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Abstract

Skeletal muscle is a highly malleable tissue with the capacity to alter its phenotype in
response to exercise and nutrient availability. Adult skeletal muscle is primarily composed
of terminally differentiated post-mitotic cells and relies on specialised muscle stem cells
(satellite cells) to facilitate repair and regeneration. Satellite cell regenerative capacity is
impaired by diets enriched with high concentrations of saturated fat as well as other
environmental lifestyle factors such as obesity and physical inactivity. Omega-3
polyunsaturated fatty acids (n-3 PUFAs), commonly found in fish oil supplements, possess
anti-inflammatory properties and have been shown to improve aspects of skeletal muscle
function and metabolism. These protective properties have established n-3 PUFAs as a
potential dietary supplement strategy to help combat muscle wasting and promote muscle
growth and repair. However, the cell signalling pathways underlying their efficacy in skeletal

muscle cells are not completely understood.

This Master’s thesis comprises a published review of the literature pertaining to the
potential roles of n-3 PUFAs during muscle growth and regeneration, and an original research
study investigating and comparing the purported beneficial protective effects of n-3 PUFAs
in skeletal muscle cells against lipotoxicity induced by the saturated fatty acid palmitate
(PAL). The experimental data collected for this thesis demonstrate that the n-3 PUFAS

eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), commonly found in fish oil



supplements, protect skeletal muscle cells against the deleterious effects of PAL.
Furthermore, the work in this thesis provide novel data regarding the beneficial effects and
potential mechanisms of Docosapentaenoic acid (DPA), a lesser studied intermediary n-3
PUFA, on maintaining skeletal muscle cell viability in an environment of high fat

availability.

The results obtained demonstrate that all n-3 PUFAs induce protective effects against
the deleterious effects of PAL on skeletal muscle cell viability and subsequent differentiation
capacity. However, DPA confers the greatest protection against the induction of PAL-
induced ER stress. Mechanistically, DPA protects against PAL-induced cytotoxicity via

maintaining muscle cell mitochondrial membrane integrity.

In the context of the previous literature overviewed in the published review article,
these data contribute important novel findings demonstrating that all n-3 PUFAs including
DPA protect skeletal muscle cells in vitro against stimuli known to be deleterious to skeletal
muscle growth and repair in vivo. These data also reveal that DPA has the potential to elicit
superior protective effects against lipotoxicity compared to EPA and DHA, setting the stage
for further research into the mechanisms underlying DPA’s beneficial effects and potential
future therapeutic applications in fish oil supplements to help promote muscle growth,

maintenance and repair.

Xi



Chapter 1 : Introduction and Overview

Skeletal muscle constitutes approximately 40-50% of total body mass in humans and
plays major roles in locomotion, thermoregulation and whole-body metabolic homeostasis
[1]. However, the continuous use of skeletal muscle during daily living and particularly
strenuous exercise makes it susceptible to injury and overuse. Biochemical, structural and
phenotypic adaptations in skeletal muscle allow it to respond and help combat these potential
deleterious effects of certain physiological stimuli [2]. During the ageing process, skeletal
muscle becomes less responsive to mechanical stressors such as exercise [3, 4] and the
anabolic effects of protein intake [5], both of which facilitate muscle growth. Blunted
responses to both of these stimuli contribute to the loss of muscle mass over time with ageing,
termed sarcopenia [3, 6]. Furthermore, exposure to Western diets rich in saturated fats can
also negatively impact skeletal muscle by impairing its growth and repair capacity [7, 8].
While the precise mechanisms underpinning sarcopenia remain incompletely understood,
accumulating evidence indicates that nutritional supplements such as fish oil may exert
beneficial anabolic effects and potentially prevent and/or preserve muscle mass and function
[9]. Omega-3 polyunsaturated fatty acids (n-3 PUFASs) found in fish oil supplements are
known for their anti-inflammatory properties; however, they also have the potential to
promote anabolism by increasing the intracellular activities of signalling molecules involved

in re-programming cellular pathways to help maintain skeletal muscle mass [10, 11].



n-3 PUFAs are polyunsaturated fatty acids with numerous known biological actions
and potential therapeutic applications including, but not limited to, the ability to reduce
inflammation, and putative roles in cognition and development of the central nervous system
(CNS) [12-14]. There are three major dietary n-3 PUFAs including a-linolenic (ALA; 18:3n-
3), eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid (DHA; 22:6n-3) (Figure
1.1). ALA is most commonly found in plant foods (e.g. flax seed and nuts). Conversely, cold-
water fish such as salmon and tuna are rich sources of EPA and DHA. ALA is considered
essential and has to be obtained via dietary sources, as humans lack the required delta-12
desaturase and delta-15 desaturase enzymes necessary to synthesise n-3 PUFAs from stearic
acid [15]. While de novo synthesis of ALA is not possible in humans, EPA and DHA can be
synthesised from ALA [16]. As highlighted in Figure 1.2, the same elongase and desaturase
enzymes used to convert ALA to EPA are also used to synthesise omega-6 fatty acids.
Therefore, the conversion of ALA to EPA and DHA is limited due to enzyme availability

[17, 18].
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Figure 1.1. Chemical structures of the saturated fatty acid palmitic acid and omega-3
polyunsaturated fatty acids (n-3 PUFAS).

Palmitic acid (A) 16 carbons in its hydrocarbon chain that only contains single bonds as
indicated by single lines above, whereas EPA (B), DPA (C) and DHA (D) contain multiple
double bonds as indicated by double lines above. The double bonds of n-3 PUFAS begin on
the 3rd carbon from the methyl (omega) end of each n-3 PUFA as numbered in red above.

Dietary supplementation with fish oil capsules and dietary consumption of seafood
are the most efficient ways of increasing EPA and DHA levels in the blood and skeletal
muscle [19, 20]. Docosapentaenoeic acid (DPA; 22:5n-3) is another form of marine n-3
PUFA that is structurally similar to EPA with the addition of two extra carbons within its
hydrocarbon chain and consists of about 30% of daily n-3 PUFA intake in Australia [21].
Unlike EPA and DHA, DPA is not commonly found in current commercially available fish

oil capsules, and its biological functions are only beginning to be elucidated [22].
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Figure 1.2. Biochemical pathways involved in the interconversion of n-6 and n-3 PUFAs.
ALA, o-linolenic acid; AA, arachidonic acid; DGLA, dihomo--linolenic acid; DHA,
docosahexaenoic acid; DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid; GLA, -
linolenic acid; LA, linoleic acid.

In contrast to n-3 PUFAs, the saturated fatty acid PAL has well-documented
deleterious effects on skeletal muscle, including impaired rates of muscle protein synthesis
[23] and reduced insulin sensitivity [24], leading to muscle atrophy [25]. PAL can also cause
muscle cell death, further exacerbating muscle atrophy [26, 27] Some of these negative
effects are due to excess saturated free fatty acid (FFA) uptake into cells resulting in the
accumulation of intramyocellular diacylglycerol and ceramide lipid species that cause

disruptions in intracellular signalling networks [28-30]. Ageing is often associated with

elevations in circulating saturated FFA which can lead to increases in risk factors for all-
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cause and cardiovascular mortality such as increased blood pressure, impaired endothelial
cell function and increased circulating inflammatory markers [31]. Consequently, cellular
PAL treatment is acommonly used experimental strategy in vitro to recapitulate the increased
circulating free-fatty acid observed in older individuals and individuals with metabolic
diseases such as insulin resistance and type 2 diabetes. Conversely, n-3 PUFASs have been
shown to elicit beneficial effects on cellular signalling responses related to cell survival and
muscle protein synthesis. Evidence also suggests that EPA and DHA can protect against the
negative effects of PAL including ER stress, inflammation and cellular lipotoxicity [25, 32,

33].

The second chapter of this thesis is a peer-reviewed and published review article that
critically examines the current literature pertaining to the roles of n-3 PUFAs in skeletal
muscle, with a specific focus on muscle growth and repair. The fourth chapter describes an
original research study that investigates the differential protective effects of EPA, DHA and
the lesser studied DPA against PAL-induced cellular impairments in muscle cell viability and
differentiation. As outlined in Figure 1.3, the following chapters comprise two independent
yet complementary bodies of work, which critically examine the current literature and
uncover novel protective roles of omega-3 fatty acids against skeletal muscle cell

lipotoxicity.



Chapter 2 (Narrative review article): Potential roles of n-3 PUFAs during skeletal muscle

growth and regeneration (Figure 1.3 A).

Chapter 4 (Original research article): Differential protective effects of omega-3 fatty acids
against PAL-induced impairments in skeletal muscle cell viability and differentiation

(Figure 1.3 B).
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Figure 1.3. Schematic diagram of thesis outline.

The main topics discussed in the narrative literature review regarding potential mechanisms
underlying the beneficial protective effects of n-3 PUFASs related to muscle growth and repair
(A). Briefly, once incorporated into cellular membranes, n-3 PUFAs exert their beneficial
effects by reducing inflammation, altering mitochondrial function, promoting cell survival
and promoting cellular signalling associated with muscle growth. Schematic diagram of
original research study in this thesis investigating the differential protective effects of EPA,
DPA and DHA against PAL-induced impairments in skeletal muscle cell viability and
differentiation (B). Briefly, skeletal muscle myoblasts were treated with the n-3 PUFAS EPA,
DPA and DHA and/or the saturated fatty acid PAL for 16 h to compare their protective effects
against PAL-induced lipotoxicity. Myoblasts were then differentiated to assess whether n-3
PUFA treated cells would efficiently differentiate following this PAL cellular insult.



Chapter 2 : Literature Review

This chapter has been adapted from the following published review:

1. Tachtsis B, Camera D, Lacham-Kaplan O. Potential Roles of n-3 PUFAs during
Skeletal Muscle Growth and Regeneration. Nutrients. 2018 Mar 5;10(3):3009.

The following publication has been cited 13 times since being published.



Introduction

Skeletal muscle is a highly malleable tissue with the capacity to alter its phenotype in
response to exercise and nutrient availability [2]. However, with old age skeletal muscle
becomes less responsive to anabolic stimuli such as resistance exercise and protein feeding.
It is thought that this reduced sensitivity to anabolic stimuli, termed ‘anabolic resistance’, is
implicated in the aetiology of sarcopenia, the gradual loss of muscle mass with age [34-39].
Other factors known to contribute to sarcopenia include reductions in circulating sex
hormones [40], physical inactivity [41], low grade inflammation [42, 43], impairments to
neuromuscular junctions [44] and reduced muscle stem cell (i.e.: satellite cell) number and
function [45]. Sarcopenia is phenotypically associated with decreased muscle fibre size and
shifts in fibre type change from fast to slow, resulting in a decrease in maximal muscle force
production [46, 47]. These changes are also accompanied by a diminished regenerative
capacity of the muscle due to a loss in the number and activity of satellite cells in type Il

‘fast’ fibres [46, 48, 49].

Satellite cells are muscle specific stem cells primarily responsible for the repair of
muscle in response to injury and damage [50-52]. Upon their activation, satellite cells enter
the cell cycle, proliferate, differentiate to myoblasts and myocytes in a process termed
myogenesis, and fuse to damaged muscle fibres. Myogenesis is regulated by changes in the

expression of myogenic transcriptional regulatory factors (MRF) that dictate whether satellite



cells are in a quiescent, activated, committed, or differentiated state [53, 54] (Figure 2.1).
Satellite cells play a role in skeletal muscle repair; however, their role in muscle hypertrophy

is still equivocal (for reviews see [55, 56]).
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Figure 2.1. PAL and TNF-a elicit lipotoxic and cytotoxic deleterious effects on satellite
cells during various stages of myogenesis.

N-3 PUFAs inhibit the negative effects of PAL and TNF-a by activating anti-inflammatory
pathways within the cell thereby promoting differentiation. In isolation, it is currently
unknown whether n-3 PUFAs are capable of modulating the expressions of key MRFs Pax7,
MyoD and Myogenin that regulate myogenesis. Solid line: represents established
role/pathway that n-3 PUFAs modulate during myogenic differentiation. Dotted line: limited
or evidence no supporting the role of n-3 PUFAs during myogenesis. Solid line: substantial
evidence for n-3 PUFAs effecting myogenesis via various pathways.

The results from several animal studies report skeletal muscle hypertrophy even in
the absence of satellite cells [52, 57], whereas other studies provide evidence to support a
role for satellite cells during hypertrophy [58, 59]. Although the extent to which satellite cells

facilitate muscle hypertrophic response is still a topic of debate, most evidence indicates that
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the presence and more likely the cells’ activation and myogenic capacity are indispensable
for supporting training-induced adaptations and may be implicated in the events leading to
sarcopenia. However, throughout the lifespan of satellite cell depleted mice, sarcopenia is
neither exacerbated nor accelerated [60, 61]. Notably, these mice are highly sedentary, and
although this may be reflective of an elderly population it is still difficult to draw definitive
conclusions in the context of exercise. While satellite cell depleted mice do not show signs
of increased muscle loss, satellite cell depletion appears to cause a dysregulation in the
surrounding muscle environment leading to increased fibrosis with ageing and a reduction in
muscle quality and function. Indeed, satellite cells have been implicated in regulating
extracellular matrix production during hypertrophy and regenerative processes and therefore

do play an important role in the maintenance of muscle mass with age [58, 62, 63].

