paper

Dump the 50mg into a 1.5mL eppendorf tube

Add 1mL of DMSO, vortex to dissolve

Aliquot into 30uL amounts and store at -20 (not near door)

O O OO

- Leucovorin (Sigma, #F7878): 20mg dissolved in 1mL ddH,0
0 Weight 20mg of leucovorin on thin filter paper
0 Dump the 20mg into a 1.5mL eppendorf tube
0 Add 1mL of ddH:O, vortex to dissolve
0 Aliquot into 30uL. amounts and store at -20 (not near door)

Drug Dosages:
Sample Calculations shown for making 40mLs of cocktail in differentiation media.

- CPT-11: 20pg/mL

0 (20ug/mL (conc we want) x 40mLs (total volume)) / 50000ug/mL (stock) = 16ul
- SFU: 50pg/mL

0 (50ug/mL (conc we want) x 40mLs (total volume)) / 50000ug/mL (stock) = 40uL
- Leucovorin: 10pg/mL

0 (10ug/mL (conc we want) x 40mLs (total volume)) / 20000ug/mL (stock) = 20uL

For vehicle: Add 1.4uL/mL of DMSO into differentiation media:
- 1.4pL x 40mLs = 56uL of DMSO into 40mLs of differentiation media

In-vivo Dosing Calculations

Drug Stock Solutions:

- CPT-11: 11.07mg/mL dissolved in 10% DMSO
0 Weight 11.07mg of CPT-11 on thin filter paper
0 Dump the 11.07mg into a 1.5mL eppendorf tube
0 Add 1ImL of 10% DMSO, vortex to dissolve
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(0]

Aliquot into 100uL amounts and store at -20 (not near door)

- 5FU: 11.07mg/mL dissolved in 10% DMSO

O O O O

Weight 11.07mg of 5-FU on thin filter paper

Dump the 11.07mg into a 1.5mL eppendorf tube

Add 1mL of 10% DMSO, vortex to dissolve

Aliquot into 150uL amounts and store at -20 (not near door)

- Leucovorin: 20mg/mL dissolved in ddH20

(0]
(0]
(0]
(0]

Drug Doses:

Weight 20mg of leucovorin on thin filter paper

Dump the 20mg into a 1.5mL eppendorf tube

Add 1mL of ddH20, vortex to dissolve

Aliquot into 150uL amounts and store at -20 (not near door)

- CPT-11: 24mg/kg
- 5-FU: 50mg/kg
- Leucovorin: 90mg/kg

For a mouse that weights 30g, total volume of injection a mouse can receive is 12x their body
weight. Therefore, a mouse weighing 30g, can receive a max of 360uL.

- 5-FU 50mg 1000g 11.07mg 1000uL
1.50mg 309 1.50mg 135.5nL
- Leucovorin  90mg 1000g 11.07mg 1000uL
2.7mg 30g 2.7mg 135uL
- CPT-11 24mg 10009 11.07mg 1000uL
0.72mg 30g 0.72mg 64.9ul
Injection 1

Drug: 5-FU and leucovorin are given together. Therefore this cocktail is composed of 135.5uL of
SFU, 135uL of leucovorin and then 89.5uL of saline (these three total 360uL).

Vehicle: Because only the 5FU injection above has 10% DMSO, vehicle mice get this equivalent
value (135.5uL of 10% DMSO) + the remaining as saline (224.5uL) to total 360uL.

Injection 2

Drug: CPT-11 is given by itself 2 hours after the above injection. Therefore this cocktail is
composed of 64.9uL of CPT-11 and 295.1uL of saline (again totaling 360uL).

Vehicle: Because the above CPT-11 injection has 10% DMSOQO, vehicle mice get this equivalent
value (64.9uL of 10% DMSO) + the remaining as saline (295.1uL) to total 360uL.
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Appendix B — Transfection Procedure

Materials:

- NEdd4 siRNA (Sigma, #NM_001008300)
- Scrambled siRNA (Sigma, #SIC001)
- Lipofectamine RNAIMAX (Thermo Fisher, #100014472)
- Opti-MEM (Gibco, #31985-062)
- 6-well plates (Greiner Bio-One, #657165)
- Chemotherapy Drugs
o CPT-11 (Sigma, #11406)
0 5FU (Sigma, #F6627)
o0 Leucovorin (Sigma, #F7878)
- DMSO (Sigma, #D5879)
- Differentiation Medium: AMEM (Wisent, #310-010-CL) supplemented with horse serum
(Gibco, #26050-088), with and w/o antibiotic (Wisent, #15240-062)
- Harvesting materials
o PBS (Wisent, #311-010-CL)
0 Lysis Buffer + Phosphatase Inhibitor (Sigma, #P5726)
o Scraping Tools

