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This thesis investigated the effects of omega-3 supplementation (2.0 g/day EPA + 1.0
g/day DHA) for 12 weeks on human skeletal muscle sarcolemmal and mitochondrial
membrane fatty acid (FA) composition and whole body energy expenditure in young
healthy males. Supplementation resulted in significant incorporation of EPA and DHA
into sarcolemmal and mitochondrial membranes, with an increase in total unsaturation of
mitochondrial membranes. The incorporation profile of the sarcolemma and mitochondria
differed, with the mitochondria mimicking changes in whole muscle. There were no
changes in the protein content of mitochondrial and selected proteins involved in energy
metabolism, except for a significant increase in the long form of UCP3. Despite changes
in membrane FA compositions, there were no changes in whole body substrate oxidation
at rest or during exercise. These data demonstrate that omega-3 supplementation for 12
weeks altered the FA composition of sarcolemmal and mitochondrial membranes in
human skeletal muscle.
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CHAPTER 1: REVIEW OF LITERATURE
1.1 Introduction
A growing body of evidence suggests that omega-3 fatty acids, specifically
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), possess the potential to
affect energy metabolism. This conclusion has been drawn from observations in animal
and human studies, whereby increasing the intake of EPA and DHA may lead to
reductions in body fat (Buckley and Howe, 2010). Observations have also shown an
increase in the expression of genes associated with lipid oxidation and a decrease in the
expression of lipogenic genes in the liver, adipose tissue, and to a certain extent, skeletal
muscle of rodents with omega-3s (Lapillonne et al. 2004; Price et al. 2000; Sampath &
Ntambi 2004). Omega-3s have the potential to regulate a wide array of cellular processes
through their modulation of eicosanoid pathways, alteration of enzymes, incorporation
into membrane phospholipids, and effects on gene expression (Seo et al., 2005).
Therefore, any affect of EPA and DHA on energy metabolism is likely multifactorial.
It is unusual that, to date, little attention has been paid to the potential for EPA
and DHA to modulate energy metabolism in skeletal muscle. Skeletal muscle constitutes
the largest mass in the body; it is a significant site of disposal and storage of glucose and
fat following a mixed meal, and due to its oxidative capacity, is a significant site of lipid
and glucose metabolism. An average 70 kg individual has ~28-30 kg of skeletal muscle,
and at rest at least 20% of the resting energy expenditure can be attributed to skeletal
muscle metabolism (Zurlo et al., 1990). During exercise a majority of the energy
expenditure (up to ~80%) is attributed to the contracting skeletal muscle. Research to
date using utilizing isolated cells and rodent models at rest and in exercise conditions
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point to an increased capacity to utilize fat, but whole body measurements of substrate
oxidation remain inconclusive.
This review of literature will focus on the possibilities that omega-3 fatty acids
can influence skeletal muscle and whole body energy metabolism through incorporation
into the membranes of skeletal muscle, or by altering gene expression. When possible,
emphasis will be given to those studies investigating skeletal muscle in humans.
1.2 Omega-3 Fatty Acids: Background
1.2.1 Essentiality and Structure

Fatty acids (FAs) are traditionally viewed as energy-providing molecules, but it
has become apparent that certain FAs, such as omega-3s, possess other biological effects.
Fatty acids are hydrocarbon chains with a carboxyl group at one end of the molecule and
a methyl group at the other. The structure of a fatty acid can vary considerably as a result
of chain length and the presence and location of double bonds along the hydrocarbon
chain, and this determines its role in biological processes in the body. Omega-3
polyunsaturated FAs are long chain fatty acids (18-22 carbons) that contain multiple
double bonds along the hydrocarbon chain. They are named as such because the first
double bond is situated at the third carbon atom, when counting from the methyl end, also
referred to as the omega end. The omega-3 FAs of key biological importance are alphalinolenic acid (ALA) (18:3n-3), EPA (20:5n-3), and DHA (22:6n-3) (Fig. 1)
ALA is the simplest of the omega-3 FAs, with 18 carbons and 3 double bonds.
Through a series of desaturation and elongation reactions, it can be metabolized to the
longer chain omega-3s EPA and DHA, which are considered to be the most bioactive of
the omega-3 FAs. ALA is classified as an essential FA because we do not contain the
delta-15 desaturase enzyme required for de novo synthesis (Calder, 2012), and therefore
2

we must obtain it from the diet. ALA is primarily found in green leafy vegetables and a
variety of vegetable and seed oils (Benatti et al., 2004). Only small amounts of EPA and
DHA are synthesized from ALA, and it is therefore recommended that we also obtain
them from the diet. EPA and DHA are primarily found in fatty fish such as mackerel,
herring, and salmon (Holub, 2002).

Figure 1. Structure of omega-3 fatty acids. (Holub and Holub, 2004).
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1.2.2 Metabolism

The conversion of ALA to EPA and DHA occurs primarily in the endoplasmic
reticulum of the liver, catalyzed by fatty acid elongase and delta-5 and 6 desaturase
enzymes, with the final step being carried out in peroxisomes through beta-oxidation
(Sprecher et al., 1995) (Fig. 2). Isotope tracer studies have proven this process to be very
inefficient. It is estimated that the efficiency for the conversion of ALA to EPA ranges
from 5-10%, while the conversion of ALA to DHA is even lower at 2-5%, with some
reports suggesting less than 1% (Burdge and Calder, 2005; Wijendran and Hayes, 2004).
Rather, animal and human studies indicate that one of the major metabolic routes of ALA
is towards energy production through β-oxidation (DeLany et al., 2000; Leyton et al.,
1987; Vermunt et al., 2000), potentially limiting the amount available for conversion to
its long-chain derivatives. The only way to endogenously produce EPA and DHA is
through ALA conversion; this process only provides 4-10% of our daily EPA and DHA
requirements. Therefore dietary intake of EPA and DHA is imperative in order to reach
an adequate intake. The fates of EPA and DHA are much more diverse and complex, and
will be explored in later sections.
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[Diet]
18:2n-6 (LA)

18:3n-3 (ALA)
Δ6 – desaturation

18:3n-6

18:4n-3
Elongation (+2 carbons)

20:3n-6

20:4n-3
Δ5 – desaturation

20:4n-6 (AA)

20:5n-3 (EPA)

[Dietary EPA]

Elongation (+2 carbons)
22:4n-6

22:5n-3

Elongation (+2 carbons)
24:5n -3

Δ4 – desaturation

Δ6 – desaturation
24:6n-3
Beta-oxidation (–2 carbons)

22:5n-6

22:6n-3 (DHA)
[Dietary DHA]

Figure 2. Metabolic pathways of omega-3 and omega-6 polyunsaturated fatty acids.
Redrawn from ((Holub, 2002). LA, linoleic acid; ALA, alpha-linolenic acid; AA,
arachidonic acid; EPA eicosapentaenoic acid; DHA, docosahexaenoic acid.