The precise molecular mechanisms responsible for sarcopenia are yet to be
elucidated, however accumulating evidence indicate that nutritional supplements, in
particular the n-3 PUFAs, have the potential to reduce muscle wasting and increase the
functional capacity of muscle in older individuals by augmenting intracellular anabolic
signalling [64-66]. EPA, DHA and ALA are the most commonly found n-3 PUFAs in the
human diet [67]. ALA is most commonly abundant in plant foods, such as flax seed and nuts,
while EPA and DHA are abundant in cold-water fish, such as salmon and tuna [68]. In
addition, DPA is an emerging, but lesser known, n-3 PUFA that possesses a similar structure

to EPA and is also biochemically active [69]. Only ALA is considered truly essential to

11



humans as both EPA and DHA can be synthesised in the endoplasmic reticulum in liver cells
through conversion from ALA, though this conversion is limited due to enzyme availability

[17, 18, 70].

The n-3 PUFAs EPA and DHA are known for their anti-inflammatory properties [71,
72]. They have also been reported to elicit positive effects on a wide range of other
physiological processes and systems such as visual signalling [73, 74], insulin sensitivity and
glucose tolerance [75]. Accumulating evidence indicates that n-3 PUFAs may also stimulate
rates of muscle protein synthesis (MPS) by increasing both the intracellular activities of
signalling molecules involved in the maintenance of skeletal muscle mass [11, 76] and
possibly satellite cell activity [77]. Chronic low-grade inflammation associated with ageing
and other comorbidities known to increase inflammation, such as obesity, often exacerbate
the effects of sarcopenia [78]. As such, the anti-inflammatory effects of n-3 PUFASs on
skeletal muscle may be most beneficial to older individuals with sarcopenia [64, 79, 80] and
may complement other strategies, such as exercise and protein supplementation, to combat
this diseases state. This review focuses on the dose and treatment periods required for n-3
PUFAs, EPA and DHA, to support differentiation of satellite cells into myogenic cells
(myogenesis) and elicit protective ant-inflammatory effects in-vitro and in-vivo. The
combined effects of n-3 PUFA supplementation, exercise, and protein ingestion, and their
associated mechanisms of action on muscle metabolism in both young and older individuals,

will also be discussed.
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The Beneficial Effects of n-3 PUFASs in Skeletal Muscle

Reducing Inflammation

Muscle wasting is a hallmark of various disease states which are often associated with
increased levels of inflammation [81, 82]. Acute transient increases in inflammation plays an
important part in the early regenerative processes of muscle adaptation particularly in
response to exercise [83, 84]. However, failure to effectively reduce inflammation at its onset
results in a chronic state of inflammation and can be detrimental as it is associated with
insulin resistance, obesity and muscle wasting [85-87]. Furthermore, elevated levels of
inflammation during ageing may also exacerbate the effects of sarcopenia by impairing the

regenerative capacity of muscle [88].

Upon their incorporation into membrane phospholipids, EPA and DHA act as
substrates for the synthesis of lipid derived mediators of inflammation [89]. These mediators,
termed eicosanoids, vary in their ability to mediate inflammation depending on the substrate
used for their synthesis. For example, eicosanoids derived from arachidonic acid, an omega-
6 fatty acid, are considered to be pro-inflammatory [90]. Conversely, eicosanoids derived
from n-3 PUFAs are considered less potent, reducing the intensity and duration of the
inflammatory responses by immune cells [91]. This divergent behaviour is due to the fact
that eicosanoids derived from n-3 PUFASs are less biologically active than n-6 PUFAs and

possess a weaker affinity for eicosanoid receptors [92-94]. EPA and DHA can also inhibit

13



the endogenous production of pro-inflammatory arachidonic acids by competing as

substrates for the enzymes during eicosanoid synthesis [95, 96].

Inflammatory cytokines produced by immune cells post-exercise can have a profound
effect on skeletal muscle protein turnover and myogenesis. In animal and cell models,
cytokines such as tumour necrosis factor-o (TNF-a) and interleukin-6 (IL-6), bind to
receptors on the muscle, activating the transcription factor nuclear factor kappa-light-chain-
enhancer of activated B cells (NFkB) [97, 98]. Activation of NF«B subsequently increases
the expression of the atrogenes muscle RING-finger protein-1 (MuRF1) and atrogin-1,
promoting muscle wasting [97]. n-3 PUFAs, in addition to modulating eicosanoid synthesis,
can also inhibit the activation of NFkB in skeletal muscle cells and other cell types in vitro
[98-101]. Whether n-3 PUFAS can inhibit the activation of NFkB in human skeletal muscle
in response to inflammation remains to be determined. Although considered pro-
inflammatory, TNF-a and IL-6 also appear to play important role in the early stages of muscle
regeneration following injury by enhancing myoblast proliferation and inhibiting
differentiation [102-104]. This inhibition involves the down regulation of the MRFs, MyoD
and Myogenin [102-104], with TNF-a receptor double knock out mice [103] and with IL-6
non-specific knock out mice [102] displaying impaired myogenic differentiation and
hypertrophy compared to wild type mice during functional overloading. These findings
highlight the importance of inflammatory processes during muscle regeneration following

injury (i.e. exercise).
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In contrast, chronic inflammation observed during ageing is associated with an
increase in pro-inflammatory cytokines (compared to younger individuals) such as TNF-a
and IL-6 due to possible dysregulation in immune cell function [88, 105]. Elevations in
circulating pro-inflammatory cytokines reported in older individuals negatively impacts
muscle regeneration by impairing satellite cell differentiation and fusion and by increasing
NF-kB activation. These factors contribute to deterioration of muscle mass with age [88,
106]. Despite their purported anti-inflammatory effects which are thought to underlie the
beneficial effects of n—3 PUFAs in muscle, Da Boit, Sibson [107] and others [65, 76], were
unable to detect any differences in plasma TNF-a or IL-6 between a placebo and n-3 PUFA
treated group post-intervention in both older and younger men and women. A possible
explanation for this discrepancy is that the participants were healthy and had low levels of

inflammation to begin with, making it difficult to detect any changes.

Mechanisms underlying the anti-inflammatory properties of n-3 PUFAs during myogenesis

The potential positive effects of n-3 PUFA’s on myogenesis may relate to their
capacity to alter the cell membrane lipid composition which in turn changes the profile of
membrane bound proteins of lipid rafts [108, 109]. These changes impact membrane fluidity
and assist in myoblast fusion during myotube formation [110], allowing n-3 PUFAs to
simultaneously modulate several signalling pathways. One such pathway involves the

Peroxisome proliferator-activated receptors (PPARS), a group of nuclear receptors well
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characterised in preventing metabolic disorders, promoting adaptations to skeletal muscle
following fasting and physical exercise, while also playing a novel role in regulating satellite
cell activity [111-113]. PPARs are also critical regulators of genes involved in development,
metabolism of lipids and carbohydrates, as well as inflammation [114]. Recent evidence
suggests that lipids such as n-3 PUFAs can bind to PPARs inducing their activation and
altering the expression of pro-inflammatory genes [115]. Results from several studies support
the potential for n-3 PUFASs to regulate inflammatory events in muscle cells in association
with the PPAR signalling pathway. TNF-a has been shown to elicit negative effects on
differentiating myoblasts resulting in decreases in myotube size and number [116]. However,
pre-treating or co-treating myoblasts with EPA prevents the cytotoxic effects of TNF-o. [116].
These protective effects of EPA are associated with increases in PPARY expression and
decreases in NF-xB [117]. Moreover, treating C2C12 myotubes with high concentrations
(400-600uM) of EPA or DHA has also been shown to increase the gene expression of PPARYy
and reduce muscle breakdown. These findings collectively indicate that n-3 PUFAs are able
to increase the expression of PPAR and reduce the expression of NF-kB in skeletal muscle

resulting in reduced muscle wasting [98, 101].

PPARGS is another isoform of PPAR abundantly expressed in skeletal muscle that has
a novel role in regulating satellite cell activity [118]. In response to injury PPARS-KO mice
when compared to aged-matched wild type mice, display reductions in proliferating satellite

cell number and increases in differentiating cell number [118]. Whether n-3 PUFA
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supplementation is able to augment satellite cell regeneration in a PPARS regulated manner
following injury or exercise remains to be determined but is possible considering that n-3

PUFAs are known PPARs agonists in skeletal muscle [98].

Like PPARSs, the peroxisome proliferator-activated receptor gamma co-activator 1-
alpha (PGC-1a) is also capable of repressing the transcriptional activity of NF-kB and
lowering inflammation in muscle cells [119]. In differentiated C2C12 myotubes, n-3 PUFAs
increase the expression of PGC-1a in a dose and time dependent manner with 50 uM for 24h
eliciting the greatest effect [120]. PGC-1a is also indirectly involved in regulating the
expression of mitochondrial DNA (mtDNA) by increasing the transcription of mitochondrial
transcription factor A (Tfam) and nuclear respiratory factor 1 (NRF1) [121]. In fully formed
myotubes, the expression of both Tfam and NRF1 increase following both EPA and DHA
treatment [120]. Moreover, overexpressing PGC-1a in C2C12 cells promotes differentiation
and increase the expression of MyoD and Myogenin. However, it remains to be determined
whether n-3 PUFASs can elicit similar responses in both PGC-1a and MRF expression during

differentiation [122].

As fatty acid oxidation occurs within mitochondria, the increases in mitochondrial
biogenesis seen following n-3 PUFA treatment could be a compensatory mechanism to
dispose of excess fatty acids [123]. Indeed, EPA and DHA ameliorate the lipotoxic effects of

other fatty acids such as PAL in fully formed myotubes and increase the expression of genes
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associated with mitochondrial-p oxidation such as carnitine palmitoyl transferase 1o and
(CPT1a; CPTI1pB) [124]. Likewise, DHA treatment of C2C12 myoblasts attenuates the
inhibitory effects of PAL on PGC-la activity and preserves oxidative capacity by
maintaining citrate synthase activity [125]. Thus, PGC-1a appears to play an important role
overcoming the deleterious effects of PAL-induced lipotoxicity, though it is remains to be
determined whether DHA or EPA can modulate the expression of PGC-1a during myoblast
differentiation. In-vitro, both PPAR and PGC-1a are capable of attenuating inflammation
via downregulating NF-kB following exposure to n-3 PUFAs during myogenic
differentiation in C2C12 cells. More work is required to elucidate whether n-3 PUFASs can

modulate the same pathways in human satellite cells.

In summary, the n-3 PUFAs EPA and DHA can reduce inflammation via their
incorporation into membrane phospholipids where they inhibit the production of pro-
inflammatory eicosanoids, reducing of activation of immune cells and the associated release
of pro-inflammatory cytokines [100, 126, 127]. Therefore, n-3 PUFASs may assist in muscle
regeneration in older individuals by reducing excessive inflammation and promoting a
systemic environment conducive to growth [128]. The anti-inflammatory properties of n-3
PUFAs and their incorporation into membrane phospholipids may also underpin some of
their other beneficial effects in muscle such as altering protein metabolism, increasing muscle

strength and modulating myogenesis.

18



Regulation of Protein Metabolism

The combination of resistance exercise and protein ingestion is known to maximally
stimulate rates of muscle protein synthesis (MPS) [129-131] and also lead to increases in
satellite cell activity [132] and content in younger men [133]. Moreover, n-3 PUFA
supplementation has been shown to exert a positive effect on rates of MPS in both young and
old individuals. For example, when combined with amino acids, n-3 PUFAS enhance rates of
MPS in both young and old people to a greater extent than amino acid ingestion alone [65,
76]. However, it should be noted that the findings were under non-physiological conditions
of a hyperaminoacidemic-hyperinsulinemic clamp [65, 76]. These findings provide evidence
that n-3 PUFAs may be an effective strategy to rescue anabolic sensitivity in healthy older
individuals purported to be ‘anabolic resistance’ as observed by attenuated MPS responses
compared to healthy young individuals in response to protein ingestion [35, 39] and exercise
[3]. When acute resistance exercise, protein ingestion and n-3 PUFA supplementation (5
g/day for 8 weeks) are combined under physiological conditions, rates of MPS are not further
enhanced compared to a placebo group in younger adults [11]. Interestingly, the activity of
Akt and p70S6K1, signalling kinases involved in translation initiation in muscle, is
attenuated following resistance exercise and n-3 PUFA supplementation. This could indicate
that anabolic kinase efficiency is increased, suggesting less protein is required to elicit post
translational modifications (e.g. phosphorylation) and that these posttranslational
modifications occur at a faster rate with n-3 PUFA supplementation. This may be due to the

increased incorporation of unsaturated fatty acids into membrane phospholipids thereby
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changing their composition and altering the activities of proteins associated with stimulating

MPS tethered to cell membrane [108, 109].