@0@®| 00O @  Scrambled siRNA
©©© OOO (O NEdd4 siRNA

Protocol:

1. Seed, grow and differentiate myotubes until day 3 of differentiation

2. On day 3 of differentiation, in the sterile hood, prepare three 15mL tubes labelled A, B, C
a. A: Lipofectamine + Opti-MEM (every well gets this)
b. B: Scrambled siRNA (All the blue dot wells get this)
c. C: NEdd4 siRNA (All the yellow dot well get this)

3. Into tube A add (all 9 wells will need this mixture):
a. 1167uL of Opti-MEM
i. For optimum, add 121.1pL/well. Since every well needs this mixture and
we have a total of 9 wells (multiple by 9.5 for safety), we need 1150.45uL
of optimum. Round this to 12mLs.
b. 33pL of lipofectamine
I. Thisisa 1:36 ratio of optimum to lipofectamine. So for 12mLs, 1:36 ratio
is 33uL and then 1167uL of Opti-MEM

4. Into tube B add for scrambled wells (only 6 wells need this mixture):
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10.

a. 25.35uL of scrambled siRNA
i. For scrambled siRNA, add 3.9uL/well, only 6 wells need this (do 6.5 for
safety), so 3.9 x 6.5 = 25.35uL
b. 787.15uL of Opti-MEM
i. Again for optimum, add 121.1uL/well, for 6 wells (do 6.5), so 121.1 x 6.5
=787.15uL

Into tube C add for NEdd4 wells (only 3 wells need this mixture) add:
a. 13.65uL of NEdd4 siRNA
I. For NEdd4 siRNA, add 3.9uL/well, only 3 wells need this (do 3.5 for
safety), so0 3.9 x 3.5 = 13.65uL
b. 423.85uL of Opti-MEM
I. For optimum, add 121.1pL/well, for 3 wells (do 3.5), so 121.1 x 3.5 =
423.85uL

In tube A, you have a total of 1200uL. In a new 15mL tube labelled AB, add ina 1:1
ratio:
a. 800uL of tube A
b. 800uL of tube B
i. This is your mixture that is going to be added into scrambled wells (6)

In a new 15mL tube labelled AC, add in a 1:1 ratio:
a. 400uL of tube A
b. 400uL of tube C
i. This is your mixture that is going to be added into NEdd4 wells (3)

Let the new tubes, AB and AC sit for 5 minutes.

During the 5 minute wait, add 1mL of differentiation media w/o antibiotic into each well
of your 6 wells with myotubes previously grown. Add into all 9wells.

Of the 6 scrambled wells that we have, 3 of the wells are going to be treated with vehicle
and 3 of them are going to be treated with chemotherapy. Then the NEdd4 siRNA wells
are also going to be treated with chemotherapy. Therefore, label the wells now as:

a. Vehicle + scrambled (3)

b. Chemotherapy + scrambled (3) Vehlicle Chemotherapy

o i [099)] (000
s | @@®) (OO0

(O NEdd4 siRNA

Chemot'herapy
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11. After the 5 minute wait period, add 250uL of tube AB into labelled scrambled and
chemotherapy drug wells. Then add 250uL of tube AC into labelled NEdd4 +
chemotherapy wells. Take note of the time that you added this 250puL.

12. Twenty-four hours after transfection (now day 4), add 1mL of differentiation media (with
antibiotic) into each well for 6 hours.

13. After 6 hours, treat wells with respective vehicle or chemotherapy drug treatments.
Remember, 3 wells treated with scrambled are going to get vehicle, 3 wells treated with
scrambled are going to get chemotherapy and 3 wells treated with NEdd4 siRNA are
going to get chemotherapy.