1.2.3 Omega-3s versus Omega-6s

When discussing omega-3 FA metabolism, it is also important to address the n-6
PUFAs, as they share the same metabolic enzymes (Fig. 2), and many of their biological
effects overlap, including eicosanoid synthesis and incorporation into cell membranes.
Omega-6 fatty acids are abundant in most plant oils, nuts, grains, and animal fat
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(Patterson et al., 2012), and current estimates suggest that omega-6s are consumed in 5 to
20-fold greater amounts than omega-3s (Calder and Yaqoob, 2009). This can pose a
potential problem as linoleic acid (LA: 18:2n-6) is the main omega-6 PUFA in the diet,
and high LA intake can suppress the conversion of ALA to EPA and DHA, and decrease
the tissue concentrations of omega-3s (Brenna et al., 2009). Additionally, omega-3s and
omega-6s compete for the enzymes associated with eicosanoid production (Surette,
2008). Eicosanoids are important signaling molecules, and those synthesized from
omega-6s are considered pro-inflammatory while eicosanoids synthesized from omega-3s
are anti-inflammatory (Benatti et al., 2004). Increased omega-6 competition for these
enzymes would thus cause an overall negative effect on the body. Along with increasing
dietary intake of omega-3 FAs, a simultaneous decrease in omega-6 intake should also be
emphasized.
1.2.4 Myriad of potential positive physiological effects of omega-3 consumption

Although some beneficial biological effects have been attributed to ALA, it is
generally accepted that the potential physiological effects of omega-3s are due to the
actions of EPA and DHA. Initial observations correlating the low incidence of
cardiovascular disease with a high intake of omega-3 fatty acids from seafood in
Greenland Eskimos led to a surging interest in the effect of omega-3 fatty acids on overall
health, and in the treatment and prevention of disease (Dyerberg and Schmidt, 1989).
Since then, EPA and DHA have been implicated in the potential treatment and prevention
of many diseases, including cardiovascular disease, cancer, rheumatoid arthritis, asthma,
diabetes, psoriasis, ulcerative colitis, and mental illnesses such as attention deficit
hyperactivity disorder, depression, and Alzheimers (Benatti et al., 2004; Calder, 2012;
Riediger et al., 2009). In addition, omega-3s have also been shown to prevent and correct
6

the impairments in energy metabolism associated with obesity and insulin resistance
(Fedor and Kelley, 2009)
It is often questioned as to how omega-3s have such a wide array of effects in
numerous tissues throughout the body. This unique ability can be attributed to the diverse
physiological actions that these FAs appear to possess.
1.2.5 Proposed mechanisms of action

EPA and DHA are suggested to elicit their potent effects via a wide array of
mechanisms (Fig. 3). These pathways are highly interactive, and it is important to note
that any one or a combination of these mechanisms may be responsible for eliciting the
effects of omega-3s (Seo et al., 2005).
Transcription factors

Gene expression
!

Omega-3 PUFA
Protein expression

Alter eicosanoid make-up

Receptor distribution
signalling

Decrease vasoconstriction
and platelet aggregation

Alter membrane composition
and fluidity, raft stability
and formation

Protein modification

Protein aggregation
Figure 3. Proposed effects of omega-3 fatty acids. Solid arrows represent direct effects;
dotted arrows represent indirect effects. Redrawn from (Puskas and Kitajka, 2006).
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1.2.5.1 Eicosanoid Production

Eicosanoids are signaling molecules derived from the oxidation of omega-3 and
omega-6 FAs. Omega-3s and 6s compete for the same eicosanoid-producing enzymes;
generally, eicosanoids derived from omega-3 FAs possess anti-thrombotic, antihemotactic, anti-vasoconstrictive, and anti-inflammatory properties, while those derived
from omega-6 FAs can contribute to the formation of thrombi, and the development of
allergic and inflammatory disorders (Benatti et al., 2004). Through enzymatic
competition, omega-3 FAs have the ability to decrease the production of omega-6 derived
eicosanoids, and promote a more positive physiological state.
1.2.5.2 Membrane Composition and Function

Membranes are dynamic structures that are involved in a number of cellular
processes, such as ion homeostasis, carrier-mediated transport, phagocytosis, endocytosis,
exocytosis, and signal transduction, to name a few (Nikolaidis and Mougios, 2004;
Spector and Yorek, 1985). Fatty acids are the main structural component of a cell
membrane and play an important role in determining the overall function of a cell. The
particular FA composition of a membrane is what determines its structure, and this
subsequently influences its function. EPA and DHA, due to their highly unsaturated
structures, possess the unique ability to alter the structural characteristics of cell
membranes. Upon incorporation, it is suggested that they can affect numerous membrane
properties including permeability, fluidity, lipid packing, fusion, and deformability
(Siddiqui et al., 2004), and this has been shown to alter receptor binding properties and
activities of membrane proteins (Siddiqui et al., 2004; Spector and Yorek, 1985).
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1.2.5.3 Gene Expression

The effect of omega-3 fatty acids on gene expression has received considerable
attention. Changes in gene expression following omega-3 feeding are rapid, and can be
detected in rodent liver within hours of ingestion (Jump et al., 1994). Several
transcription factors have been identified as omega-3 fatty acid targets including the
peroxisome proliferator-activated receptors (PPARs), hepatic nuclear factor-4α, sterol
regulatory element-binding protein 1c (SREBP-1c), liver X receptor alpha and beta
(LXRα/β), retinoid X receptor alpha (RXRα) and nuclear factor kappa-light-chainenhancer of activated B cells (NFκB) (Jump, 2002). The interaction of omega-3s with
PPARs is the most established. PPARs are ligand-activated transcription factors
responsible for the transcription of a wide array of genes involved in numerous
physiological functions, including many responsible for the regulation of lipid and
glucose metabolism (Kota et al., 2005). As a result, the potential for omega-3s to
influence gene expression through PPARs has become an attractive mechanism to explain
how omega-3 FAs could affect energy homeostasis. It was initially thought that only EPA
was directly responsible for the PPAR-mediating effects of omega-3s. EPA possesses the
ability to bind directly (Xu et al., 1999), as fatty acids longer than EPA (i.e. DHA) were
reportedly too large to fit the binding pocket. An effect of DHA could thus only be seen
with retro-conversion to EPA. However, this study only examined one of the PPAR types
(PPARδ), and it has recently been shown that DHA and oxidized DHA can affect gene
expression by activating the PPARγ isoform (Itoh et al., 2008). Omega-3s may also affect
energy homeostasis through up-regulation of peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC-1α), an important transcriptional activator that plays a
significant role in mitochondrial biogenesis (Olesen et al., 2010). Decreases in
9

mitochondrial content have been associated with impaired metabolic function in obesity
(Holloway et al., 2009). Omega-3s have been shown to up-regulate PGC-1α in rodent
white adipose tissue (Flachs et al., 2005) and isolated skeletal muscle cells (Vaughan et
al., 2012), providing a potential link between omega-3s and the regulation of energy
metabolism.
1.3 OMEGA-3 FATTY ACIDS AND ENERGY METABOLISM
1.3.1 The regulation of skeletal muscle energy metabolism