While it is possible that changes to protein signalling efficiency occur, a major
limitation of the study conducted by McGlory et al. [11] is that they did not measure any
changes in the total protein content of Akt and p70S6K1 nor did they measure any specific
post-translational modifications of these proteins (i.e. altered phosphorylation at numerous
sites). Measuring these parameters would confirm whether n-3 PUFAs are indeed capable of
altering kinase efficiency and which post-translational modifications are altered following n-
3 PUFA supplementation. Lastly, the supplementation protocol (dose and duration) used by
McGlory et al. [11] should have been sufficient to induce increases in the muscle. Previously,
the same group has shown that after four weeks of supplementation, concentrations of EPA
and DHA continue to rise in muscle (~3.0% of total fatty acids in muscle at week 2 and
~5.0% of total fatty acids in muscle at week 4) whereas levels of EPA and DHA in blood
plateau after two weeks with no further increase at 4 weeks (~8.0 % at week 2 and ~8.0% at
week 4) [10]. Future research in older individuals is required to investigate whether the
combined effects of protein ingestion, resistance exercise and n-3 PUFA supplementation is
more beneficial than resistance exercise and/or protein ingestion in isolation. It also remains
to be seen whether changes in inflammatory markers underlie changes to MPS following n-

3 PUFA supplementation.
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Increasing muscle strength

The CNS contains a high concentration of the unsaturated lipids, EPA and DHA,
which define the structure and function of its cellular and subcellular components. These
fatty acids are known to increase nerve conduction velocity in both young and older
individuals through the modulation of sarcolemma ion channels which, in turn, improves
contractile activity of the muscle [10, 134-137]. In older women, dietary n-3 PUFA
supplementation of 2 g/day for 90 days in conjunction with strength training has been shown
to exert additional increases to strength and functional capacity (i.e. increased peak torque
and rate of torque development) than strength training alone [66]. Rodacki and co-workers
[66] also found these increases to occur through changes in neuromuscular junction
conductivity as evidenced by increases in electromyographic activation of the muscle and
decreases in electromechanical delay. Even in the absence of regular resistance training,
muscular strength and thigh volume can increase with n-3 PUFA supplementation in older
men and women. Indeed, supplementation of 4 g/day of fish oil for six months results in
increased whole thigh muscle area, 1-RM strength and isokinetic power [64]. However, in
the study conducted by Smith et al. diet was not controlled which distort the true effect of n-
3 PUFA supplementation on muscle area [64]. Furthermore, without the collection of muscle
biopsies, it is difficult to determine the precise molecular mechanism underlying these
responses as well as the potential for similar shifts in muscle fibre types which a known to

occur in rat muscle as a result of n-3 PUFA supplementation [138].
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There is also evidence to suggest that older women may respond better than men to
combined n-3 PUFA supplementation and resistance exercise training. For example, when
compared to both male and female placebo groups, Da Boit and co-workers observed greater
improvement in muscle quality (strength / unit of muscle area) in the quadriceps of older
women following combined resistance exercise and fish-oil supplementation [107]. A
possible explanation for this sexual dimorphism is that older women do not respond as well
to resistance exercise as men and also have absolute less muscle mass [107], potentially
allowing a greater effect in women than men with n-3 PUFA supplementation due to their
greater capacity for improvement. This theory however remains highly speculative as others
have shown that older men and women respond equally as well to resistance exercise-based

training and that no such sex differences exist in older individuals [139].

n-3 PUFAs have been shown to exert similar effects as the female sex hormone
oestrogen in preventing bone loss in ovariectomised rats [140]. As such, another possible
explanation regarding the sexual dimorphisms in fish oil efficacy is that n-3 PUFAs may
function in a similar fashion to oestrogen promoting anabolism or at least preventing
catabolism. However, it should be noted here that this study was conducted using an animal
model and further human research is required as sexual dimorphisms in protein metabolism
are not yet fully understood [141]. Whether n-3 PUFAs induce effects similar to male or

female sex hormones in human skeletal muscle related to anabolism remain to be determined.
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Potential to alter satellite cell activation

Satellite cells are primarily involved in muscle regeneration in response to muscle
damage and injury sustained following resistance exercise and activities of unaccustomed
intensity or duration [50]. Upon their activation, satellite cells enter the cell cycle, proliferate,
and differentiate to myoblasts and myocytes in a process termed myogenesis, before fusing
to existing muscle fibres. Circulating systemic factors such as hormones and inflammatory
marker can positively or negatively influence satellite cell activation. For instance,
circulating growth factors such as GDF11 and myostatin, as well as inflammatory markers,
such as TNF-a and IL-6, increase with age impairing the regenerative capacity of satellite

cells in human skeletal muscle [6, 42].

Though it is important to note that while GDF11 and myostatin have been associated
with increased age in humans, no study to date has demonstrated a causal link between these
circulating factors and their ability to affect the regenerative capacity of muscle. Further
evidence from parabiosis experiments in mice indicate that ageing reduces satellite cell
activity; however exposing cells to a more youthful systemic environment improves the
regenerative capacity of satellite cells indicating that the age-related reduction in satellite cell
activity can be modulated by systemic factors that change with age [142, 143]. Thus, n-3
PUFAs with their anti-inflammatory properties could promote a systemic environment that
improves satellite cell responsiveness to injury during aging by attenuating systemic

inflammation in a similar manner to nonsteroidal anti-inflammatory drugs (NSAIDs) [144-
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146]. Currently, there is a paucity of human data to support the latter hypothesis, nevertheless
studies investigating the influence of n-3 PUFAs myogenesis in-vitro have been conducted

and these findings are summarised in Table 2.1.

The mechanisms underlying the modulatory effects of n-3 PUFAs on protein metabolism
signalling and myogenesis

Activation of the mechanistic target of rapamycin (mTOR) and its downstream
signalling targets the 70 kDa ribosomal protein S6 kinase-1 (p70S6K1) and elF4E-binding
protein 1 (4E-BP1) are involved in the regulation of translation initiation responses required
for skeletal muscle hypertrophy and also have a role in myogenesis [147]. In isolation, n-3
PUFAs appear to have little effect on mTOR signalling pathway in fully formed C2C12 cells
[109]. However, EPA exclusively augments leucine induced MPS in fully differentiated
C2C12 myotubes and increases the phosphorylation of p70S6K1, with no changes in the
phosphorylation of any of the other anabolic mMTOR pathway members [148]. EPA and DHA
induce similar increases in p70S6K1 phosphorylation without leucine stimulation during
differentiation [108]. The activation of p70S6K1 following n-3 PUFA treatment in this case
is not associated with an increase in Akt activity, an upstream effector of mTOR implicated
in skeletal muscle hypertrophy [108, 149]. The fact that changes to p70S6K1 activity [11]
and phosphorylation [108] can occur without changes to Akt signalling, suggests that n-3
PUFAs are capable of modulating differentiation and MPS independently of canonical

mTOR signalling. This alternate activation may possibly come through signalling proteins
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such as the mitogen-activated protein kinase (MAPKS), which phosphorylate members of the

MTOR signalling pathway [150].

The MAPK cascade(s), particularly the extracellular signal-regulated kinases (ERK)
1 and 2 (ERK1/2), play a dual role in myogenesis [151, 152]. During proliferation, ERK1/2
expression is increased, promoting proliferation and inhibiting differentiation [153, 154]. In
contrast to this inhibitory effect during the early stages of differentiation ERK1/2 becomes
phosphorylated during the late stages of differentiation promoting the fusion and formation

of myotubes [155, 156].

The actions of MAPK signalling in the regulation of myogenesis have been observed
in cells treated with n-3 PUFAs. Exposing proliferating C2C12 cells to DHA and EPA for
24h decreases MAPK/ERK1/2 phosphorylation, preventing the progression of myoblasts
from the G1 to S phase [157]. When the same cells are proliferated in the absence of n-3
PUFAs for 24 h, they continue through the cell cycle, which is important as it demonstrates
that n-3 PUFAs can regulate a return to quiescence, keeping the cells in the G1 phase. This
is noteworthy as there are particular muscle wasting conditions where satellite cells are
constitutively active as inflammation is elevated, impairing their ability to self-renew [158,
159]. Constitutively active satellite cells also cause precocious differentiation (i.e.: premature
and excessive differentiation), further reducing the satellite cell pool and regenerative

capacity of muscle [158, 159]. Thus, n-3 PUFAs may have the potential to preserve muscle
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mass by keeping cells in a quiescent state preserving the satellite pool or at least delay their
inevitable activation following the induction of differentiation in-vitro. Whether n-3 PUFASs
are able to prevent precocious differentiation under pathophysiological conditions in-vivo

where inflammation is elevated remains to be determined.

Aside from regulating proliferation and differentiation, MAPKSs can also initiate cell
death responses in the face of noxious stimuli such as PAL and TNF-o [160, 161]. EPA
combined with PAL and/or TNF-a treatment during C2 differentiation partially rescues cell
death and differentiation via the suppression of MAPK [161]. Saini and co-workers [161]
showed that EPA promotes differentiation by increasing the expression of MyoD and
Myogenin. Whether the other n-3 PUFAs such as DHA and DPA elicit the same inhibitory
effects on MAPK induced cell death and increase MRFs during differentiation remains
unclear. The y isoform of p38 can also modulate myogenesis by repressing the transcriptional
activity of MyoD promoting proliferation [162] although it is unknown whether EPA and
DHA alter the activation of p38 MAPK in the context of myogenesis. Future research
incorporating in-vitro models is required to fully understand the effect that n-3 PUFASs exert
on MAPKSs during myogenesis and how this affects other pathways involved in growth such

as mTOR signalling during this process.
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Table 2.1. Summary of studies investigating n-3 PUFAs in proliferating and differentiating myoblasts.

Source Treatment Cell Line Outcome
_ 50 uM EPA
Smith, et al. [163] C2C12 EPA | protein degradation in PIF treated myoblasts
1-10 nM PIF
50 uM EPA
Magee, et al. [116] C2C12 EPA | the negative effects TNF-a via | NF-kB expression. EPA 1 PPARy expression
20 ng/ml TNF-a
1-10 uM DHA 48 h DHA 1cell proliferation at 10uM concentration only. EPA has no effect on proliferation between 0-10uM.
Lee, etal. [164] C2C12 ) ) ) ) S
1-10 uM EPA 48 h EPA and DHA were no investigated in the context of differentiation in this study
50 uM EPA 24 h EPA | the negative effects TNFo has on cell death, apoptosis and myotube formation by 1 PPARy
Magee, etal. [117] C2C12 ) ] ) ]
20 TNF-a.ng/ml 24 h expression via the NfKB signalling pathway.
EPA and DHA | cell proliferation in dose dependent manner
10-100 uM DHA 24h
Peng, et al. [157] C2C12 DHA and EPA | protein levels of Cyclin D and Cyclin E and CDK2.
10-100 uM EPA 24h
EPA and DHA | ERK1/2 protein expression
. 20 uM DHA 72 h Treating cells with EPA and DHA 1 fusion index. This is accompanied by 1 in p70S6K 1, and membrane
Briolay, et al. [108] L6 . . ) ] . .
20 yM EPA 72 h bund protein caveolin-3 that is associated with fusion.
EPA in high doses of 400-600 uM induces transdifferentiation of myoblasts to adipocytes by | Wnt/p-
Luo, et la. [165] 400-600 uM EPA 10 days  C2C12

catanin signalling through PPARy

Saini, et al. [161]

50 uM EPA36 h & 72 h
750 yM PAL 36 h & 72 h

EPA | palmitate induced cell death via affecting the MAPK pathway. EPA can protect cells from MAPK
induced cell death and myogenic suppression but not against of Id3/caspase induced apoptosis
EPA 1 MyoD

Abbreviations: Eicosapentaenoic acid (EPA), Docosahexanenoic acid (DHA) Alpha linolenic acid (ALA), Proteolysis inducing factor (PIF), tumour necrosis factor-alpha (TNF- a),

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB), Peroxisome proliferator activated-receptor gamma (PPARY), Cyclin dependent kinase 2 (CDK?2), Palmitate
(PAL). 1/] indicates the trend.
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Table 2.2. Summary of studies investigating the effects of PUFAs in full differentiated myotubes.