14. After 48 hours, harvest wells as needed for respective methods.
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Appendix C — High Pressure Liquid Chromatography (HPLC) Protocol — BCAAs

Materials:

Column (YMC-Triart 75mm x 3.0mmOD x 1.9um particle size)
Metal Ferrule (IDEX health & science, #VHP-321,)
Metal tubing (IDEX health & science, #U-154)
Vials and lids (Supelco, #27080-U)
Vial Inserts (Supelco, #24716)
Phthalaldehyde solution (OPA) — keep on ice
o Phthalaldehyde salt (Sigma, #P1378)
0 HPLC grade methanol (Fisher Chemical, #A-4524)
o Brij 35 (Sigma, #B4184)
0 2-mercaptoethanol (Sigma, #M6250)
0 0.04M sodium borate buffer
Micropipette (20-200uL) and tips (yellow/white: 20-200uL)
Samples (on ice)

Saturated Potassium Borate Buffer (30g of potassium borate into 800mL of ddH-O, bring

up to 1L, then add potassium borate until no more will dissolve)
Standards (on ice, standard purchased from Sigma, #AAS18)
Phosphate buffered saline (PBS)(Wisent, #311-010-CL)
10% Trichloroacetic Acid (TCA)(Millipore, #196057)
0.1N hydrochloric acid (HCI)
Sodium hydroxide (NaOH)
Buffer A (made in 1L glass bottles in lab)
0 K:>HPO4salt (salt bench)
A (BioShop, #PPD555.1)
0 KH2PO;4 salt (salt bench)
A (BioShop, #PPM302.1)
0o ddH20
Buffer B (made in 1L glass bottles in lab)
o HPLC grade methanol (Fisher Chemical, #A-4524)
0 HPLC grade acetonitrile (Sigma-Aldrich, #34998)
0o ddH20

Making OPA Reagent (Light sensitive)

To make 5mLs (in a 15mL test tube wrapped with aluminum foil)

0 Add 0.02g of OPA in 500uL of HPLC grade methanol
0 Add 120uL of Brij 35

0 Add 20mL of 2-mercaptoethanol

o]

Add 4.48mL of 0.04M Sodium borate buffer (15.234g of sodium borate in 900mL
of ddH20, and then adjust to pH 9.5 with sodium hydroxide (NaOH)/hydrochloric

acid (HCI) with pH reading machine in the lab and bring up to 1L).

Making Buffer A: 20mmol/L (potassium) phosphate buffer (pH6.5)

Add 800mL of ddH-O in a suitable container. Typically we used a 1L Erlenmeyer flask.
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1. Add 1.175 g of K:HPO4 to the solution.
2. Add 1.804 g of KH2PO4 to the solution.
3. Add ddH20 until volume is 1L.
Making Buffer B: HPLC-grade Acetonitrile/HPLC-grade Methanol/Water
Prepare 1L
1. 450mL of Acetonitrile
2. 400mL Methanol
3. 150ml of ddH20
Sample/Standard Preparation:
Cell Harvesting
1. Wash myotubes in 6-well plates twice with 2mL/well of PBS
2. Harvest cells with 250uL of 10% TCA
3. Mix up and down with micropipette to break down cell suspension

Sample Preparation

1. Centrifuge lysate at 2.3g for 15minutes in 4°C
2. Next take lysate supernatant and dilute in another set of test tubes as shown below

Sample Dilution

Prepare sample by diluting in a ratio of 1:2:1:8:

1: Sample

2: Saturated Potassium Borate Buffer

1: 0.IN HCL

8: ddH20

Ensure that samples are filtered before ran through the column. They can be filtered using a
0.2uM 1ml syringe filter (83.1826.001 from Sarstedt). In the filtering process you lose a lot of
sample so prepare for this.

Standard Preparation and Dilution

Dilute samples similarly to samples in a ratio of 1:2:1:8

1: Standard (Sigma, #AAS18) *See next step, making standard*

2: Saturated Potassium Borate Buffer

1: 0.1N TCA*
8: ddH20
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*AA standard in HCI so add 0.1N TCA into standards, while samples are harvested with
TCA, so add 0.1 HCI into samples

Making Standards:
Make sure to have 4 standard curve points (0, 0.25, 0.5, 1.0)
- For 0 standard curve point:
o 1:ddH20
0 2: saturated potassium buffer
o 1:0.INTCA
o 8:ddH.0

- For 0.25 standard curve point: first dilute amino acid standard 1-part amino acid
standard, 3-part ddH20. Then:
0 1: diluted amino acid standard
0 2: saturated potassium buffer
o 1:0.INTCA
o 8:ddH20

- For 0.5 standard curve point: first dilute amino acid standard 1-part amino acid
standard, 1-part ddH20. Then:
0 1: diluted amino acid standard
0 2: saturated potassium buffer
o 1:0.INTCA
o 8:ddH20

- For 1.0 standard curve point:
o 1: undiluted amino acid standard
0 2: saturated potassium buffer
o 1:0.INTCA
o 8:ddH20

Protocol Parameters:

- Gradient Elution

- Flow rate: 0.8mL/min

- Column temperature: 35 degrees Celsius

- Cell Temp: 4 degrees Celsius

- Excitation-Emission: 350-450

- Maximum Pressure: 18000psi

- Injection volume: 1mL

- Preferred Column: YMC-Triart 75mm x 3.0mmOD x 1.9um particle size

- Pretreatment: Go to Reagent and add 40mL (this is the OPA that’ll be put into sample in
each vial — 1:1 ratio of OPA to sample, so add 40mL into each sample vial as well)

217



Appendix C (cont.) — High Pressure Liqguid Chromatography (HPLC) Protocol — BCKAs

Materials:

- Column (Intersil ODS-4 100mm x 2.1mmOD x 2um particle size)
- Metal Ferrule (IDEX health & science, #VHP-321)
- Metal tubing (IDEX health & science, #U-154)
- Vials and lids (Supelco, #27080-U)
- Vial Inserts (Supelco, #24716)
- 1,2-diamino-4,5-methylenedioxybenzene (DMB) (Sigma Aldrich, #66807) — keep on
ice
0 Sodium sulfite (Biotech, #7757-83-7)
0 2-mercaptoethanol (Sigma, #M6250)
o Concentrated HCI (Sigma, Aldrich, #258148)
o Double distilled water
- Micropipette (20-200uL) and tips (yellow: 20-200mL)
- Samples (on ice)
- 0.1N hydrochloric acid (HCI)
- Sodium hydroxide (NaOH)
- Buffer A (made in 1 L glass bottles in lab)
o HPLC grade methanol (30%) (Fisher Chemical, #A-4524)
0 ddH20 (70%)
Buffer B (made in 1L glass bottles in lab)
0 100 % HPLC grade methanol (Fisher Chemical, #A-4524)

DMB solution was prepared by adding 1.6mg of DMB to 1.0mL of solution, which contained 4.9
mg of sodium sulfite, 70mL of 2-mercaptethanol, and 58mL of concentrated HCI in 0.87mL of
ddH20.

Sample Preparation/Dilution:

Prepare sample/standard in 1:2:1:8 ratio
1: Sample/Standard

2: Saturated Potassium Borate Buffer

1: ddH>O/homogenization buffer*

8: ddH20

*Sample was tissue homogenized in homogenization buffer, so the standard receives 1 part
homogenization buffer, while standard was made in ddH»O, so sample receives 1 extra part
ddH0 instead of homogenization buffer

Standard Preparation/Dilution:

Standards are made using KIC, KIV and KMV salts in the lab:

Dissolved 25mg/mL. Then did a 1:10000 dilution (equivalent to about 19.2uM for KIC and
KMV, and 21.53uM for KIV). If not diluted, then the peaks are oversaturated. After it is diluted
(1.0), to create a standard curve, it is diluted 2-fold (0.5) and 4-fold (0.25). Just HPLC-grade
water is used as the 0 point in the standard curve.
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Ensure that samples are filtered before ran through the column. They can be filtered using a
0.2uM 1ml syringe filter (83.1826.001 from sarstedt). In the filtering process you lose a lot of
sample, so prepare for this.

Protocol Parameters:

Gradient elution was performed as follows: 0 min 0% B, 3.33 min 0%B, 5 min 50%B, 17.34 min
50%B

Flow rate: 0.2mL/min

Column temperature: 40 degrees Celsius

Cell Temp: 4 degrees Celsius

Excitation-Emission: 367-446

Maximum Pressure: 18000psi

Injection volume: 5mL

Preferred Column: Intersil ODS-4 100mm x 2.1mmOD x 2um particle size

Pretreatment: 40mL of DMB solution is added to 40mL of standard/sample and then heated at

85°C for 45 minutes then cooled on ice for at least 5 minutes.
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Appendix D — Immunofluorescence Microscopy (In-vitro)

Materials:

12-well plates (Greiner Bio-One, #665165)

Sterile autoclaved tweezers

Cover Slips (Fisher Scientific, #12-54618CIR-2)

PBS (Wisent, #311-010-CL)

4% Paraformaldehyde (Sigma, #6148)

Triton X-100 (MP Biomedicals, LLC, #M2528)

Bovine Serum Albumin (Biotech, #9048-46-9)

Horse Serum (Gibco, #26050-088)

MHC-1 primary antibody (Development Hybridoma, #MF 20 — s)
Fluorochrome Secondary Antibody (Vector Labs, Vectashield, #T1-1000W0901)
DAPI Mounting Medium (Vector Labs, Vectashield, #H-1200)

Protocol:

1.