By virtue of its mass, and due to its oxidative capacity, skeletal muscle is a
significant site of glucose and fat oxidation, making it a large contributor to whole body
energy metabolism. The regulation of energy metabolism in skeletal muscle in its entirety
is complex, and beyond the scope of this review. The following section will provide a
brief overview, focusing on key regulatory points of carbohydrate (CHO) and fat
metabolism.
At rest, an individual’s energy requirement is low, and is almost entirely supplied
by the aerobic metabolism of fatty acids. During exercise, there is an increased energy
demand by skeletal muscle, and this is met by increasing oxygen delivery, and fat and
CHO oxidation. The combination of fuels used for energy production will depend on the
availability of the fuels and the intensity and duration of exercise. During high intensity
and short duration exercise, there is heavy reliance on CHO for energy production, while
during lower intensity and longer duration exercise, fat is the dominant fuel (Romijn et
al., 1993; Powers and Howley, 2009)
The overall rates of CHO and fat metabolism are governed by the regulation of
specific substrate transport and enzymatic processes. Glucose transporters GLUT1 and
GLUT4 located in the sarcolemmal membrane, and the cytoplasmic enzyme hexokinase,
10

regulate the entry of glucose into the cell (Spriet and Howlett, 1999). Once inside the cell,
glucose is broken down through glycolysis, where the main regulatory points are
phosphofructokinase (PFK) and pyruvate dehydrogenase (PDH). Glucose that is not
broken down for energy production is stored as glycogen, and this process is regulated by
glycogen synthase. When needed, stored muscle glycogen can also be broken down into
glucose, and this is regulated by the enzyme glycogen phosphorylase (PHOS) (Spriet and
Howlett, 1999). The transport of fatty acids into the cell is regulated by a series of fat
transport proteins: fatty acid translocase (FAT/CD36), plasma membrane fatty acid
binding protein (FABPpm), and a family of fatty acid transport proteins (FATP)
(Holloway et al., 2008). Inside the cell, free fatty acids require the chaperone protein,
cytoplasmic FABP (FABPc) in order to be transported around the cell. Fatty acids are
activated by acyl-CoA synthetase at the plasma membrane or mitochondrial membrane,
and transported into the mitochondria occurs via carnitine palmitoyl transferase I and II
(CPTI, CPTII) and FAT/CD36 (Holloway et al., 2008). Fatty acids are then degraded in
the mitochondria through beta-oxidation. Fatty acids can also be stored in the form of
intramuscular triacylglycerols (IMTGs), through a series of steps regulated by glycerol 3phosphate and diacyglycerol acyltransferase. IMTGs can be broken down and oxidized in
the mitochondria, and this is regulated by perilipin proteins and the enzymes adipose
triglyceride lipase (ATGL) and hormone sensitive lipase (HSL) (Watt and Spriet, 2010).
1.3.2 Effect of EPA and DHA on whole body resting oxygen consumption and energy metabolism

EPA and DHA supplementation may have an effect on resting oxygen
consumption and metabolism in cell, rodent, and human models; however, the existing
results are inconsistent and inconclusive. Early studies examining differences in
metabolic rate across different species revealed a strong correlation between metabolic
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rate and the degree of unsaturation of cell membranes, giving rise to the notion that
metabolic rate could be increased by increasing the consumption of unsaturated FAs. The
next section will outline the literature surrounding this idea.
1.3.2.1 Isolated cell and rodent studies

Pan et al. (1994) addressed the effect of dietary fat composition on whole body
metabolism in rats, and reported that the addition of unsaturated FAs in the form of
omega-3s to a highly saturated FA diet led to an increased basal metabolic rate and total
energy expenditure, compared to rats fed an isocaloric diet high in saturated fat. A recent
study in isolated skeletal muscle cells examining the effect of a combination of EPA and
DHA on oxygen consumption and muscle metabolism supported this finding (Vaughan et
al., 2012). Following incubation for 24 hours, baseline oxygen consumption (a measure
of oxidative metabolism) was significantly increased. Additionally, basal and peak
glycolytic metabolism also increased. Taken together, this indicated an increased
metabolic rate following treatment with EPA and DHA (Vaughan et al., 2012).
Aas et al. (2006) studied the effect of EPA on basal and insulin-stimulated
glucose and fatty acid metabolism in skeletal muscle cells and determined that EPA had
differential effects on each substrate. Both basal and insulin-stimulated FA uptakes were
increased following treatment with EPA. However, these fatty acids were entirely
diverted to storage (diacylglycerols, triacyglycerols, and phospholipids), with no change
in oxidation. EPA treatment also resulted in the elevated expression of FAT/CD36
mRNA. Gene expression does not indicate functional effects, so it is difficult to draw
conclusions based on the absence of protein measurements. Assuming the increase in
FAT/CD36 mRNA translated to an increase in FAT/CD36 protein content, this could
potentially explain the increased FA uptake. However, whole muscle FAT/CD36 in
12

rodents and mitochondrial FAT/CD36 in lean and obese women has been shown to be
positively correlated to mitochondrial fat oxidation (Holloway et al., 2007; Nickerson et
al., 2009), therefore another mechanism must be responsible for the diversion of fat
uptake to storage over oxidation. Basal glucose uptake also increased, which resulted in
increased glucose oxidation and decreased glycogen synthesis. Insulin stimulation further
increased glucose uptake and oxidation, and while glycogen synthesis increased
compared to the basal condition. However, the net effect of insulin on glycogen synthesis
was markedly lower compared to the control treatment. The increase in glucose uptake
can likely be explained by the increased GLUT1 mRNA expression that resulted from
EPA treatment, again, assuming this translated to an increase in protein content. Rustan et
al. (1993) noted similar effects of omega-3s on fat and glucose metabolism. Two groups
of rats were fed either a high lard diet, or a high lard diet supplemented with EPA and
DHA. Following 3-5 weeks of supplementation, energy expenditure was not affected,
however, there was a shift in substrate utilization towards an increased CHO use. Both
fasted and non-fasted respiratory quotients were significantly elevated in the group
receiving omega-3s, and this was corroborated by a measurable increase in fasting and
non-fasting carbohydrate oxidation, and a decreased fasting fat oxidation. Although not
significant, there was a trend towards a decrease in non-fasted fat oxidation as well. This
lack of change in energy expenditure did not support the results of Pan et al. (1994) and
Vaughan et al. (2012).
Only one study to date has directly measured metabolic changes at the level of
skeletal muscle at rest. Peoples & McLennan (2010) fed rats a diet high in saturated,
omega-6, or omega-3 (EPA and DHA) fatty acids for a period of 8 weeks. Following
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supplementation, muscle oxygen consumption in anesthetized animals was measured
during an isolated hindlimb perfusion. Although not significant, there was a trend
towards decreased basal oxygen consumption in the omega-3 group. This implies the
potential for EPA and DHA to decrease the resting metabolic rate of skeletal muscle.
1.3.2.2 Human studies