Publication Treatment Outcome
100 uM DHA )

Bryner, et al. [125] DHA attenuates | tube size by PAL
500 uM PAL

Wang, et al. [98]

300-700 uM DHA
300-700 uM EPA

EPA and DHA | total protein degradation in a dose response manner
DHA and EPA | protein degradation by regulating the IkBa/NFkB signalling DHA is more effective in preventing
degradation than EPA

50 uM DHA EPA 1 MPS and | MPB
Kamolrat and Gray [148]
50 uM EPA DHA has no effect on MPS or MPB at 50 uM
1-50 uM DHA, DHA and EPA both 1 UCP3
Lee, et al.[166] o o .
1-50 uM EPA AICAR synergistically T UCP3 activity when co-treated with DHA or EPA
100 uM DHA DHA | proteolysis by palmitate in a time dependent manner and counteracts the effects of PAL by restoring Akt activity,
Woodworth-Hobbs, et al. [167] o ) )
500 uM PAL 1 FOXO activity | and atrogin expression.
1-50 uM DHA ) .
Lee, et al. [120] EPA and DHA 1 PGC-1a, NRF-1 and Tfam gene expression and 1 PGC-1a promoter activity
1-50 uM EPA
50 uM DHA
ch tal. [168] 50 uM EPA, The negative effects of PAL on AMPK phosphorylation GLUT4 mRNA expression and basal glucose uptake were | by
en, et al.
50 uM AA AA, DHA and EPA. The expression of genes associated with protein degradation was | by EPA, DHA and AA
750 uM PAL
50 uM DHA
. 50 uM EPA EPA and DHA 1 membrane fluidity which may improve glucose uptake.
Pinel, et al. [124] I
50 uM ALA EPA and DHA 1 key gene involved in f-oxidation.
500 uM PAL

Abbreviations: Eicosapentaenoic acid (EPA), Docosahexanenoic acid (DHA) ), tumour necrosis factor-alpha (TNF- a), nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-kB), Peroxisome proliferator activated-receptor gamma (PPARY), Palmitate (PAL), Muscle protein synthesis (MPS) Muscle protein breakdown (MPB), Uncoupling
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protein-3 (UCP3), 5-Aminoimidazole-4-carboxamide ribonucleotide (AICAR), AMP-dependent protein kinase (AMPK), Forkhead box O (FOXO), Peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGC-1a). 1/] indicates the trend.
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Table 2.3. Summary of human studies that have investigated the effects of n-3 PUFA supplementation combined with resistance exercise and/or
protein supplementation on muscle anabolism and muscle function

Publication Dose Duration Age Sex N REX Protein Outcomes
1.86 g/d EPA M 5 Insulin clamp Hyperaminoacidemia-hyperinsulinemia induced MPS 1 after supplementation and
Smith, et al. [65] 8 weeks 39.7+1.7 -
1.5 g/d DHA F 4 Amino Acid clamp 1 p-mTORSer2448 p-p70S6k1Thr389.
1.86 g/d EPA M 5 Insulin clamp Hyperaminoacidemia-hyperinsulinemia induced MPS 1 after supplementation and
Smith, et al. [76] 8 weeks 71+1 -
1.5 g/d DHA F 3 Amino Acid clamp 1 p-mTORSer2448 p-p70S6k1Thr389.
Rodacki, et al. 0.4g/d EPA 90 days 64+ 14 F 45 3x/ week Fish Oil supplementation and strength training results in { improvements in peak
[66] 0.3 g/d DHA 150 days  64+1.4 F 45 3x/ week torque and rate of torque development than strength training alone.
EPA and DHA in the blood 1 from week 0 to 2 and <> from 2 to 4 weeks. Levels
McGlory, et al. 3.5g/EPA
4 weeks 21.3%3 M 10 - - of EPA and DHA in skeletal muscle are 1 from 0 to 2 weeks and further 1 2 to 4
[10] 0.9 g/d DHA
weeks.
1.86 g/d EPA M 10 -
Smith, et al. [64] 26 weeks  68+5 - 1 thigh muscle volume, 1 hand grip strength and 11RM
1.5 g/day DHA F 19
3.5 g/day EPA «— MPS following an acute bout of REX and protein ingestion
McGlory, et al.
(1] 0.9 g/day DHA 8 weeks 240 M 9 Acute bout 30 g Whey | p70S6K1 and Akt anabolic kinases following REX and protein ingestion.
11
0.1 g/day DPA
Da Boit, et al. 2.1g/day EPA 706 + 45 M 27 1 Maximal isometric torque and 1 muscle quality in women after exercise training
[107] 0.6 g/day DHA 18 weeks 707+33 F 23 2x/ week ) in n—3 PUFA group than in the placebo group, with no such differences in men
0.675 g/day EPA 27£5 M/F 12 Myofibrillar MPS 1 in both young and old after exercise and supplementation
Lalia, etal. [169] 16 weeks Acute bout -
0.3 g/day DHA 76+5 M/F 12 whereas mitoMPS and sarcoMPS 1 in the older participants

Abbreviations: Eicosapentaenoic acid (EPA), Docosahexanenoic acid (DHA), Docosapentanoeic acid (DPA), Resistance exercise (REX), Muscle protein synthesis (MPS) Muscle protein

breakdown (MPB), 1 Repetition Max (1RM), Male (M), Female (F). 1/| indicates the trend.
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Limitations and Differences Between In Vitro Cell Culture and In Vivo
Human Studies

It is evident that EPA and DHA elicit differential effects during various stages of
myogenesis (Table 2.1) but also in fully differentiated myotubes (Table 2.2). The differences
identified could be due to structural characteristics of the two fatty acids as well as their ability to
produce different metabolite species [170, 171]. It is important to highlight that the effects of n-3
PUFA in-vitro are dose and time dependent and an accurate balance between those parameters is
required to significantly augment in-vitro proliferation, differentiation and post-differentiation
events. Inconsistency in these parameters may also account for significant differences in results
between published reports. For example, very high concentrations (200-600 uM) of EPA added to
mice C2C12 myoblasts during proliferation for up to 10 days induce transdifferentiation to
adipocytes [165]. In contrast, EPA has no effect on proliferation rate of C2C12 cells at
concentration of 0.1-10 uM when treated for 48 h, while DHA proliferative stimulation starts at
10 uM [164]. Exposure to EPA and DHA at higher concentrations (20-100 uM) for 24 h attenuates
the cell growth rate by preventing the transition of C2C12 cells from G1 to S phase of the cell

cycle with DHA having a more pronounced effect [157].

Additionally, myotubes can be more resilient than myoblasts as concentrations of EPA and
DHA ranging from 400-600 uM in myotubes do not cause protein degradation [98, 101] (Table
2.2). While 50 uM of both EPA and DHA promote myogenic responses during differentiation in
C2C12 cells (Table 2.1), other cell lines such as L6 rat cells are sensitive to 20 uM of EPA and
DHA. Furthermore, while studying in-vitro myogenesis provides mechanistic insight into the

processes underlying muscle development and regeneration, it more closely resembles embryonic
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muscle development and does not necessarily recapitulate what occurs during myogenesis in adult
muscle following injury or exercise. Nevertheless in vivo human studies investigating the effects

on n-3 PUFAs on satellite cell activation are warranted to compliment the in-vitro data.

One of the major discrepancies in human studies investigating the effects of n-3 PUFASs
alone or combined with exercise and/or protein ingestion is the n-3 PUFA dosage and
supplementation duration (Table 2.3). This discrepancy makes it difficult to elucidate the optimal
supplementation duration and dosage required to effect on intracellular signalling and muscle
anabolism responses. These dose discrepancies may arise due to regional differences in the
availability of certain n-3 PUFA supplements whereas discrepancies in the duration of the
supplementation may due to the research question being asked (i.e. acute MPS responses Vs

chronic changes in lean mass).

Future Directions

With respect to muscle fibre hypertrophy, studies concluding that satellite cells are
necessary for muscle fibre hypertrophy utilise young or developing mice [172, 173] (<4 months
of age). However, in models of fully grown/developed mice (>4 months of age), short-term
hypertrophy occurs in the absence of satellite cells [52, 56, 174]. While satellite cells play an
integral role in regulating the extracellular matrix during remodelling [58, 62, 63], it is yet to be
determined whether excessive extracellular matrix (ECM) accumulation or a "myonuclear domain
ceiling” limits prolonged hypertrophy in the absence of satellite cells. As such, it is likely that
satellite cells are necessary for muscle fibre hypertrophy beyond a certain threshold. With regards
to n-3 PUFAs, 6 months of supplementation in older individuals has been shown to increase gene

expression of various pathways involved in growth and structural support (ECM organisation)
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[175]. These small n-3 PUFA-induced transcriptional changes in pathways related to growth and
ECM organization could modulate satellite cell function given the reciprocal relationship between
fibroblasts and satellite cells [63]. Thus, n-3 PUFAs may possess the capacity to alter satellite cell

activity directly by altering proliferation and differentiation or indirectly via changes to the ECM.

The in vitro effects of DPA on myogenesis remain largely understudied. This represents
an area for future investigations as DPA is a biologically active n-3 PUFA with similar properties
to DHA and EPA and can also be readily converted to EPA [69, 176, 177]. Thus, further research
is required to elucidate whether DPA can also induce myogenesis in a dose dependent manner by
regulating the same molecular targets as EPA and DHA. Exploring the effects of n-3 PUFAs on
human satellite cell myogenesis in vitro as well as ex vivo would provide new insight into the
effects timing and dose elicit during the muscle repair process. Understanding precisely how n-3
PUFAs are able to alter anabolic signalling following hypertrophic stimuli such as protein
ingestion and resistance exercise could see novel n-3 PUFA supplementation strategies developed

to maximises these responses increasing or at the very least maintaining skeletal muscle mass.

Summary and Conclusion

The mechanisms by which n-3 PUFAs exert their multiple beneficial effects centre largely
on their increased incorporation into cellular membranes which induce changes to various
phospholipid species used as substrates for various signalling cascades. n-3 PUFAs are also
capable of reducing systemic inflammation by inhibiting the release of pro-inflammatory cytokines
from immune cells [178-180] and improving the signalling efficiency of proteins involved in

growth and hypertrophy [11, 101, 108]. However, several questions remain unanswered regarding
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n-3 PUFA supplementation and human skeletal muscle metabolism. Firstly, the optimal dosage
and duration required to elicit beneficial responses in skeletal muscle remains unclear. As it stands,
supplementation dosages ranging from 2-5 g/day for a minimum of 4 wks results in improvements
in anabolic signalling efficiency and muscle strength outcomes (Table 2.3). In older individuals
sex differences in muscle quality have been observed following n-3 PUFA supplementation [107].
The mechanistic basis for these differences remains to be determined. Other sexual dimorphisms
may also exist following n-3 PUFA supplementation such as changes to anabolic signalling

activity and rates of MPS, though no study to date has been able to detect these changes.

Secondly, it is also possible that doses within ranges of 2-5 g/day may affect satellite cell
activity particularly after exercise, although experimental evidence is required to confirm this
hypothesis. The anti-lipotoxic and anti-cytotoxic properties of EPA and DHA during in vitro
myogenesis have been established with 50 uM being an effective concentration to induce
protective effects. Whether EPA, DHA and DPA similarly or differentially modulate the activity

and expression of myogenic regulatory factors at 50 puM during myogenesis remains unclear.

Lastly, the capacity for n-3 PUFASs to activate satellite cells in human skeletal muscle also
remains to be determined. Such information may possess important health and clinical implications
by providing further support for n-3 PUFA supplementation to augment the growth, development
and regenerative capabilities of skeletal muscle. Establishing how EPA, DHA and DPA modulate
myogenesis and alters intracellular anabolic signalling would provide a greater understanding as
to how n-3 PUFA supplementation can be used as an effective nutritional strategy in conjunction

with exercise to increase and maintain muscle mass in “at-risk” populations.
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Chapter 3 : Preface to Original Research Article

One of the major themes of the literature review chapter was the potential for n-3 PUFAs
to support skeletal muscle growth and regeneration. In adults skeletal muscle growth and repair
are facilitated by specialised cells called satellite cells. Following activation, these cells help repair
muscle by proliferating, differentiating and fusing to existing muscle fibres [181]. Muscle cell
growth and repair can be modelled in vitro by investigating surrogate markers of myoblast
viability, proliferation and differentiation to myotubes after exposure to cellular insults, nutritional

supplements and/or growth factors [182].

FFA serve important physiological roles as a critical source of energy during periods of
starvation or prolonged exercise [183, 184]. As precursors to secondary messenger molecules,
FFA can also affect cellular signalling thereby altering the expression of metabolic regulatory
genes and enzymatic activities of metabolic biochemical reactions [185, 186]. PAL is one of the
most abundant FFA in human plasma representing ~25% of the total circulating FFA pool [187].
Although elevations in FFA concentrations are of physiological importance to help meet energy
requirements (e.g. during fasting and prolonged exercise), sustained elevations in FFA can
contribute to and exacerbate obesity and associated metabolic diseases such as insulin resistance
and type 2 diabetes [188]. Elevated FFA can also impair skeletal muscle function by disrupting
intracellular signalling pathways required for protein synthesis [23, 189]. Consequently, cellular
PAL exposure is commonly used in vitro to recapitulate the increased circulating FFA observed
in individuals with obesity and metabolic diseases.
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In contrast, unsaturated FFA such as the n-3 PUFAs EPA and DHA have been shown to
induce beneficial effects on skeletal muscle by stimulating muscle protein synthesis [148] and
preventing the lipotoxic effects of PAL that contribute to muscle atrophy [125]. In the current
literature there is a paucity of studies examining the protective effects of n-3 PUFAs on skeletal
muscle cells against PAL-induced impairments in cell viability and myogenesis. While two studies
to date have investigated the protective effects of n-3 PUFAs against PAL exposure in myotubes
[25, 125], no study to date has systematically compared the protective effects of the three n-3

PUFAs EPA, DPA and DHA in both undifferentiated myoblasts and differentiated myotubes.