Sterilize cover slips by autoclaving them. Place a single cover slip into each well of a 12-
well plate using sterile autoclaved tweezers.
Plate L6 myoblasts (1x10°) in the 12-well plate on top of cover slips. Include sufficient
number of well so you can have a negative control. Grow myoblasts according to regular
procedure.
When cells are confluent, change to differentiation medium.
Change medium every 24-48 hours until day 4 or 5 when myotubes are ready for
treatment. On day 4, treat cells with the chemotherapy drug cocktail according to regular
protocol.
Remove medium and rinse each well 2X with 1mL of PBS.
FIXING: In fume hood, fix cells by incubating them in ImL/well of paraformaldehyde
(4% PFA in PBS) for 10minutes at room temperature. Use gentle swirling on a rocker.
After 10minutes, remove paraformaldehyde and store in a container in hood.
a. Sample Calculation for PFA
i. 4% PFA was already made in the lab, so | did not have to make this. It is
in the freezer -20 door. | just thawed and used. It is in 50mL test tubes
(purple lid)
Do 3X quick rinse in PBS with ImL/well.
PERMEABILIZATION: Permeabilize the cells by adding 1mL/well of 0.03% Triton X-
100 in PBS. Incubate for 5 minutes.
a. Sample Calculation for Triton X-100 (To make 12mLs). Can make this in a 15mL
test tube.
i. 11996.4mL of PBS
ii. 3.6uL of Triton
1. Triton is very syrup-like. Add into a small beaker and microwave
for 30 seconds to turn it into a liquid.
WASHING: Remove Triton solution and wash 5X, 1mL/wash, 5minutes/wash.
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10.

11.

12.

13.

14.
15.

16.

17.

BLOCKING: Incubate with 400pL/well of blocking solution: 10% horse serum in PBS.
Block at 37°C for 1hour with periodic swirl.
a. Sample Calculation for blocking solution (to make 5mLs)
I. 480uL of horse serum
ii. 4320uL of PBS
1. Can be made in a 15mL test tube. Make sure to thaw horse serum
prior to beginning.
PRIMARY ANTIBODY:: Add sufficient amount of diluted antibody, ~500uL/well.
(MHC-1 from Dev Hybridoma, 2.5ug/mL diluted in 1% BSA in PBS). Incubate
overnight at 4°C with gentle rocking.
a. Sample calculation for primary antibody (to make 3mLs)
i. 2970uL of PBS
ii. 30uL of 1% BSA
ii. 230uL of MHC primary
1. For MHC, 2.5ug/mL (conc we want) x 3mLs (total volume) /
32ug/mL (this value is conc on MHC tube) = 230uL
WASH: Decant and save primary antibody. Do one quick rinse in PBS and then 3X wash
in PBS, Sminutes/wash with gentle rocking.
SECONDARY ANTIBODY: Dilute secondary antibody (Texas Red anti-mouse IgG,
raised in horse). Dilute 1:100 with 1% BSA in PBS. After removing PBS from washing
(step 12), add 500uL/well of the diluted secondary antibody and incubate for 2hour, room
temperature on a rocker. Make sure to keep the wells covered and protected from light
using aluminum foil. This is to ensure that no photo-damage takes place on the
fluorochromes of the secondary antibody.
a. Sample calculation for secondary antibody (to make 5.5mLs)
i. 5445uL of PBS
ii. 55uL of 1% BSA
iii. 55uL of secondary (anti mouse, horse raised)
WASH: Remove secondary antibody and wash 5X, 10minutes/wash in PBS.
MOUNTING: Take appropriately labelled microscope slides. Put a drop of mounting
medium on each slide. The mounting medium contains DAPI (to stain the nucleus) and
anti-oxidants to prevent oxidation of the fluorochromes.
With a pair of tweezers, take the cover slip out and invert the slip on the mounting
medium. Ensure the side on which the cells are face the DAPI mounting medium.
MICROSCOPY: Observe under the microscope.
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Appendix E — In-vitro BCKD Activity Assay

Materials:

Head Pad
PBS (Wisent, #311-010-CL)
1mL Syringes (Becton, Dickinson and Company, #309597)
Cell Scraper
Eppendorf Tubes (Sarstedt, #72.690.300)
6-Well cell culture plates (Greiner Bio-One, #657165)
Clear Scotch Tape
Scintillation Vials (Perkin-Elmer, #6008118)
Scintillation Fluid (Ecoscint A, National Diagnostics, #LS-273)
Filter Paper Wicks (1.3cm x 2cm)
2M NaOH
Heated incubator (non-shaking)
Growth Media, made by supplementing AMEM (Wisent Inc, #310-010-CL) with 10%
FBS (Gibco, #12483-020) and 1% antibiotic (Gibco, #15240-062)
Krebs Ringer Buffer (KRB)
0 856uL/well
Thiamine Hydrochloride (Sigma, #T1270)
o Working dilution: 1mg/856pL of KRB
Valine (Sigma, #V0513)
Radioactive Valine (Perkin Elmer, #NEC291EU050UC)
Lysis Buffer
Reaction Mixture
o Working volume is 1mL
A 936.65uL of PBS
A 43.35uL of valine (Stock: 50mg/mL)
A 20uL of Radiolabeled U-**C-Valine (Perkin Elmer, #NEC291EU050UC)

Protocol:

1.

2.

L6 cells should be seeded into 6-well plates with 200,000 cells/well and grown to Day O.
Grow/differentiate cells and treat them respective to your experiment details.
Prepare taping and filtered paper wicks:
a. You will need 4 pieces of tape per 6well (6 wicks total)
i. One piece of tape for the long side of the six well with three filter paper
wicks (1 per well)
ii. 3 smaller pieces of tape for short side of 6well with 1 filer paper wick per
piece of tape
Prepare KRB (856uL/well) supplemented with thiamine hydrochloride (1mg/856uL
KRB)
Prepare 61uL/well of reaction mix
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10.

11.

12.

13.

14.

15.

a. Note, this is radioactive, so lab coats and radioactive bench must be worn
Inside sterile hood, suck the media from each 6well and replace with 200uL of GM (if
day 0) or DM (days 1 through 5)
Move the 6well to radioactive bench in the lab
Add 856uL/well of KRB supplemented with a thiamine hydrochloride
Add 61uL/well of reaction mix
a. This is 0.12uCi.
Prepare tape and filter papers wicks
a. Add two filter paper wick with 60uL of 2M NaOH in the middle of well to serve
as controls
b. Place the tape with the filter paper wicks on its side so the wicks are parallel to
the bench
c. Add 60puL of 2M NaOH to each filter paper wick
d. Note: Nothing should come in contact with the filter paper wick aside from the
2M NaOH as this can skew results heavily.
With the NaOH added to each wick, place the mounting slips across the 6wells so the
filter paper wicks are in the center of each 6well. Mount the tape to the side of the 6well.
Once all the wells are covered, make sure to run your finger around the rim of each well,
ensuring there are no bubbles or gaps compromising the seal. Example pictures are
shown below (A — D).

A B C D

Place the 6-well lid over top of the newly taped plate and wrap a single piece of clear
table around the entirety of the lid
a. Make sure that as you place this tape, you do not tip the 6-well, as the liquid can
splash and soak the filter paper wicks.
Label each well with the needed label and place inside incubator at:
a. 37 degrees
b. Orpm (we do not want any liquid to splash onto the wicks)
c. For denoted time (anywhere between 1h and 3h)
During this time period:
a. Scintillation vials can be collected, labeled and filled with 3.5mLs of scintillation
fluid
b. Also prepare sample eppendorf tubes for harvesting and lysis buffer.
After the time period, grab the 6-well plate and bring to the radioactive bench
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16. Using a small set of scissors, make an incision in the clear tape, along the inside
perimeter of the plate and cut along the perimeter of the three slides

17. At this stage, peel back all the clear tape as a single unit, you will find it looks like a

basket weave to which all the filter wicks should be secured. Sample pictures are shown

below (A — D).

18. Using a cleaned set of forceps, remove the filter paper wicks and place them into their
respective scintillation vials
19. Aspirate the remaining contents from the 6well and rinse twice with ice cold PBS
20. Following the second rinse, add 100uL of lysis buffer to each well
21. Harvest cells following our typical harvesting procedure.
a. These samples are used for the protein assay, in order to correct for total protein
content.

*Sample BCKD activity assay pictures were obtained from a previous thesis in our lab by
Brendan Beatty and accessed through YorkSpace.*
Link: https://yorkspace.library.yorku.ca/items/e6486534-0c4a-459f-bd65-95f92957¢152
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Appendix F — Estrous Tracking in Female Mice

Materials Needed:

- 0.9% Saline in water (PBS, Wisent, #311-010-CL)
o0 For 5mLs, 45uL PBS and 4955uL double distilled water
- Microscope (10x Objective Lens)
- Microscope Slide (Fisher Brand, #12-550-343) and Cover Slips (Fisher Scientific, #12-
54618CIR-2)
- Q-Tips or cotton swabs (Grocery Store — Sobeys)
- 2-20uL Pipette (in the lab) and Tips

1. Grab the female mouse by the base of the tail and place her on the lid of the cage so she
grabs on with her hands. Make sure she is facing away from you and her front paws grip
the cage

2. Lift the tail in order to expose the genitalia/vulva area

3. Dip the g-tip in 0.9% saline and wipe the vaginal area clean of any secretions.

4. Fill the pipette tip with 20uL of 0.9% saline. Insert the tip (1-2mm depth) into the vagina,
ejecting the saline and then immediately redrawing the saline back up.