The effect of EPA and DHA on resting oxygen consumption and energy
metabolism appears to be just as unclear in humans as it does in cell and rodent models.
Initial observations by Couet et al. (1997) showed that as little as 3 weeks of fish oil
supplementation increased whole body energy metabolism in healthy, sedentary young
adults (5 men, 1 woman; 23 ± 2 y). Subjects supplemented with 1.1 g of EPA and 0.7 g of
DHA per day, resulting in a significant increase in resting metabolic rate (0.27 MJ/day)
and basal lipid oxidation (0.19 mg.kg-1.min-1) compared to supplementing with no fish
oil. Carbohydrate oxidation was not altered, therefore the elevated lipid oxidation
accounted for the increased RMR. Interestingly, the authors noted that the change in
RMR was no longer apparent when expressed in terms of lean body mass, suggesting the
slight, yet insignificant increase in fat free mass (FFM) they measured was a possible
mechanism to explain the elevated RMR. The authors note that omega-3s have been
shown to increase FFM in rodents, and their strict control and monitoring of diet and
physical activity argue that lifestyle factors were unlikely a cause. A limitation with this
study is the low subject number, possibly skewing their results. Although this study
showed a potential role for EPA and DHA in energy metabolism, subsequent studies have
been unable to repeat these findings. Noreen et al. (2010) reported that supplementation
with 1.6 g EPA and 0.8 g DHA per day for 6 weeks increased lean body mass in healthy,
active men and women (6 men, 16 women, 33 ± 13 y), but did not change RMR or RER.
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Bortolotti and colleagues (2007) measured resting energy expenditure in sedentary males
(8 men, 24 ± 1 y) following 15 days of EPA + DHA (1.1 + 0.7 g/day) supplementation,
and showed no effect. Along with the relatively short supplementation period, several
methodological issues are apparent in this study that likely affected the results. Resting
energy expenditure is generally measured following a 10-12 h fast, however, a high
carbohydrate (80%) meal was fed prior to measurements. Additionally, the experiment
was a parallel cross-over design, with a 6-week washout period. It has been shown that
the effects of EPA and DHA on red blood cell membrane composition can persist 18
weeks following the cessation of supplementation (Brown et al., 1991), therefore the
group that initially supplemented with EPA and DHA were likely not an accurate
representation of baseline measurements, confounding the results. Kratz et al. (2009)
examined whole body energy metabolism in overweight and moderately obese men and
women (n=13) and found no effect of a combination of EPA, DHA, and ALA (3.6% of
total energy) on resting energy expenditure or RER compared to controls, despite a
relatively long (14-week) supplementation period.
It is difficult to draw conclusions on skeletal muscle metabolism at rest using
whole body measurements. Skeletal muscle comprises at least 20% of total resting energy
expenditure (Zurlo et al., 1990), therefore any changes in whole body energy metabolism
would be expected to be partly due to changes in skeletal muscle. Taken together, there
appears to be no effect of EPA and DHA on oxygen consumption and energy metabolism
in humans. The variability in human studies may be attributed to inconsistent study
populations, dosages, and supplementation periods, or problems with study design.
Alternatively, it is difficult to draw comparisons in other models for several reasons.
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Isolated cells are not representative of intact organisms. In rodents, relative dosages are
high (~1 g/kg body mass) when compared to humans, and rodent metabolism is not
synonymous with human metabolism.
1.3.3 Effect of EPA and DHA on whole body oxygen consumption and energy metabolism during exercise

Omega-3 FAs EPA and DHA have also been reported to alter whole body oxygen
consumption and energy metabolism during exercise. During exercise, contracting
skeletal muscle is the largest consumer of oxygen and producer of energy and is therefore
a more accurate representation of what is occurring in skeletal muscle vs. rest. Changes
may be seen during exercise that potentially remain undetected at rest.
Whether there is an effect of EPA and DHA on oxygen consumption during
submaximal exercise is not well established, and has been examined in one rodent and
three human studies (Huffman et al., 2004; Peoples and McLennan, 2010; Peoples et al.,
2008; Poprzecki et al., 2009). Rats fed a diet high in EPA and DHA for 8 weeks had
lower oxygen consumptions during hindlimb-stimulated contraction and in recovery,
when compared to rats fed a diet high in saturated FAs (Peoples and McLennan, 2010).
This led to a significantly higher efficiency index in the omega-3 fed rats, which was a
measure of the developed twitch tension relative to muscle mass for a given oxygen
consumption. These same authors reported similar findings in humans. They observed
that supplementing with 0.8 g EPA and 2.4 g of DHA per day for 8 weeks significantly
decreased steady state oxygen consumption (~70-85 mL/min) during submaximal
exercise (55% of peak pre-supplement VO2max workload, VO2 ~2500-2600 mL/min) in
highly trained cyclists (Peoples et al., 2008). The authors speculated that skeletal muscle
became more efficient at using oxygen, and that this was due to several factors. Using the
results of Rustan et al. (1993) mentioned previously, they suggested that the potential
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shift in substrate preference to glucose following EPA and DHA supplementation could
explain the decrease in VO2, since the breakdown of CHO versus fat requires less oxygen
for a given energy demand. However, there was no change in RER, which contradicts
their explanation. They also argue that it could be a result of improved calcium handling
in the sarcoplasmic reticulum. Calcium cycling is a large energy consuming process in
skeletal muscle, and based on evidence showing that fish oil can improve calcium
handling in rodent heart muscle, the authors speculated that this could also be occurring
in skeletal muscle to potentially explain the reduced oxygen consumption. In contrast to
Peoples et al. (2008), Poprzecki et al. (2009) measured VO2 during submaximal exercise
(60% VO2max) in healthy, moderately trained males and reported no effect of EPA and
DHA. This study was 2 weeks shorter and utilized a lower daily dosage of 1.3 g/day EPA
+ DHA than Peoples et al. (2008), possibly explaining the divergent results. Huffman et
al. (2004) also reported no change in submaximal VO2 in healthy, recreationally active
males. The focus of this study was elsewhere and will be discussed in more detail below.
In terms of energy metabolism, the studies from Bortolotti et al. (2007) and
Poprzecki et al. (2009) also reported no effect of EPA and DHA on exercise fuel
oxidation. Two other studies do not corroborate these findings, showing that EPA and
DHA can potentially shift fuel utilization during exercise to a greater dependence on fat
(Delarue et al., 2003; Huffman et al., 2004). Delarue et al. (2003) utilized isotope tracers
(glucose and glycerol) combined with indirect calorimetry to examine the effect of EPA
and DHA on glucose and fat metabolism during a 90-min cycling bout at 60% VO2max
in untrained males (n=6). After 3 weeks of supplementation with 1.83 g EPA + DHA per
day, there was a decrease in the rate of disappearance of plasma glucose and hepatic
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glucose production. VO2 was not reported, but a trend towards a decrease in total
carbohydrate oxidation and an increase total fat oxidation was observed. The authors also
saw a tendency for muscle glycogen oxidation to decrease, and no changes in plasma
glycerol fluxes. A possible limitation of this study is the choice of placebo as a
comparison to fish oil. The comparison group supplemented with olive oil, which is high
in monounsaturated FAs, and their effects on energy metabolism are not entirely known.
Measurements were also only taken at the end of each supplementation period. Subjects
supplemented for 20 days with olive oil followed immediately by 20 days of fish oil
supplementation, with testing occurring on day 20 and 40. No true baseline
measurements were taken, and thus it cannot be discounted that the monounsaturated
fatty acids could have had an initial effect on substrate selection during exercise
compared to baseline, potentially limiting any differences between the placebo and fish
oil groups. Additionally, the small sample size could also skew the results. The use of an
alternative placebo, for example, gelatin, and baseline measurements are needed to verify
these findings. Huffman et al. (2004) had recreationally active males (n=7) supplement
for the same duration, however, their dosage was 4.0 g/day of combined EPA and DHA
compared to the 1.8 g/day in the previous study. Their results are difficult to interpret,
because although they did not measure any significant change in RER or VO2 following
supplementation, they were able to show a significant increase in total caloric energy
expenditure from fat.
Although there is no obvious theory as to why omega3-s would change maximal
oxygen consumption, initial reports showed that supplementing with 4 g/day of omega-3s
for 10 weeks led to a moderate but insignificant increase in VO2max in sedentary males,