An in vitro mouse C2C12 skeletal muscle cell model was employed (Figure 3.1), to
compare the protective effects and underlying mechanisms by which n-3 PUFAs protect against
PAL-induced cell death and subsequently influence the differentiation process. An understanding
of how marine derived n-3 PUFAs can potentially protect against PAL-induced cell death in
myoblasts and thereby prevent defects in myotube differentiation may facilitate novel
supplementation strategies to help maintain skeletal muscle mass and function in settings of

elevated circulating FFA such as obesity, metabolic disease and ageing.
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Figure 3.1. Schematic overview of study design in mouse C2C12 myoblasts (16 h, top panel)
and myotubes (120 h, bottom panel) investigating the protective effects of EPA, DPA and
DHA against the lipotoxic effects of palmitate.
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Chapter 4 : Omega-3 Polyunsaturated Fatty
Acids Mitigate Palmitate-Induced Impairments in
Skeletal Muscle Cell Viability and Differentiation

This chapter has been adapted from the following peer-reviewed and published original research
article:

1. Tachtsis B, Whitfield J, Hawley JA and Hoffman NJ (2020) Omega-3 Polyunsaturated
Fatty Acids Mitigate Palmitate-Induced Impairments in Skeletal Muscle Cell Viability
and Differentiation. Front. Physiol. 11:563. doi: 10.3389/fphys.2020.00563
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Title:
Omega-3 Polyunsaturated Fatty Acids Mitigate Palmitate-Induced

Impairments in Skeletal Muscle Cell Viability and Differentiation

Abstract

Accumulation of excess saturated free fatty acids such as palmitate (PAL) in skeletal
muscle leads to reductions in mitochondrial integrity, cell viability and differentiation. Omega-3
polyunsaturated fatty acids (n-3 PUFAS) such as eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) counteract PAL-induced lipid accumulation. EPA and DHA, as well
as the n-3 PUFA docosapentaenoic acid (DPA), may therefore mitigate PAL-induced lipotoxicity
to promote skeletal muscle cell survival and differentiation. C2C12 myoblasts were treated with
50 uM EPA, DPA or DHA in the absence or presence of 500 uM PAL for 16 h either prior to
myoblast analysis or induction of differentiation. Myoblast viability and markers of apoptosis, ER
stress and myotube differentiation capacity were investigated using fluorescence microscopy and
immunoblotting. High-resolution respirometry was used to assess mitochondrial function and
membrane integrity. PAL induced cell death via apoptosis and increased protein content of ER
stress markers Binding immunoglobulin protein (BiP) and CCAAT-enhancer-binding protein
homologous protein (CHOP). EPA, DPA and DHA co-treatment maintained cell viability,
prevented PAL-induced apoptosis and attenuated PAL-induced increases in BiP, whereas only
DPA prevented increases in CHOP. PAL subsequently reduced protein content of the
differentiation marker myogenin and inhibited myotube formation, and all n-3 PUFAs promoted
myotube formation in the presence of PAL. Furthermore, DPA prevented PAL-induced release of
cytochrome ¢ and maintained mitochondrial integrity. These findings demonstrate the n-3 PUFAS

EPA, DPA and DHA elicit similar protective effects against PAL-induced impairments in muscle
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cell viability and differentiation. Mechanistically, the protective effects of DPA against PAL
lipotoxicity can be attributed in part to its ability to maintain mitochondrial respiratory capacity

via mitigating PAL-induced loss of mitochondrial membrane integrity.

Introduction

Excess cellular accumulation of lipids such as PAL negatively impacts skeletal muscle cell
viability. PAL is a dietary saturated fatty acid abundant in Western diets that is used to
experimentally assess the lipotoxic effects of elevated saturated fatty acids in tissues such as
skeletal muscle [190]. PAL exposure in vitro negatively impacts skeletal muscle cell metabolism
by impairing insulin sensitivity [191], suppressing protein synthesis [23] and upregulating
proteolytic machinery [167]. Furthermore, PAL has been shown to induce endoplasmic reticulum
(ER) stress, which consequently activates the unfolded protein response (UPR), a series of
coordinated signalling networks that collectively stimulate adaptive responses to re-establish
cellular homeostasis [192]. In the event the UPR is unable to restore protein homeostasis in
response to a cellular insult such as PAL, programmed cell death can be induced via apoptosis

[193].

In contrast to saturated fatty acids such as PAL, omega-3 polyunsaturated fatty acids (n-3
PUFASs) possess anti-inflammatory properties and can enhance skeletal muscle protein synthetic
responses and metabolism by altering cellular membrane lipid composition [109, 194-197].
Furthermore, the n-3 PUFA docosahexaenoic acid (DHA) has been shown to ameliorate lipotoxic
effects of PAL in skeletal muscle cell models by restoring insulin sensitivity [125] and preventing
activation of the UPR in differentiated skeletal muscle myotubes [167]. In contrast to DHA,

eicosapentaenoic acid (EPA) is the only n-3 PUFA shown to protect against the deleterious effects
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of inflammation [198] and PAL exposure [161] by partially restoring the regenerative capacity of
skeletal muscle. EPA and DHA are commonly found in fish oil supplements and have been
demonstrated to improve markers of myogenic differentiation (i.e. myosin 4 expression and

myotube fusion index) [108].

Docosapentaenoic acid (DPA) is a less-studied n-3 PUFA, but possesses similar bioactive
properties to EPA and DHA [22, 199]. Cell based studies have shown that DPA is an intermediate
n-3 PUFA and can be readily converted to EPA [200-202], while conversion to DHA is limited
[22]. However, it remains to be determined whether DPA can also protect skeletal muscle against
cellular insults such as PAL in a similar manner to these other n-3 PUFASs. Moreover, previous
studies examining the effects of n-3 PUFASs in skeletal muscle cell models in vitro have utilised
fully differentiated myotubes [9, 148], while little emphasis has been placed on comparing their
effects in proliferating myoblasts and during the induction of myotube differentiation.
Investigating the cellular events preceding myotube formation is important as myoblasts are the
primary drivers of skeletal muscle embryonic development and skeletal muscle repair in adults

[203, 204].

Accordingly, the primary aim of this study was to compare the efficacy of the n-3 PUFAs
EPA, DPA and DHA in mitigating PAL-induced lipotoxicity in skeletal muscle cells. The
secondary aims were to determine if n-3 PUFAs attenuate PAL-induced lipotoxic cellular
mechanisms including ER stress induction and loss of mitochondrial integrity, as well as

subsequent defects in myotube differentiation. It was hypothesised that EPA, DPA and DHA
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would elicit similar protective effects against PAL-induced lipotoxicity and attenuate PAL-

induced impairments in myotube formation to a similar extent.

Materials and Methods

C2C12 cell culture

Mouse C2C12 myoblasts (Lonza, Basel, Switzerland) were cultured in DMEM containing 4.5 g/L
glucose and L-glutamine (Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal
bovine serum (Life Technologies, Carlsbad, CA, USA) and 0.5% penicillin/streptomycin (Life
Technologies, Carlsbad, CA, USA) in T75 cmz flasks at 37°C in a humidified 5% CO2 incubator.
At 70% confluency, myoblasts (passage numbers 7-14) were washed with 1x PBS and trypsinised
using 0.25% trypsin solution (Life Technologies, Carlsbad, CA, USA). Dissociated cells were
washed with 1x PBS solution (Life Technologies, Carlsbad, CA, USA), centrifuged (Heraeus
Sepatech Megafuge 1.0R centrifuge, BS4402/A rotor #3360) at 3000 g for 3 min and re-seeded at
a density of 3.0x10s mL onto 6 or 96 well plates for immunoblotting and fluorescence microscopy
analysis. Each biological replicate experiment was performed with cells cultured and harvested
independently, and where applicable technical replicates were also included within each biological

replicate (as described in each analysis below).

Preparation of fatty acid treatments

DHA (cis-4, 7, 13, 16, 19-docosahexaenoic acid), EPA (cis-5, 8, 11, 14, 17-eicosapentaenoic acid)
and PAL were obtained from Sigma-Aldrich (St. Louis, MO, USA). DPA (cis-7, 10, 13, 16, 19-
Docosapentaenoic acid) was purchased from Nu-Chek Prep Inc (Elysian, MN, USA). Stock

solutions of n-3 PUFAs and PAL were prepared by dissolving each fatty acid in 100% (v/v)
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ethanol. Working solutions of n-3 PUFAs and PAL were made by diluting each stock solution in
pre-warmed DMEM containing 2% (w/v) fatty acid free BSA (Sigma-Aldrich, St. Louis, MO,
USA) to achieve a final concentration of 50 uM for each n-3 PUFA [25, 205] and 500 uM for PAL
[23]. PAL stock solutions were sonicated at 50°C for 10 min to ensure PAL was completely
solubilised. For cell treatments, working solutions were prepared fresh on the day of each
experiment. All fatty acids were incubated at 37°C for approximately 30 min before being applied
to cells. A final concentration of ethanol (< 0.01%) was used as a vehicle control and was identical
between each treatment. Control treatment groups also contained 2% (w/v) fatty acid free BSA.
The number of cells initially plated for each experiment and treatment condition was equal. At an
equal level of 70% confluency between each treatment condition, cells were incubated with either
vehicle, EPA, DHA, DPA and/or co-treated with PAL for 16 h. For assessment of differentiation
capacity following this single overnight 16 h n-3 PUFA and/or PAL treatment(s), the following
morning media was switched to DMEM containing 2% horse serum (Life Technologies, Carlsbad,
CA, USA) to induce myotube differentiation. During the 5-day period of myotube differentiation,

media was replaced every 2 days.

After 16 h treatment with 50 uM EPA, DPA or DHA, media was aspirated and myoblasts were
washed with ice-cold 1xPBS, pH 7.4 twice. 100 pL of trypsin EDTA was added to each well and
incubated at 37 °C for 5 min. Cells from 3 wells were pooled together and 1.5 ml PBS was added
to trypsinised cells. The cells were then transferred to 10 ml glass screw-capped (Teflon-lined)
tubes, and lipids were extracted using a 2:1 chloroform:methanol mixture, as previously described

in Kaur et al., [69] and Portolesi et al., [206]. In brief, after the addition of chloroform:methanol,
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the samples were vortexed for 10 min and centrifuged (Heraeus Sepatech Megafuge 1.0R
centrifuge, BS4402/A rotor #3360) at 1500 g for 10 min to separate the aqueous and organic phase
at room temperature. The organic phase containing the lipid was removed and transferred to a new
glass tube and evaporated under a stream of nitrogen. Fatty acids were derivatised with 2% H2SO4
in 100% methanol for 3 h at 80 °C to form the fatty acid methyl esters (FAME). The purified
FAMEs were separated by capillary gas liquid chromatography (GLC) using a 50 m 0.32 mm
(1.D.) fused silica bonded phase column (BPX70, SGE, Melbourne, Australia). Fatty acids were
identified by comparison with standard mixtures of FAME as detailed by Kaur et al., [69] and
results were calculated using response factors derived from FAME standards of known

composition (Nu-Chek Prep, Inc., Elysian, MN, USA) and normalised to cell number.

L viabili s

Following n-3 PUFA and/or PAL treatment(s), myoblasts were trypsinised (described above) and
equal volumes of cell suspension and 0.4% trypan blue (Life Technologies, Carlsbad, CA, USA)
were combined. To assess the number of remaining viable cells in each condition, 10 pL of this
combined solution was loaded into an automated cell counting system (Countess Il FL; Life
Technologies, Carlsbad, CA, USA). DAPI staining (1:20,000, Life Technologies, Carlsbad, CA,
USA) was also used to assess cell viability following n-3 PUFA and/or PAL treatment(s), as
morphological changes to nuclei following PAL treatment are typically observed during the late
stages of cell death [207]. Nuclei were defined as DAPI positive areas ranging from 10-1000 uma.
By defining these size criteria, small nuclear fragments along with large nuclei clusters were
manually excluded. The nuclear morphology parameters analysed include area (umz), perimeter

(um), and brightness (relative fluorescence units/nuclei). A total of 10 fields were randomly
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selected from each treatment condition, and images were collected at 20x magnification. For all
treatment conditions, parameters such as brightness and contrast were kept consistent during the
acquisition and analysis of all images. Analysis was performed by converting images to 16-bit

greyscale images and applying the threshold function within ImageJ software.