5. Eject the saline (now with vaginal cells) onto a clean microscope slide and cover with a
cover slip

6. View the slide under the 10x objective lens and match the image you see with the
corresponding estrous stages below. 40X objective can also be used.
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- A =Pro-estrus
o Small nucleated, non-cornified epithelial cells. Lasts approximately 12-hours.
- B =Estrus
o0 Large, cornified squamous epithelial cells in clusters. No visible nuclei and shape
is irregular. Last approximately 12-hours.
- C = Metestrus
o Presence of leukocytes (neutrophils) and some nucleated epithelial or cornified
squamous epithelial cells. Lasts approximately 21-hours.
- D =Di-estrus
o Predominantly leukocytes (neutrophils) and some nucleated non-cornified
epithelial cells. This stage lasts approximately 48-72 hours.

*Black arrows represent cornified epithelial, circles represent leukocytes, white arrows represent
nucleated epithelial*
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Appendix G — Daily Animal Monitoring Log

*For this example, 2 mice were housed in the same cage*

Date Activity Food Intake () Weight (g)
September 27 Weight of Food: Animal Weight:
Monday Regular 64.39 23.29
Activity
Did we Inject today?
Amount Eaten: Weight Change:
Yes 23.49/3 (over -0.8g
weekend) =
7.89/2=3.99
September 28 Weight of Food: Animal Weight:
Tuesday Regular 56.3g 23.49
Activity
Did we Inject today?
Amount Eaten: Weight Change:
No __80/2=4g +0.2¢
September 29 Weight of Food: Animal Weight:
Wednesday Regular 49.99 23.49
Activity
Did we Inject today?
Amount Eaten: Weight Change:
No _6.49/2=3.2g None
September 30 Weight of Food: Animal Weight:
Thursday Regular 43.3g 23.99
Activity
Did we Inject today?
Amount Eaten: Weight Change:
Yes _6.60/2=3.3q +0.5¢
October 1 Weight of Food: Animal Weight:
Friday Regular 36.29 23.89
Activity
Did we Inject today?
Amount Eaten: Weight Change:
No __T7.19/2=3.55¢g -0.1g
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Appendix H — In-vivo BCKD Activity Assay

Buffer 1

Potassium Phosphate Buffer (KPi) (30mM, pH 7.5)
EDTA (3mM)
DTT (5mM)

0 (Research Organics, #2190D-A101X)
Valine (ImM)

0 (Sigma, #V0513)
FBS (3%)

0 (Gibco, #12483-020)
Triton X-100 (5%)

o (MP Biomedicals, LLC, #M2528)
Leupeptin (1uM)

0 (Sigma, #L.2884)

Buffer 2

Hepes (50mM)
o (BioShop, #HEPO001)
KPI (30mM)
CoA (0.4mM)
0 (Sigma, #C4282)
NAD+ (3mM)
0 (Sigma, #N0632)
FBS (5%)
0 (Gibco, #12483-020)
Thiamine (2mM)
o0 (Sigma, #T1270)
Magnesium Chloridez (2mM)
0 (Sigma, #7786-30-3)
Radiolabeled U-*C-Valine (7.8uM)
0 (Perkin Elmer, #NEC291EU050UC)

Protocol:

1. Make KPi Buffer (30mM)
a. Buffer is made in KPI Buffer. Start by making a stock of 30mM KPI Buffer
i. To make 100mLs
1. KPi is made of potassium phosphate dibasic (KoHPO4 salt,

BioShop #PPD555.1) and potassium phosphate monobasic

(KH2PO4 salt, BioShop, #PPM302.1)
a. Add 80mL of ddH20 in a 200mL beaker
b. Add 107.96mg of potassium phosphate monobasic
c. Add 384.376mg of potassium phosphate dibasic
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2. Make Buffer 1

a. Inorder to make a 25mL solution of buffer 1, start by adding 15mL of your KPi
buffer into a 50mL test tube. Next add the following:

EDTA (3mM) = 150uL
DTT (SmM) = 125uL
Valine (ImM) = 147.92uL
1. Thisis in the door of -20 freezer. There is a stock of 169014uM.
Use this stock to add the 147.92uL.

iv. FBS (3%)=750uL
v. Triton X-100 (5%) = 1250uL
vi. Leupeptin (1uM) = 11.90uL
1. There is a main stock of 10mM in the -20 freezer door and a more
diluted stock of 2.1mM. Use the 2.1mM to add the 11.90uL.
vii. After adding everything all the above steps, top of mixture to 25mLs using

3. Make Buffer 2

the 30mM KPi buffer you made.

a. Buffer is made in KPi Buffer again.
b. In order to make a 30mL solution of buffer 2, start by adding 15mL of your KPi
buffer into a 50mL test tube. Next add the following:

HEPES (50mM) = 357.465mg
CoA (0.4mM) =9.2mg
NAD+ (3mM) = 61.75mg

iv. FBS (5%) =1.5mLs
v. Thiamine (2mM) = 20.24mg
vi. Magnesium Clhoride; = 12.2mg
vii. NOTE: Do not add the radioactive valine into this now. Will add later in
step 5
viii.  After adding everything, top up the mixture to 30mLs using KPI buffer.

4. On ice, homogenize (PRO200) ~35mg of tissue sample at max speed in 250uL of ice-
cold Buffer 1. Homogenize for 30 seconds in a 15mL homogenization tube (Sarstedt,
#62.515.006). Take the full homogenate and transfer into a 1.5mL eppendorf tube.

a. Note: Sometimes these homogenization tubes are too long. So may need to cut off
the top a little bit.

5. Centrifuge the homogenized sample in each eppendorf tube for 10 minutes at 10,000g,
4°C

6. During the 10 minutes, calculate the total amount of buffer 2 you are going to need. This
example is given for if you have 20 samples:

a. For each sample, we need 300uL x 20 (samples) = 6000uL total. Per sample, we

want to add 0.16uL of radioactive valine. That means in 6000uL add 3.2uL (20 x
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0.16) of radioactive valine. After making this, add 300uL of buffer 2 with the
radioactive valine into 20 separate eppendorf tubes (because you have 20
samples).

7. Grab the homogenate from the centrifuge, remove 50uL of the supernatant and add to
300uL of Buffer 2 in each 1.5mL eppendorf tube. During this time, BCKD is going to be
active, so need to do the next couple of steps fast.

8. Add 60uL of 2M NaOH to a tape a raised wick trap over the lid of the eppendorf tube,
cap the tube, and tape over to make sure there is a tight seal. Sample pictures are show
below.

a. We do not want any CO from the BCKD reaction to escape

A wick is soaked with NaOH and is
taped on the underside of the
Eppendorf tube

Homogenized tissue with
radio-labelled valine

9. Place in a non-shaking incubator at 37°C for 30minutes. It is important that this is non-
shaking because don’t want any of the liquid to splash onto the wick.

10. After the 30 minutes, remove the wick from each eppendorf tube and place in a
scintillation vial with 3.5mLs of scintillation fluid. Count this value in a liquid
scintillation counter.

11. In order to all get a read of total radioactive in each tube, take 50uL of the liquid from
each eppendorf tube and place in a separate scintillation vial with 3.5mLs of scintillation
fluid. Count this value in a liquid scintillation counter as well.

12. The remaining liquid left in each eppendorf tube is then used to run a protein assay.
13. After you get the scintillation value for the wick, scintillation value for the total
radioactivity and protein concentration in each sample, BCKD activity can be calculated

by dividing CPM by the total radioactivity and then dividing that value by total protein
concentration.
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Appendix | — Relative Body Weight Loss Compared to Control at Each Time Point

These tables represent the percentage of body weight loss in chemotherapy drug-treated animals

compared to control at each time point. Data is shown for chapter 5 (Figure 5.1) and chapter 6

(Figure 6.1).
Figure 5.1 Table

*This table corresponds to figure 5.1, page 93*

Time Point (Day) Male Female
0 - -
7 2% 3%
14 4.9% 5.8%
21 4.9% 7.5%
28 6% 14%
35 11% 21%
42 15% 25%
Figure 6.1 Table
*This table corresponds to figure 6.1, page 120*
Time Point (Day) Male Female
0 -- --
7 3% 4.1%
14 7.1% 3%
21 8.3% 6.1%
28 11.8% 10.3%
35 14% 17%
42 16% 21%
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