18

(Brilla and Landerholm, 1990), leading others to further examine this possibility.
Subsequent investigations in sedentary (Bortolotti et al., 2007) and well-trained
(Oostenbrug et al., 1997; Peoples et al., 2008; Raastad et al., 1997) populations have not
shown an effect of omega-3 supplementation on VO2max.
It is evident that there is no consistent effect of EPA and DHA on oxygen
consumption and energy utilization during exercise. As previously indicated, the study
population, dosage, and duration of supplementation are highly variable, and will likely
have a large impact on study outcomes. It is becoming apparent that the need for welldesigned studies in one population that are representative of chronic EPA and DHA
intake are needed in order to fully elucidate the effects omega-3 supplementation may
have during exercise.
1.3.4 Evidence supporting the regulation of energy metabolism by EPA and DHA

The literature examining the role of EPA and DHA in the regulation of skeletal
muscle energy metabolism is limited compared to other tissues, however the potential
does exist. This section will summarize what is currently known regarding the potential
regulatory role of EPA and DHA on skeletal muscle metabolism.
1.3.4.1 Effects of EPA and DHA on Membrane composition

As previously discussed, the composition of the membranes of a cell is vital in
determining its overall function. Two membranes of key importance to the metabolic
function of a skeletal muscle cell are the membrane that surrounds the cell (sarcolemmal
membrane), and the membranes that surround the mitochondria. These membranes are
responsible for anchoring the proteins and enzymatic machinery responsible for
transporting nutrients into the cell for storage or energy production, and their composition
may play a role in these processes by affecting the function of these proteins.
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The relative importance of omega-3 fatty acids within skeletal muscle membranes
is demonstrated by their elevated content. Fiehn et al. (1971) identified DHA as one of
the primary fatty acids in saroclemmal and mitochondrial phospholipids of skeletal
muscle, and it is suggested that DHA is required for the organization and function of
membrane proteins like the mitochondrial electron transport chain complexes (Infante
and Huszagh, 2000). Additionally, the importance of EPA and DHA for the proper
metabolic function of skeletal muscle membranes was suggested by Borkman et al.
(1993), who demonstrated that membrane phospholipid unsaturation was correlated with
insulin-sensitivity.
The potential for EPA and DHA to regulate energy metabolism is highlighted by
the ‘membrane pacemaker’ theory of metabolism proposed by Hulbert & Else (1999).
Based on their observations that the metabolic rate of different species was correlated to
the composition of membrane phospholipids, they suggest that membranes have the
potential to regulate the overall metabolic activity of a cell. Specifically, they noted that
species with high metabolic rates contain membrane phospholipids with a higher degree
of polyunsaturation, leading them to postulate that the high level of polyunsaturation
gives the membrane unique physical properties that results in an increased molecular
activity of membrane proteins and associated processes (Hulbert and Else, 2005). For
example, it has been shown that the activity of Na+/K+-ATPase is responsive to changes
in membrane FA composition, and its activity is positively correlated with the relative
content of membrane DHA (Hulbert and Else, 2005). Providing additional support for
this theory, Holloway et al. (2012) recently demonstrated that mitochondrial palmitate
oxidation displayed a significant positive correlation to the unsaturation of
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subsarcolemmal and intermyofibrillar mitochondrial membranes.
Membranes are highly dynamic structures, and the membrane composition of
skeletal muscle can be altered in a variety of ways. Both exercise training (Andersson et
al., 2000; Helge et al., 2001) and weight loss (Haugaard et al., 2006) increased omega-3
content in skeletal muscle, and these changes are associated with positive changes in
skeletal muscle metabolism. This leads to the possibility that any metabolic changes seen
following EPA and DHA supplementation could be due to their ability to incorporate into
skeletal muscle membranes and alter cellular function.
In order for this to be true, supplementation with EPA and DHA would have to
increase their levels in skeletal muscle membranes. Andersson et al. (2002) were the first
to show that increasing the intake of EPA and DHA could increase the level of EPA,
DHA, and total omega-3 content in whole muscle membranes (i.e. phospholipids) of
humans, and that this appeared to occur at the expense of omega-6 fatty acids. Since then,
this has been confirmed in numerous studies utilizing various dosages and time frames of
supplementation in different populations (Dangardt et al. 2012; Smith et al. 2011a,
2011b). Recently, it has been shown that skeletal muscle membrane changes begin to
occur in as early as one week following the commencement of omega-3 supplementation
(McGlory et al. 2012) indicating the high affinity of muscle for these specific fatty acids.
To date, studies examining the effect of EPA and DHA supplementation on skeletal
muscle membrane composition have been limited to whole muscle measurements.
However, cells contain an outer membrane that surrounds the cell and numerous
subcellular membranes (i.e. nucleus, mitochondria, sarcoplasmic reticulum, etc.) each
with diverse functions, and each membrane may respond to omega-3 supplementation
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differently. It is therefore important to isolate each membrane of interest, as whole
muscle measurements may not be representative of the changes occurring in a given
membrane.
Exactly how incorporation of EPA and DHA into skeletal muscle membranes can
affect overall metabolic function is not entirely clear. Studies examining specific changes
in sarcolemmal and mitochondrial membranes from omega-3 supplementation and the
resultant metabolic changes in skeletal muscle and other tissues are promising, but very
limited. Three studies have been carried out in rats, examining the effect of omega-3
feeding on liver whole or outer mitochondrial membrane composition and the various
metabolic characteristics of CPTI, which is located in the outer mitochondrial membrane
(Clouet et al., 1995; Niot et al., 1994; Power et al., 1994). Feeding relatively low (0.2%)
dietary levels of omega-3s for 7 weeks increased the DHA content in the outer
mitochondrial membrane, and decreased the sensitivity of CPTI to malonyl-CoA (Clouet
et al., 1995; Niot et al., 1994). Power et al. (1994) reported similar results in whole
mitochondrial membranes, but also reported that omega-3 feeding could increase
maximal CPTI activity in addition to affecting its sensitivity to malonyl-CoA. This is
likely due to the increased duration of the study, combined with a higher dietary intake of
omega-3s.
Only one study has isolated the effects of omega-3 supplementation on an
individual membrane in skeletal muscle, and how this altered specific membrane protein
function. Liu et al. (1994) showed that feeding rodents a high omega-3 diet led to
increased EPA, DHA, and total omega-3 contents in plasma membrane phospholipids
phosphatidylcholine, phosphatidylserine, phosphatidylethanolamine, and
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phosphatidylinositol. As a result, insulin binding to sarcolemmal vesicles increased 14fold compared to rodents fed a low omega-3 diet. In order to prove that the changes in
insulin binding were due to alterations in membrane composition, they solubilized insulin
receptors and found that the significant difference in insulin binding were no longer
present.
Although evidence supporting the regulation of specific enzymes and proteins
involved in energy metabolism resulting from changes in membrane composition is
lacking, current research suggests that it is possible that changes in sarcolemmal and
mitochondrial membrane composition could at least partially explain any of the metabolic
effects that could result from omega-3 supplementation. Future studies should focus on
investigating specific membrane changes independent of whole muscle, and how this
may affect specific membrane proteins and processes directly involved in energy
production.
1.3.4.2 Effects of EPA and DHA on Gene Expression