TUNEL assay apoptosis analysis

To assess apoptosis following n-3 PUFA and/or PAL treatment(s), TUNEL assay was
performed using an In Situ Direct DNA Fragmentation (TUNEL) Assay Kit (Abcam, Cambridge,
UK, ab66108) according to the manufacturer's instructions. Briefly, cell smears after
paraformaldehyde fixation, blocking and permeabilisation were incubated with TUNEL reaction
mixture for 1 h at 37 °C protected from light and counterstained with RNase/PI solution for 30
minutes. Cells were imaged using the EVOS FL Auto 2 Cell Imaging System at 20x magnification.
A total of ten fields were randomly selected for imaging, and for each treatment condition TUNEL
positive cells relative to total cells in these fields were counted (Life Technologies, Carlsbad, CA,
USA). The same microscope settings (i.e. brightness and contrast) were used for imaging all
treatment conditions. For all treatment conditions, parameters such as brightness and contrast were
kept consistent during the acquisition and analysis of all images. Analysis was performed by
converting images to 16-bit greyscale images and applying the threshold function within ImageJ

software.

q Ivsis of be differentiati

To assess myotube formation at 5 days following 16 h overnight n-3 PUFA and/or PAL

treatment(s) and induction of differentiation the following morning, cells were washed twice with
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ice-cold 1x PBS, fixed with 100% ethanol and permeabilised with 0.1% Triton X-100. Cells were
blocked overnight with 2% BSA solution and incubated with desmin primary antibody (D33,
MAJ5-13259, Life Technologies, Carlsbad, CA, USA) overnight at 4°C. Cells were then incubated
for 2 h at room temperature in Alexa Fluor 488 secondary antibody (1:200, Life Technologies,
Life Technologies, Carlsbad, CA, USA) protected from light. Nuclei were counterstained with
DAPI. Images were captured using EVOS FL Auto 2 Cell Imaging System (Life Technologies,
Carlsbad, CA, USA) at 10x magnification. A total of five fields were randomly selected from each
treatment condition. The same microscope settings (i.e. brightness and contrast) were used for
imaging all treatment conditions. Immunofluorescence analysis was performed using ImageJ
software. For all treatment conditions, parameters such as brightness and contrast were kept
consistent during the acquisition and analysis of all images. Analysis was performed using the

manual cell counter function within ImageJ.

Immunoblotting

Following n-3 PUFA and/or PAL treatment(s) myoblasts and myotubes were rinsed twice
with ice-cold 1x PBS and scraped in the presence of lysis buffer containing 50 mM Tris HCI, 1
mM EDTA, 1 mM EGTA, 10% glycerol, 1% Triton X-100, 50 mM NaF, 5 mM sodium
pyrophosphate, 1 mM DTT, 10 pg-mL-1 trypsin inhibitor, 2 pg-mL-1 aprotinin, 1 mM benzamidine,
and 1 mM PMSF (Sigma-Aldrich, St. Louis, MO, USA). Lysates were passed through a 22-gauge
needle ten times for homogenisation and centrifuged (Eppendorf 5424 R centrifuge, F45-24-11
rotor) at 15,871 g for 15 min at 4°C to remove cellular debris. The resulting supernatant was
analysed for total protein concentration using a BCA protein assay (Pierce, Rockford, IL, USA).

Lysates were re-suspended in Laemmli sample buffer at 0.33 pg-puL-1. Proteins were separated by
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SDS-PAGE using 4-20% Stain-Free Precast gels (Bio-Rad, Hercules, CA, USA) and transferred
to polyvinylidene fluoride membranes, blocked with 5% non-fat milk, washed with 10 mM
Tris-HCI, 100 mM NacCl, and 0.02% Tween 20 (Sigma-Aldrich, St. Louis, MO, USA) and
incubated overnight at 4°C with primary antibody as specified by the respective supplier (1:1000,
unless stated otherwise) including BiP (Cell Signaling Technology, Danvers, MA, USA, #3177,
clone number C50B12), CHOP (Cell Signaling Technology, Danvers, MA, USA #5554, clone
number D46F1), phospho-elF2a Ser51 (Cell Signaling Technology, Danvers, MA, USA #9721),
total e[F2a (Cell Signaling Technology, Danvers, MA, USA #9722), myosin heavy chain (Thermo
Fisher, Waltham, MA, USA, PA5-31466), and myogenin [F5D] (Abcam, Cambridge, UK,
ab1835). Membranes were then incubated with secondary antibody (anti-rabbit, HRP-linked, Cell
Signaling Technology, Danvers, MA, USA 1:2000). All gels were equally loaded with 10 pg
protein in each well. An identical pooled sample of cell lysate was run on every gel for each target
analysed to normalise band intensity between gels, and all proteins were normalised to the total
protein loaded in each lane using stain-free imaging technology (Bio-Rad, Hercules, CA, USA) as

performed previously [8, 208].

itochondrial respirati

C2C12 myoblasts were incubated with 2% BSA (control), DPA or co-treated with PAL
and DPA for 16 h. High-resolution respirometry experiments were performed in MiRO5 respiration
medium (0.5 mM EGTA, 3 mM MgCI2, 60 mM K-lactobionic acid, 20 mM taurine, 10 mM
KH2PO4, 20 mM HEPES, 100 mM D-Sucrose and 1 g/L BSA, pH 7.1) at 37°C using an Oxygraph-
2k FluoRespirometer (Series G) and DatLab Version 7.3 (Oroboros Instruments, Innsbruck,

Austria). For all experiments, each chamber was loaded with 500 pL respiration medium
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containing 1x10s Vviable cells (determined using a hemocytometer), which were permeabilised by
the addition of 4.1 uM digitonin. Respiration was initiated with 10 mM pyruvate and 5 mM malate,
followed by 5 mM ADP. Glutamate (10 mM) and succinate (10 mM) were added to determine
maximal rates of respiration. Mitochondrial membrane integrity was tested through the addition
of cytochrome ¢ (10 uM), with <15% increase in respiration indicating preservation of outer
mitochondrial membrane integrity [209, 210]. Finally, maximal electron transfer was stimulated
through the titration of CCCP (sequential 0.5 uM additions). All experiments were performed in
duplicate from cells of the same passage (technical replicates), with respiration rates averaged from
both chambers of one Oxygraph-2K instrument. All treatments (with and without palmitate) and
conditions (control and DPA) were performed on the same day. Cells were grown and harvested
independently to generate a total sample size of n=4 biological replicates. Each biological replicate
experiment consisted of two technical replicate measurements using separate chambers. For all

experiments, rates of oxygen consumption (JO2) were normalised to chamber volume (2 mL).

ictical Analysi

Statistical analysis was conducted using Sigma Plot (Version 12.5). Data were analysed by
a one-way or two-way analysis of variance (ANOVA). Where significant main effects were
detected, Bonferroni post hoc analysis (condition x treatment) were used to determine differences
within each group. All data are presented as mean + SEM with p-values < 0.05 considered
statistically significant. All results are representative of a minimum of three biological replicate

experiments from independently cultured and harvested cells.

Results
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EPA, DPA and DHA protect against PAL-induced cell death

Myoblasts were treated for 16 h with PAL (0-1000 uM dose response) to identify the
concentration(s) at which PAL-induced lipotoxicity occurs. The lowest concentration tested at
which significant reductions in cell viability occurred was 500 uM (~48% reduction compared to
CON p < 0.05), and this concentration was selected for use in all subsequent experiments (Figure
4.1 A). There was no difference in viability observed between individual n-3 PUFAs alone relative
to untreated control (CON) cells, while treatment of CON cells with PAL (CON-PAL) induced a
~60% reduction in viability (p < 0.05) (Figure 4.1 B). When myoblasts were co-treated with EPA
or DHA in the presence of PAL, cell viability was significantly increased relative to CON-PAL
(~55% and ~50% respectively, p < 0.05), although cell viability remained ~10% and ~20% lower
than CON cells, respectively (p < 0.05). In contrast, co-treatment with DPA prevented PAL-
induced decreases in cell viability, as DPA-PAL cell viability was not significantly different from

CON or DPA cells alone.
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Figure 4.1. EPA, DPA and DHA protect against PAL-induced reductions in cell viability.

Trypan blue exclusion test dose response experiment in myoblasts following 16 h of palmitate
(PAL) treatment to assess cell viability (A). Trypan blue exclusion test of cell viability following
treatment with 500 uM PAL and/or 50 uM EPA, DPA or DHA (B). Representative images of
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nuclear DAPI staining following treatments (C). Average number of nucleiffield (D),
brightness/nuclei (E), nuclear area (F) and nuclear perimeter (um) (G). Treatments that do not
share letters are considered statistically significant (p <0.05; myoblasts were cultured and
harvested independently to generate a total sample size of 3-4 biological replicates). Scale bar
represents 125 pm. Values are presented as mean + SEM.

Nuclear staining with DAPI confirmed treatment with PAL induced cell death, as
evidenced by reductions in the number of nuclei per field (~50%, p < 0.05; Figure 4.1 D), nuclear
area (~35%, p < 0.05; Figure 4.1 F) and perimeter (~20%, p < 0.05; Figure 4.1 G) versus CON.
An increase in nuclear brightness (~70% relative to CON, p < 0.05) was detected following PAL
exposure, as demonstrated to be indicative of cell death [207] (Figure 4.1 E). However, there were
no detectable changes between any of the PUFA treatments alone or PAL-PUFA co-treatments
relative to CON in terms of nuclei number or brightness (Figure 4.1 D-E). Both EPA and DHA
attenuated PAL-induced decreases in nuclei area (p < 0.05; Figure 4.1 F) and perimeter (p < 0.05;
Figure 4.1 G) relative to CON-PAL, although these indices were still decreased relative to CON
and PUFA alone. In contrast, DPA co-treatment completely protected against PAL-induced

reductions in cell area and perimeter, as there were no differences detected in these measures

between DPA-PAL compared to CON or DPA alone (Figure 4.1 F-G).

TUNEL assay staining of DNA fragmentation characteristic of the late phases of apoptosis
confirmed that PAL treatment increased apoptosis (~60-fold increase in the percentage of TUNEL-
positive cells relative to CON, p < 0.05). PAL-induced apoptotic cell death was reduced in the
presence of EPA, DPA and DHA by ~60-fold, ~51-fold and ~54-fold relative to CON-PAL,
respectively), with no detectable differences observed between PUFA treatments alone or PAL-

PUFA co-treatments relative to CON (Figure 4.2 A-B).
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Figure 4.2. EPA, DPA and DHA attenuate PAL-induced increases in DNA fragmentation

characteristic of apoptosis.

Representative images of myoblast TUNEL staining 16 h following treatment with 500 uM PAL
and/or 50 uM EPA, DPA or DHA (A). Percentage of TUNEL positive cells relative to total number
of cells in the field (B). Treatments that do not share letters are considered statistically significant
(p <0.05; myoblasts were cultured and harvested independently to generate a total sample size of
3 biological replicates). Scale bar represents 125 um. Values are presented as mean + SEM.
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EPA, DPA and DHA attenuate PAL-induced increases in the ER stress marker BiP, but only
DPA prevents PAL-induced increases in CHOP.

As ER is involved in PAL-induced reductions in cell viability and potential mitigation by
n-3 PUFAs [23, 211], markers of ER stress signalling were analysed in myoblasts to determine
whether EPA, DHA and DPA also potentially attenuated ER stress induction responses to PAL.
Relative to CON, increases in BiP (~8.4 fold, p < 0.05; Figure 4.3 A-B) and CHOP (~3.6 fold, p
<0.05; Figure 4.3 A and 4.3 C) protein content were observed with PAL treatment. Co-treatment
with EPA, DPA or DHA attenuated PAL-induced increases in BiP by ~70%, ~80% and ~50%,
respectively, compared to PAL (p < 0.05). However, only DPA prevented the PAL-induced

increase in BiP protein content (Figure 4.3 B).

PAL-induced increases in CHOP protein content were still observed with EPA and DHA
co-treatments (~64% and ~3.2 fold, respectively (p < 0.05), compared to the respective n-3 PUFA
treatment alone). In contrast, CHOP protein content in DPA treated myoblasts remained at similar
levels to CON following PAL co-treatment (Figure 4.3 C). There was a tendency for DPA to
prevent the PAL-induced increase in CHOP expression (~66% reduction compared to PAL, p =
0.06; Figure 4.3 C). No changes in the ER stress marker elF2a Ser51 phosphorylation or total
protein content were detected between any of the PAL and/or n-3 PUFA treatments (Figure 4.4

A-D).
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Figure 4.3. EPA, DPA and DHA attenuate PAL-induced increases in the ER stress markers

BiP and CHOP.

Representative images of ER stress proteins BiP and CHOP following 16 h treatment with 500 uM
PAL and/or 50 uM EPA, DPA or DHA (A) and representative image of a stain free blot used for
normalisation with molecular weight markers indicated. Quantified protein content of BiP (B) and
CHOP (C). In the absence of PAL, little to no CHOP protein was detectable. All densitometry
values are expressed relative to protein content determined by stain free imaging and presented in
arbitrary units relative to CON. Treatments that do not share letters are considered statistically
significant (p <0.05; myoblasts were cultured and harvested independently to generate a total
sample size of five biological replicates). Values are presented as mean + SEM.
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Figure 4.4. Total protein content and phosphorylation status of elF2a is unchanged following

PAL and/or n-3 PUFA treatment.

Representative images of total and phosphorylated elF2a following 16h treatment with 500 uM
PAL and/or 50 uM EPA, DPA or DHA, with a representative image of a stain free blot used for
normalisation (A). Quantified phosphorylation of eIF2a (sers1) (B) and total protein content of e[F2a
(C). Levels of phosphorylation expressed relative to total protein content of elF2a (D). All
densitometry values are expressed relative to protein content determined by stain free imaging and
presented in arbitrary units relative to CON. Myoblasts were cultured and harvested independently
to generate a total sample size of six biological replicates. Values are presented as mean + SEM.

EPA, DPA and DHA ameliorate the deleterious effects of PAL on myoblast differentiation.

To investigate the effects of n-3 PUFAs on the subsequent induction of muscle cell
differentiation, myoblasts were differentiated for 5 days following exposure to the single treatment
of PAL and/or each n-3 PUFA (EPA, DPA or DHA) and myogenic markers were assessed. Protein
content of the myogenic marker myogenin was reduced following PAL treatment (~90% reduction
compared to CON, p < 0.05; Figure 4.5 A-B). In contrast, EPA, DPA and DHA each protected
against the deleterious effects of PAL on differentiation, as indicated by increased myogenin
protein content (~50%, ~110%, and ~46%, respectively, p < 0.05 compared to CON-PAL,; Figure

55



4.5 B). Consistent with these findings and the observed reductions in myoblast viability, PAL
prevented the subsequent formation of myotubes (Figure 4.5 C-E). However, myoblasts treated
with EPA, DPA and DHA effectively differentiated to myotubes following PAL co-treatment, with
no changes observed in the average number of myotubes per field or myotube fusion index

between each n-3 PUFA treatment either in the absence or presence of PAL (Figure 4.5 C-E).
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Figure 4.5. EPA, DPA and DHA protect against the inhibitory effects of PAL on myotube

differentiation.

Protein expression of the myogenic protein myogenin 120 h following treatment with 500 puM

PAL and/or 50 uM EPA, DPA or DHA, with a representative image of a stain free blot used for

normalisation with molecular weight markers indicated (A). Quantified protein expression of the

myogenic protein myogenin (B). All densitometry values are expressed relative to protein content
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determined by stain free imaging and presented in arbitrary units relative to CON. Treatments that
do not share letters are considered statistically significant (p <0.05; n=6 biological replicates).
Average number of myotubes/field (C) and fusion index (number of nuclei in tubes relative to the
the total number of nuclei expressed as a percentage) (D). Representative images of each treatment
group at 120 h (n=3 biological replicates) (E). Scale bar represents 275 pum . Values are presented
as mean + SEM.

DPA protects against PAL-induced impairments in mitochondrial membrane integrity without
altering mitochondrial content or maximal mitochondrial respiration

Given the known role of mitochondrial cytochrome c in the induction of cell death via
apoptosis, mitochondrial function and content were evaluated following treatment with PAL
and/or DPA, which provided the most robust attenuation of PAL-induced cell death and ER stress
markers. Non-ADP-stimulated (pyruvate + malate; PM), ADP-stimulated (PMD), maximal
complex | supported respiration (PMDG), maximal coupled (PMDGS) and uncoupled (CCCP)
respiration were unchanged with PAL and/or n-3 PUFA treatment (Figure 4.6 A). However, CON
myoblasts treated with PAL exhibited a significant increase in mitochondrial respiration when
exogenous cytochrome ¢ was added (~60%, p < 0.05), which was not observed when cells were
co-treated with DPA (Figure 4.6 B). This response occurred independently of changes in
mitochondrial content, as there were no detectable differences in protein content of any of the

mitochondrial OXPHOS complexes in myoblasts treated with PAL and/or DPA (Figure 4.7 A-F).
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Figure 4.6. Treatment with DPA and/or PAL does not alter mitochondrial respiration, but

DPA maintains mitochondrial membrane integrity in response to PAL.
In A, JO2 represents mitochondrial O2 flux. Cytochrome c retention test response expressed as
(PMDGS-CytoC/CytoC) x 100 (B). Treatments that do not share letters are considered statistically
significant (p <0.05). Myoblasts were cultured and harvested independently to generate a total
sample size of four biological replicates. Values are presented as mean = SEM.
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Figure 4.7. Treatment with DPA and/or PAL does not alter myoblast mitochondrial content.
Protein content of mitochondrial OXPHOS complexes following 16 h treatment with 500 uM PAL
and/or 50 uM EPA, DPA or DHA and representative images (A-F). All densitometry values are
expressed relative to protein content determined by stain free imaging (A; representative image
shown with molecular weight markers indicated) and presented in arbitrary units relative to CON.
Myoblasts were cultured and harvested independently to generate a total sample size of six
biological replicates. Values are presented as mean + SEM.
EPA, DPA and DHA intracellular concentrations are increased in myoblasts after 16h treatment.
The intracellular concentration of EPA increased by ~17-fold (~1700% relative to CON, p
< 0.05) following EPA treatment (Figure 4.8 A). DPA treatment increased intracellular DPA
concentration of by ~4.2-fold (~427% relative to CON, p < 0.05). DPA treatment also increased
intracellular EPA concentration by 1.8-fold (~180%) relative to CON that was not significantly
different from DPA concentration (p = 0.062), indicating retro-conversion of DPA to EPA (Figure
4.8 B). DHA treatment increased DHA intracellular concentration by ~2.5-fold (256% (relative to

CON, p <0.05; Figure 4.8 C).
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Figure 4.8. Treatment of C2C12 myoblasts with 50 uM EPA, DPA or DHA increases the

intracellular concentrations of each respective n-3 PUFA.
Cellular concentrations of EPA, DPA and DHA following 16h treatment with either ethanol

vehicle control (CON), 50 uM EPA (A), 50 uM DPA (B) or 50 uM DHA (C). Fatty acid analysis
was carried out by fatty acid methyl esters (FAME) analysis and data are presented as absolute
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concentrations relative to cell number. Treatments that do not share letters are considered
statistically significant (p <0.05). Myoblasts were cultured to generate a total sample size of four
technical replicates. VValues are presented as mean £ SEM.

Discussion

This is the first study to compare the protective effects of EPA, DHA, as well as DPA
against the lipotoxic effects of PAL in skeletal muscle cells. We demonstrate that PAL induces
cell death as determined by changes in myoblast viability, nuclei number and nuclei morphology,
in support of previous findings [161, 207]. In addition, we determine that cell death occurs via
apoptosis, as evidenced by increased TUNEL staining of PAL-treated myoblasts. Our results also
indicate that EPA, DPA and DHA protect against these deleterious effects of PAL, thereby
allowing differentiation to occur, despite differences observed in ER stress signalling responses
between each n-3 PUFA. Furthermore, we demonstrate that DPA mitigates PAL-induced
reductions in mitochondrial membrane integrity, which is a potential mechanism underlying the
observed protective effects of n-3 PUFAs. While the results of the present investigation align with
previous data in differentiated myotubes showing that EPA and DHA elicit protection against the
detrimental cellular effects of PAL [124, 125, 167], we show for the first time that DPA may elicit
additional protective effects against PAL lipotoxicity (i.e. cell death and associated ER stress

markers) relative to EPA and DHA.

The mechanisms underlying cell death in response to PAL are complex, multifaceted and
involve multiple cell signalling pathways as demonstrated by Saini and co-workers [161], who
have shown that EPA protects against PAL-induced reductions in myoblast viability by reducing

caspase activity. However, inhibiting caspase activity only partially prevents the cell death
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response, indicating other pathways such as the MAPK and JNK signalling may be involved.
Additional mechanisms that may play a role in PAL-induced cell death include the induction of
ER-stress signalling [212], impaired autophagy processes involved in the removal of damaged
mitochondria [213], as well as sustained impairments in mitochondrial function [27, 214]. Data in
the present study align with the consensus that cellular PAL exposure results in lipotoxicity, and
further demonstrates that n-3 PUFA treatments can ameliorate these deleterious effects thereby

preventing cell death.

The present study also interrogated further mechanisms involving mitochondrial
membrane integrity and cytochrome c release by which n-3 PUFAs may elicit protection against
the lipotoxic effects of PAL leading to the observed reductions in myoblast viability, as
investigated using complementary microscopy techniques to assess nuclear brightness and DNA
fragmentation characteristic of apoptosis. Microscopy-based nuclei analysis confirmed that the
PAL-induced reductions in nuclei per area occurred due to cell death and were not due to
impairments in proliferation, as the number of cells initially plated was consistent between each
experimental condition prior to analysis at ~70% confluency. TUNEL stain binds to 3'-hydroxyl
termini of DNA double strand breaks, a hallmark of the late stages of apoptosis. Unlike the
microscopy-based analyses of nuclear area and perimeter, TUNEL analysis did not detect any
changes in the percentage of apoptotic cells between individual n-3 PUFA and PAL co-treated
cells. A limitation of the present study is that TUNEL staining was only analysed at one time point.
It is therefore difficult to ascertain precisely when apoptotic programmed cell death is occurring

following PAL exposure. Nevertheless, the 16 h time point was selected as other investigations in
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both muscle and non-muscle cell types have demonstrated that PAL induces significant cell death

at this time point [23, 25, 191, 215, 216].

Results from studies undertaken in rodent and cell culture models both suggest that the
provision of excess saturated fat can result in ER stress, leading to the activation of UPR signalling
[25, 192, 217]. The UPR involves the release of BiP from ER transmembrane signal transducers
PKR-like ER kinase (PERK), inositol-requiring enzyme 1 (IRE1) and activating transcription
factor 6 (ATF6). BiP is a key regulator of the UPR, since the activation of PERK, IRE1 and ATF6
is dependent on its dissociation from these proteins [218]. Ultimately, these three arms of the UPR
converge downstream on the transcription factor C/EBP homologous protein (CHOP), triggering
apoptosis [219]. Given that PAL is known to induce ER stress and stimulate UPR signalling, it is
unsurprising that BiP protein expression was elevated in response to PAL exposure. In an attempt
to relieve ER stress, PERK activation results in an increase in eIF2a phosphorylation, suppressing
protein translation and promoting proper protein folding and export from the ER [220]. While no
changes in the phosphorylation status or protein content of el[F2a were detectable, given the
transient nature of phosphorylation it is possible that eI[F2a phosphorylation may have occurred at
an earlier timepoint in an attempt to re-establish homeostasis after PAL treatment [221].
Considering the overall lack of consistency observed between the effects of each n-3 PUFA with
respect to cell viability and ER stress markers, the beneficial protective effects of n-3 PUFAS on
cell viability in the present study’s experimental design are unlikely to be due to protection against
ER stress induction. The cell death and associated apoptosis responses observed do however align
with that of the mitochondrial cytochrome c responses, indicating that PAL-induced cell death and

the protective effects of n-3 PUFAs occur in a manner not solely dependent on the convergence of

64



the UPR on CHOP, suggesting that alternative apoptotic pathways could lead to the observed
reductions in viability [222]. Nevertheless, PAL-induced cell death is attenuated when cells are
co-treated with n-3 PUFAs. This response is most likely due to the inhibition of proteins
responsible for the permeabilisation of the outer mitochondrial membrane preventing the release

of cytochrome ¢ from mitochondria [223].

The results of the present study also complement other reports regarding the effects of n-3
PUFAs in promoting differentiation of viable skeletal muscle myoblasts to myotubes [108, 161].
Despite differences in the timing of treatments and muscle cell line utilised, our results are in
agreement with previous findings demonstrating that EPA and DHA promote differentiation of
viable myoblasts to myotubes. Chronic treatment (up to 72 h) of differentiating L6 muscle cells
with 20 uM EPA and DHA has also been shown to improve measures of differentiation [108]. In
the current study further increases in myogenin were not observed. In contrast, Briolay and co-
workers found that both EPA and DHA increased the expression of myosin and creatine kinase as
well as myogenic index to a greater extent compared to untreated control cells. Likewise, Saini
and co-workers [161] also provide evidence from mouse C2 cells that 50 uM EPA treatment for
72 h improves differentiation, as measured by creatine kinase and MyoD gene expression. In
contrast, Zhang et al. [224] and Hsueh et al. [225] demonstrate that EPA and/or DHA can inhibit
myoblast proliferation, reducing cell viability and myogenic potential resulting in attenuated
expression of myogenin and myosin heavy chain mRNA expression as well as reduced myotube
formation. There are a number of reasons why EPA and DHA in these two studies [224, 225] may
show divergent effects to the results from the current investigation and previous work [161].

Earlier studies have differentiated C2C12 cells in the presence of 50 uM EPA or DHA either in
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combination (100 uM PUFA total) [225], or separately for up to 72 h [224]. The 16 h single dose
used in the current study allowed differentiation of viable myoblasts to occur, suggesting that
chronic treatment with n-3 PUFAs in higher concentrations may have an inhibitory effect on
differentiation. Nevertheless, the current study design is novel in that it directly compares the
protective effects of the three n-3 PUFAs EPA, DPA and DHA against the lipotoxic effects of PAL
in myoblasts, as well as the successive effects on remaining viable myotubes within the same set

of experiments.