The ability for EPA and DHA to alter gene expression provides the most evidence
to support a regulatory role of these fatty acids in energy metabolism. PPARs are widely
known for their role in energy homeostasis, regulating a multitude of genes responsible
for glucose and lipid metabolism (Kota et al., 2005). Since EPA and DHA are considered
potent ligand activators of PPARs, this presents a promising mechanism in which EPA
and DHA can modulate energy metabolism in skeletal muscle. EPA and DHA have been
documented to have an effect on the mRNA, protein expression or activity of CPTI,
FAT/CD36, FABPc, acyl-CoA oxidase, uncoupling protein-3 (UCP3), GLUT1, and
pyruvate dehydrogenase kinase isoform 4 (PDK4) all of which have been implicated as
PPAR target genes (Ehrenborg and Krook, 2009; Kramer et al., 2001; López-Soriano et
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al., 2006).
Power & Newsholme (1997) demonstrated that 10 weeks of fish oil feeding
increased the maximal activity of CPTI in rodent skeletal muscle, and decreased the
sensitivity of CPTI to malonyl-CoA inhibition. CPTI is considered a rate-limiting enzyme
in fatty acid oxidation, and these results suggest an increased capacity for fat metabolism
in skeletal muscle following fish oil supplementation. Although this study measured
maximal CPTI activity, a potential mechanism for an increased CPTI activity in vivo
could be explained by the activation of AMP- activated protein kinase (AMPK) by EPA
(Motawi et al., 2009). Through phosphorylation of acetyl-CoA carboxylase (ACC),
AMPK can decrease malonyl-CoA levels, decreasing the inhibition of CPTI (Saha and
Ruderman, 2003).
In line with the potential for EPA and DHA to increase fat metabolism, as
previously discussed, EPA and DHA increased the expression of FAT/CD36 mRNA in
skeletal muscle cells (Aas et al., 2006). FAT/CD36 is an important regulator of lipid
metabolism. It is responsible for fatty acid transport across the sarcolemmal membrane
and into the mitochondria (Smith et al., 2012) and its content has been shown to be
significantly correlated with mitochondrial palmitate oxidation (Holloway et al., 2007).
Aas et al. (2006) did not show changes in fat oxidation despite an increase in FA uptake,
but that the fat was directed towards storage. This is unusual as FAT/CD36
overexpression in rodent skeletal muscle did not show an effect on triacylglycerol
esterification (Nickerson et al., 2009). It is important to point out that mRNA expression
does not necessarily translate to an increase in protein expression; longer supplementation
may be required in order for this to occur. FABPc is another fat transport protein that has

24

been shown to be up regulated by EPA and DHA supplementation in rodent skeletal
muscle. It functions as an intracellular chaperone for FAs coming into the cell,
transporting them through the cytoplasm for storage or to the mitochondria for oxidation.
Following 8 weeks of supplementation, FABPc significantly increased in EDL (300%),
gastrocnemius (250%), and soleus (50%) rat muscles (Clavel et al., 2002). These changes
were independent of changes in the aerobic (citrate synthase activity) and anaerobic
(lactate dehydrogenase activity) capacities of each muscle. Additionally, the omega-3s
did not have an effect on IMTGs in either muscle, leading the authors to suggest that any
FAs imported into the cell were metabolized rapidly. The physiological relevance of such
a substantial increase in FABPc is hard to explain, however, as it is argued that normal
levels are already in excess of what is required at any given time (Glatz et al., 2003).
Feeding rats omega-3 fish oil increased the mRNA expression of UCP3 (Baillie et
al., 1999), an anion carrier protein highly expressed in skeletal muscle. Although the
exact function of UCP3 has not been established, it is suggested that it plays a role in the
regulation of FA metabolism (Bezaire et al. 2005, 2007). It is postulated that UCP3 works
in conjunction with mitochondrial thioesterase I (MTE) to enhance FA oxidation when
fatty acid supply to the mitochondria is high (Himms-Hagen and Harper, 2001). In the
mitochondria, MTE frees CoA from acyl-CoA to be used for several reactions in betaoxidation and the citric acid cycle. The FA anion (that just had CoA removed) is
transported out of the mitochondria by UCP3, where it can then be converted to fatty
acyl-CoA again in the cytosol, and be transported into the mitochondria where the whole
process can be repeated. This whole process is suggested to replenish free CoA in the
mitochondria, where a significant amount is needed for several reactions involved in FA
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oxidation (Himms-Hagen and Harper, 2001). This futile cycling also utilizes energy,
which can contribute to an increase in energy expenditure (Himms-Hagen and Harper,
2001). Baillie et al. (1999) also showed an up-regulation of peroxisomal acyl-CoA
oxidase mRNA expression, suggesting an increase in the oxidative capacity of this
pathway. An increase in peroxisomal fatty acid oxidation would result in a reduced
metabolic efficiency of skeletal muscle, potentially increasing overall energy expenditure
as a result of elevated fat oxidation. Overall, these results point to a PPAR-dependent
increase in skeletal muscle lipid metabolism with EPA and DHA supplementation.
It appears that a mechanism may also exist for the regulation of carbohydrate
metabolism by EPA and DHA in skeletal muscle. Moderately active males were fed a
high-fat diet (75% fat, 20% protein, 5% carbohydrate) or the same diet with 15% of the
fat replaced with EPA + DHA for 3 days, and the effect of these diets on PDH and PDK4
activity were examined. PDH and PDK4 are key enzymes that regulate CHO metabolism
(Turvey et al. 2004). PDH exists in an active and inactive form, and is responsible for
converting pyruvate to acetyl-CoA in the mitochondria. PDK4 is one of the enzymes that
regulates the conversion of PDH between these two forms, and is responsible for
converting it to its inactive form, thus suppressing CHO metabolism. As expected, the
high fat diet increased PDK activity and decreased PDH activity. Following the omega-3
supplemented diet, the increase in PDK was blunted, but this did not translate to the
reversal of PDH activity (Turvey et al. 2004). A possible explanation for these findings is
that in the basal state, PDH activity may be regulated by other factors that were common
between both diets, such as the decreased pyruvate concentration associated with low
CHO availability. Further studies should examine the role of EPA and DHA on PDK and
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PDH activity in stimulated conditions (exercise, a meal, hyperinsulinemic clamp), and
without accompaniment of a high fat diet, when low pyruvate concentrations would not
be a limiting factor. Assuming a stimulated condition would eliminate the disconnect
between PDK and PDH activity in the omega-3 supplemented group, an increase in
carbohydrate use would likely be seen. This is interesting, as most studies have pointed to
an increased potential to utilize fat following EPA and DHA supplementation.
EPA and DHA have been implicated in increasing the oxidative potential of
skeletal muscle. Totland et al. (2000) showed that three months of EPA feeding induced
mitochondrial growth in type I muscle fibers of rat soleus and diaphragm muscles, but not
type II fibers. An increased mitochondrial content in combination with a greater number
and size of mitochondrial networks was also reported following 24 and 48 hours of EPA
and DHA treatment in skeletal muscle cells (Vaughan et al., 2012). The mechanism for
this is likely an up-regulation of PGC-1α. PGC-1α plays an important role in
mitochondrial biogenesis (Olesen et al., 2010), and treatment with EPA and DHA
significantly induced its expression in skeletal muscle cells (Vaughan et al., 2012).
However, not all studies have found a positive link between omega-3 supplementation
and mitochondrial biogenesis. Utilizing the fat-1 mouse, a transgenic model that
expresses an omgea-3 desaturase enzyme to convert omega-6s to omega-3s (Kang, 2007),
Smith et al. (2010) showed that an increased omega-3 uptake was associated with a
decreased mitochondrial content in red muscle. These results are difficult to interpret as a
mechanism to explain this is not readily apparent. The ability of omega-3s to potentially
increase mitochondrial biogenesis has significant implications for skeletal muscle energy
metabolism, however, inconsistent results indicate further study is required in order to
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develop more concrete conclusions.
It is important to point out that most of the evidence for the regulation of skeletal
muscle energy metabolism by EPA and DHA is drawn from cell and rodent models.
Although valuable for providing mechanistic information, results may not always be
representative of what is occurring in humans. Further research needs to focus on human
subjects in order to fully elucidate potential mechanisms of EPA and DHA
supplementation in human skeletal muscle and whether this leads to alterations in skeletal
muscle metabolism.
1.3.4.3 Effect of EPA and DHA on Skeletal Muscle Anabolism

The anabolic properties of EPA and DHA may provide a mechanism to regulate
changes in skeletal muscle energy metabolism. Lean mass is the best determinant of
resting metabolic rate (Arciero et al., 1993; Buchholz et al., 2001), and a positive
correlation exists, whereby increases in RMR can be attributed, in part, to increases in
lean mass (Lemmer et al., 2001; Pratley et al., 1994). Recent studies in older (Smith et al.,
2011a) and middle-aged (Smith et al., 2011b) adults demonstrated that 8 weeks of
supplementation with 1.86 g EPA + 1.50 g DHA per day significantly increased the
muscle's anabolic response to hyperinsulinaemia-hyperaminoacidaemia. Although they
did not specifically measure changes in muscle mass, they were able to infer from the
increased muscle cell size and muscle protein concentration that a modest increase in
muscle mass of ~1-2% likely occurred (Smith et al., 2011b). This is a small increase in
muscle mass and it may not have an effect on RMR, however longer supplementation
periods may promote greater increases. As previously mentioned, Couet et al. (1997), and
Noreen et al. (2010) measured changes in FFM following omega-3 supplementation,
further supporting the potential for anabolic properties of omega-3s.
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In summary, the potential effect of omega-3 fatty acids on energy metabolism is
currently unclear. The biological mechanisms of omega-3s are both numerous and
complex; there is a strong theoretical basis for a role of EPA and DHA in the regulation
of energy metabolism mainly through their effects on gene expression and membrane
fatty acid composition, however, measurements of how this affects whole body and
muscle metabolism are not conclusive, but generally show no effect. It is generally
believed that EPA and DHA can affect energy metabolism specifically through
alterations in lipid metabolism. Most of the evidence exists in rodent and cell models, and
although this information is useful, it doesn’t always translate to humans. Additionally,
the research that has been done in humans is difficult to interpret, as study population,
dosage, and supplementation period are inconsistent. Future research in humans should
utilize applicable dosages over time periods that reflect chronic use, with a focus on
whether or not the mechanisms that exist in cell and rodent models also exist in humans,
and if this translates to actual measurable metabolic changes.
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CHAPTER 2: AIMS OF THESIS
Current literature provides evidence to support a potential role of EPA and DHA
in whole body and skeletal muscle energy metabolism. It is suggested that EPA and DHA
have the ability to shift substrate utilization towards an increased fat use, however,
measurements of oxygen uptake and fat and carbohydrate oxidation both at rest and
during exercise do not directly corroborate these findings.
The mechanisms most likely responsible for the potential effect of EPA and DHA
on energy metabolism center around their potential ability to, 1) alter the fatty acid
composition of membranes, 2) induce mitochondrial biogenesis and/or alter gene
expression, mainly through interaction with PPARs.
It is well documented that EPA and DHA supplementation in humans can alter the
fatty acid composition of whole muscle membranes. However, it is not known how EPA
and DHA supplementation can alter the composition of specific membranes involved in
fuel uptake (sarcolemma) and energy production (mitochondria), and how the changes
may differ in individual membranes compared to whole muscle changes. The ability for
EPA and DHA to affect PPAR target genes involved in energy metabolism is apparent in
both isolated muscle cells and rodent skeletal muscle, but virtually no evidence exists in
human skeletal muscle to suggest alterations in protein content. Additionally, EPA and
DHA can potentially alter energy metabolism by increasing oxidative capacity through
mitochondrial biogenesis; however, this has only been examined in cell and rodent
models.
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Therefore, the purposes of this thesis were to determine if EPA and DHA
supplementation in humans:
1) Affects whole body oxygen consumption and substrate oxidation at rest and
during submaximal exercise.
2) Alters the membrane fatty acid composition of skeletal muscle sarcolemmal and
mitochondrial membranes.
3) Affects the expression of proteins in skeletal muscle involved in the regulation of
carbohydrate and fatty acid metabolism that are known targets of PPARs.
4) Induces skeletal muscle mitochondrial biogenesis.
We hypothesized that EPA and DHA supplementation would:
1) Not affect whole body oxygen consumption or substrate oxidation at rest or
during exercise.
2) Increase the content of ALA, EPA, and DHA in both sarcolemmal and
mitochondrial membranes, and that these changes would be independent of
changes in whole muscle.
3) Not affect the content of PPAR target proteins involved in fatty acid metabolism
or carbohydrate metabolism. However, if there is an effect of supplementation, we
expect the content of PPAR target proteins to increase.
4) Not alter mitochondrial content.
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CHAPTER 3: THE EFFECTS OF OMEGA-3 SUPPLEMENTATION ON HUMAN
SKELETAL MUSCLE SARCOLEMMAL AND MITOCHONDRIAL
MEMBRANE FATTY ACID COMPOSITION AND WHOLE BODY SUBSTRATE
OXIDATION
3.1 METHODS
3.1.1 Subjects