Considering that DPA-PAL resulted in the greatest magnitude of protection against loss of
cell viability when compared to PAL treated cells, changes in mitochondrial function and content
were investigated as mechanisms that could potentially explain why cell viability was maintained
despite remaining increases in ER stress signalling following DPA treatment. Several studies have
proposed that the biological effects of n-3 PUFAs occur via improvements in mitochondrial
bioenergetics [210, 226-228]. The protective effect of DPA against PAL-induced cell death may
be explained by the incorporation of DPA into cellular membranes, increasing the level of
unsaturated lipid species (e.g. phospholipids) and consequently increasing the fluidity of
mitochondrial membranes thereby altering mitochondrial function [229]. Increases in human
mitochondrial membrane phospholipid species as a result of n-3 PUFA (EPA and DHA)
supplementation have been shown to improve ADP Kkinetics rather than alter maximal
mitochondrial respiration [197]. In support of these findings, no increases in maximal
mitochondrial respiration following DPA treatment was observed. In contrast, the current study
demonstrated that PAL compromises the integrity of outer mitochondrial membranes resulting in

the release of cytochrome c. DPA attenuated this response, indicating that its incorporation into
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lipid membranes maintains the integrity of mitochondrial membranes despite the presence of PAL
and associated increases in ER stress-related signalling. This is consistent with n-3 PUFA
incorporation into mitochondrial membranes in human skeletal muscle observed following 12-
week supplementation with EPA and DHA [196]. Given our data show increased cellular
incorporation of DPA following incubation with 50uM DPA, as well as elevated EPA levels that
were not significantly different from DPA levels, further research focused on DPA’s mitochondrial
incorporation and biological actions is warranted to determine how this dose and level of

incorporation translates to in vivo models.

Future studies are warranted to dissect the precise direct versus indirect cellular
mechanisms underlying n-3 PUFA mediated protection against PAL-induced lipotoxicity.
Evidence suggests that n-3 PUFAs prevent the accumulation of PAL-derived ceramide and
diglyceride lipid species known to elicit cytotoxic effects by increasing fatty acid oxidation [124,
230]. One unexplored possibility of the current study is that the PAL treatment resulted in ceramide
accumulation, causing excessive ROS production within the mitochondria. Consequently, this may
have led to the activation of the mitochondrial permeability transition pore and release of
cytochrome c responsible for the decrease in viability [231-233]. Additionally, n-3 PUFAs are
known to be precursors to unique lipid mediators such as resolvins and protectins [234, 235].
Therefore, it is possible that the effects observed in the current study may have occurred indirectly
via specific downstream cellular actions of their unique metabolites. Moreover, DPA may elicit
distinct biological effects directly or via its conversion into lipid species that provide unique

downstream actions and superior protection versus EPA and DHA against PAL-induced
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lipotoxicity observed in the current study. This indirect biological action of DPA is consistent with
findings from Suphioglu et al., [236] demonstrating that DHA protects against apoptosis in human
neuronal cells indirectly via downstream actions on zinc transport that in turn reduce cellular zinc
levels thereby promoting cell survival. It is possible that similar indirect cellular mechanism(s)
could also be occurring in skeletal muscle in response to PAL-induced apoptosis. Considering the
similar chemical structure of DPA relative to EPA and DHA, it is possible that the different
biological effects of DPA can be explained by DPA being metabolised into different lipid species
having unique properties and/or triggering distinct downstream cellular events to those produced
by EPA and DHA. The current data supports this hypothesis, as an increase in DPA in response to
EPA treatment was not observed, however retro-conversion of DPA to EPA following DPA

treatment was observed, demonstrating potential for DPA’s unique and superior biological effects.

In summary, the n-3 PUFAs EPA, DPA and DHA elicit similar protective effects against
PAL-induced lipotoxicity, thereby preventing apoptosis and promoting cell viability and
differentiation of viable myoblasts to myotubes. Furthermore, DPA maintains cell viability
potentially via mitigating the loss of mitochondrial membrane integrity induced by PAL. Together,
these data highlight the potential for n-3 PUFAs and specifically DPA to promote cell viability
and combat deleterious effects of muscle cell lipid accumulation, as well as provides novel

mechanistic underpinning for DPA’s protective effects against PAL-induced lipotoxicity.
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Chapter 5 : General Discussion and Conclusions

The primary aim of this thesis was to investigate the protective effects of the n-3 PUFAs
EPA, DPA and DHA against the PAL-induced cellular lipotoxic effects in skeletal muscle cells
including impairments in viability and differentiation capacity. Previous cell culture-based studies
have demonstrated that the saturated fatty acid PAL potentiates ER stress leading to myotube
atrophy and reduced regenerative capacity. Chapter 4 of this thesis highlights that DPA, similarly
to EPA and DHA, offers protection against reductions in cell viability and induction of ER stress
induced by cellular PAL exposure. Despite differences in their effects on ER stress signalling
machinery this study is the first to compare the protective effects of these three PUFASs within the

same experimental design.

Since mitochondria play a key role in the induction of apoptotic cell death and DPA elicited
the greatest protection against PAL, mitochondrial respiration was assessed in the presence of PAL
and DPA. Although DPA alone did not alter mitochondrial respiration, DPA maintained the
integrity of mitochondrial membranes, preventing the release of cytochrome c that was observed
in the presence of PAL. Thus, the findings reported in Chapter 4 and represented schematically in
Figure 5.1, suggests a novel cellular mechanism by which n-3 PUFAs and specifically DPA, offer

protection against PAL-induced skeletal muscle cell death.
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Figure 5.1. Schematic of the major novel findings from this thesis.

PAL induces apoptosis, reduces muscle cell viability and impairs myotube formation. As detailed
in Chapter 3, all n-3 PUFAs (EPA, DPA and DHA) attenuated the lipotoxic effects of PAL and
thereby facilitate myotube formation. The maintenance of mitochondrial integrity is one possible
mechanism, as depicted above for DPA, explaining the protective effects of n-3 PUFAs against
the lipotoxic effects of PAL.

There are several limitations that need to be acknowledged when interpreting the results
reported in Chapter 4. Although the intracellular concentrations of n-3 PUFAs EPA, DPA and
DHA following treatments were investigated, their incorporation into cellular membranes was not
specifically assessed. Using liquid and or gas chromatography coupled with mass spectrometry, as
well as membrane isolation and/or fractionation of various cellular components to assess

differences in cellular incorporation before and after treatments, would allow confirmation of the

relative uptake of these n-3 PUFAs in the absence or presence of PAL [22, 69, 205]. Without direct
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measure of membrane n-3 PUFA incorporation before and after the fatty acid treatment(s) it is
difficult to determine how and where these n-3 PUFAs are being distributed within the cell and
whether differences exist in cellular uptake of saturated (PAL) versus unsaturated (n-3 PUFAS).
However, the beneficial effects of DPA treatment observed on direct assessment of mitochondrial
membrane integrity strongly suggest these fatty acid species enter and incorporate into
mitochondrial membrane(s). The rise in intracellular n-3 PUFA concentration also suggests that
n-3 PUFAs effectively enter the cell for incorporation and therefore have the capacity to potentially

elicit the observed protective effects against PAL.

The 50 uM concentrations of n-3 PUFAs used in the study described in Chapter 4 are
consistent with concentrations used in other in vitro studies [25, 148, 161, 198] supporting the
results observed and reinforcing the novel and unique effects of n-3 PUFAs in skeletal muscle,
specifically with regards to DPA. Presumably, the cellular uptake of both saturated and unsaturated
fatty acids occurs through the fatty acid transporters CD36 and FAT1. It is possible that the uptake
of unsaturated fatty acids occurs preferentially before that of saturated lipid species. If this is the
case, then it may have contributed to the results observed as rate of uptake would dictate their
cellular metabolism and ensuing cellular effects. Specifically, it is possible that unsaturated fatty
acids are preferentially transported into cells, inhibiting the uptake of saturated fats and
circumventing the negative effects of excess saturated fats accumulation within cells. While no
confirmatory fatty acid uptake assays were conducted, this should be considered in future studies
investigating co-treatments of saturated and unsaturated with regards to their uptake and
downstream physiological effects in skeletal muscle. Another potential limitation is that

mitochondrial respiration and/or mitochondrial membrane integrity was only assessed for DPA
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and not assessed in the presence of EPA or DHA. Respiration and mitochondrial integrity analyses
focused on DPA, as this n-3 PUFA induced the greatest protection against the induction of
palmitate-induced ER stress. Considering that both EPA and DHA have been shown in other
studies to elicit beneficial and/or protective effects in skeletal muscle, it is possible that EPA and

DHA may also maintain mitochondrial integrity to a similar degree as DPA.

Excess PAL is known to elicit oxidative stress and calcium dysregulation, which if
unresolved lead to cell death [233, 237]. Despite these cellular derangements involving different
organelles (i.e. mitochondria and ER, respectively), they can both trigger apoptotic responses
[222]. The regulation and storage of calcium occurs within the ER, whereas mitochondria are the
primary site of intracellular ROS production. Considering the results presented in Chapter 4 and
specifically the inability for n-3 PUFAs to totally ameliorate ER stress markers in the presence of
PAL, it is unlikely that n-3 PUFAs are completely preventing cell death responses by inhibiting
ER stress. Excess PAL can also result in the accumulation of ceramide lipid species, leading to
oxidative stress and triggers ERK1/2 signalling pathways leading to apoptosis [238]. Further
research is required to pinpoint which of the multiple pathways is the primary driver underpinning
the observed cell death responses and moreover, which of these pathways is affected to the greatest
extent by n-3 PUFASs in skeletal muscle [239, 240]. It is highly likely that the protective effects of
n-3 PUFAs are due to their ability to affect multiple cell signalling process and organelles
simultaneously. Regardless of the primary cell signalling mechanisms responsible for the
protective effects of n-3 PUFAS, the results presented in Chapter 4 of this thesis reveals that they

are all able to counteract the deleterious effects of PAL on cell viability and differentiation.
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Chapter 2 primarily focused on the potential of n-3 PUFAs to modulate skeletal muscle
growth and regeneration. However, a key understudied and clinically relevant concept not
overviewed in Chapter 2 is the potential effects of n-3 PUFAs on muscle protein synthetic
responses in the presence of PAL and/or high fat diet exposure characteristic of Western diets.
Currently there is a paucity of studies assessing whether EPA, DPA and/or DHA are able to
modulate muscle protein synthetic responses on their own or in the presence of PAL. Considering
most humans do not consume individual PUFAs on a regular basis and that most fish oil
supplements contain various ratios of EPA and DHA, it is difficult to determine which n-3 PUFA
have the most profound modulatory effect on muscle protein synthetic responses. Studying which
of these n-3 PUFAs induces the greatest changes in muscle protein synthetic responses alone and
in the presence of lipid infusion and/or high fat diet would be clinically relevant, as ageing
individuals who have blunted responses to anabolic stimuli are more susceptible to muscle
wasting. Future studies should therefore consider investigating the differential effects of EPA and
DHA and more importantly DPA on muscle protein synthesis using rodent and human models as
n-3 PUFA supplementation remains understudied yet potentially clinically relevant in the context
of muscle growth and regeneration. If DPA can increase rates of muscle protein synthesis in human
models in addition to altering intracellular signalling to an equal or greater extent than EPA and
DHA it warrants further investigation, especially since DPA is not commonly found in

commercially available n-3 PUFA supplements to date.

In conclusion, the literature review and original research article presented in this thesis
advance our understanding of the mechanisms underlying the protective effects of the n-3 PUFASs

EPA, DPA and DHA against disruptions to cellular homeostasis that negatively impact skeletal

73



muscle and its regenerative capacity such as PAL exposure. The findings from the experiments
conducted in this thesis also highlights the novel effects of the understudied n-3 PUFA, DPA, with
respect to skeletal muscle viability, mitochondrial membrane integrity and differentiation.
Collectively, the results presented provides a rationale for future cell-based and translational
studies in rodents and humans to further investigate the protective effects of n-3 PUFASs against
excess saturated fats such as PAL and discover the underlying mechanism(s) by which DPA elicits
its superior beneficial cellular effects. Finally, DPA in conjunction with the n-3 PUFAs EPA and
DHA, commonly found in current fish oil supplements, could be used as non-pharmacological
means to help protect skeletal muscle mass and function against cellular insults and excessive
circulating free fatty acids often associated with Western diets and the increased prevalence of
obesity and associated metabolic diseases. Though several human trials investigating the latter are
required to substantiate their therapeutic potential in humans. Nevertheless, the findings in this
thesis set the stage for future studies into the therapeutic potential of n-3 PUFAs and specifically
DPA in association with dietary interventions and resistance exercise, to help counteract the

negative effects of muscle loss with metabolic disease and ageing.
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