Thirty healthy, recreationally active males volunteered to participate in this study.
Written informed consent was received from each subject following a detailed
explanation of the experimental protocol and any associated risks. Subjects were screened
to ensure that they were in good health, and that they were not currently taking omega-3
supplements, had no previous history of omega-3 supplementation, or were not currently
or had previously consumed a diet high in omega-3s. Subjects were instructed to keep
their diet and exercise habits consistent throughout the study, and physical activity
records, three-day dietary records, and body mass were obtained at the beginning,
halfway through, and at the end of the supplementation period. The study was approved
by the University of Guelph and McMaster University Research Ethics Boards.
3.1.2 Study Design

Two separate studies were done in series, and the data was compiled upon
completion of the second study. The first study consisted of only an omega-3
supplemented group (n=10), while the second study had both omega-3 (n=11) and
placebo (n=9) groups. Supplementation occurred as follows:
1) Omega-3s (n=21): Five capsules of Omega-3 Complete (1,000 mg per capsule,
Jamieson Laboratories Ltd., Windsor, Ontario) per day. Each capsule provided 400 mg of
EPA and 200 mg of DHA in triglyceride (TG) form, for a total of 3,000 mg of
EPA+DHA per day. EPA and DHA in the TG form were chosen for this study as their
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short- and long-term bioavailability has recently been shown to be significantly greater
compared to the common ethyl ester form found in most supplement capsules (Dyerberg
et al., 2010; Neubronner et al., 2011). Subjects were instructed to take 2 capsules in the
morning and 3 in the evening, with meals.
2) Placebo (n=9): Three capsules of Swanson EFAs Certified Organic Extra Virgin Olive
Oil, Cold-Pressed (1,000 mg per capsule, Swanson Health Products, Fargo, North
Dakota) per day. Subjects were instructed to take 1 capsule in the morning and 2 in the
evening, with meals. Subjects were only given three capsules of placebo olive oil as they
are high in monounsaturated fatty acids, and it is uncertain of how this could affect any of
the measurements done in the study.
Prior to supplementation, all subjects completed four experimental trials. These
consisted of a peak pulmonary oxygen uptake (VO2 peak) test, measurement of resting
metabolic rate (RMR), a practice sub-maximal exercise trial, and an experimental submaximal exercise trial. Each trial was separated by a minimum of 48 hours. Additionally,
those subjects taking omega-3 supplements also received resting muscle biopsies.
Subjects were asked to refrain from any physical activity, alcohol, and caffeine
consumption 24 h prior to each trial, and to consume a balanced diet [~50% of energy
(E%) from CHO, ~30 E% from fat, and ~20 E% from protein] the day before. Diet
records were obtained from the day before each pre-supplementation experimental trial,
and subjects were instructed to follow the same diet the day before each postsupplementation trial.
To promote supplementation compliance, subjects were given only 2 weeks worth
of capsules at a time. Written and oral reminders were also given periodically to ensure
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diet and exercise practices were kept consistent throughout the study. Following the 12week supplementation period, subjects repeated the VO2 peak, RMR, and experimental
sub-maximal exercise trials. Post-supplementation resting biopsies were also performed
on subjects receiving omega-3s. All instructions for post-supplementation trials were the
same as those given for the pre-supplementation trials.
3.1.3 VO2peak and practice ride

VO2 peak was measured during an incremental exercise test to exhaustion
(modified Astrand continuous test) on a cycle ergometer (Lode Sport Excalibur, Quinton
Instruments, The Netherlands) using a metabolic cart (AEI MOXUS II Metabolic System,
Pittsburgh, PA). On the second visit, subjects performed a 60 min practice ride to verify
the power output required to elicit ~60% VO2 peak.
3.1.4 Resting Metabolic Rate

Subjects arrived at the laboratory following an overnight fast (10-12 h). They
were instructed to lie in a supine position on a bed for ~30 min in a quiet, darkened room.
Respiratory measurements were collected during the last 20 min using a metabolic cart
and the last 15 min of data were analyzed for resting oxygen consumption (VO2) and
carbon dioxide production (VCO2). Heart rate was recorded every 5 min using a Polar
Heart Rate watch (Polar Electro, Finland). Following the respiratory measurements, a
venous blood sample was taken.
3.1.5 Sub-maximal Exercise

Two hours prior to arriving at the laboratory, subjects were provided with a
standardized meal consisting of a whole-wheat bagel with cream cheese, and 500 ml of
water. Upon arrival, a catheter was inserted into a peripheral arm vein, and a resting
blood sample was taken. Subjects cycled for 60 min at ~60% VO2 peak. Respiratory
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gases were sampled for 3 min intervals at rest, and every 15 min during exercise. Heart
rate was also measured every 15 min. Ten subjects supplementing with omega-3s (first
study) had blood samples taken at rest, 5, 15, 30, 45, and 60 min of exercise (Fig. 4).
Subjects were allowed water ad libitum. Pre- and post-supplement exercise trials were
performed at the same absolute workload.

0
min

15
Blood
Sampling

30

45

60

Breath Sampling (3 min)

Figure 4. Study design for sub-maximal exercise. Breath samples were taken every 15
min for 3-min increments. Ten subjects had blood samples taken at 0, 5, 15, 30, 45, and
60 min.
3.1.6 Calculations

Whole body resting and exercise fat oxidation, carbohydrate (CHO) oxidation, and
energy expenditure were calculated using the following equations (Péronnet and
Massicotte, 1991):
Fat oxidation (g/min) = [1.695 x VO2 (L/min)] – [1.701 x VCO2 (L/min)]
CHO oxidation (g/min) = [4.585 x VCO2 (L/min)] – [3.226 x VO2 (L/min)]
Energy Expenditure (kcal) = VO2 (L/min) x RER caloric equivalent (kcal/L) x Time
(min)
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3.1.7 Muscle Biopsies

Two to four resting muscle biopsies (total ~500-600 mg) were obtained under
local anesthesia (2% lidocaine without epinephrine) from the vastus lateralis muscle,
using the percutaneous needle biopsy technique described by Bergstrom (1975). Muscle
samples were allocated as follows: 200-250 mg were used to isolate the sarcolemmal
membrane by preparing giant sarcolemmal vesicles (Chris Gerling, University of
Guelph); 200 mg were used for the isolation of mitochondria (Kazutaka Mukai,
University of Guelph); 100 mg were frozen in liquid nitrogen for membrane composition
analysis (all membrane FA analysis was performed by Dr. Adrian Chabowski, Medical
University of Bialystok, Poland) and; 20-40 mg were used to prepare permeabilized
muscle fibers (Dr. Graham Holloway and Eric Herbst, University of Guelph). Note that
all permeabilized muscle fiber analyses are not a part of this thesis. Muscle biopsies were
performed on 19 of the subjects supplementing with omega-3s.
3.1.8 Preparation of Giant Sarcolemmal Vesicles

Giant sarcolemmal vesicles (GSV) were generated as described previously
(Bonen et al., 2000; Talanian et al., 2010). Briefly, the tissue was cut into thin layers ~1-3
mm thick, and incubated for 1 h at 34°C in 140 mM KCl/10mM MOPS (pH 7.4), 1 mL of
collagenase (type VII, 150 units/ml), and aprotinin (30 µg/mL) in a shaking water bath.
Following incubation the supernatant fraction was collected. The remaining tissue was
washed with KCl MOPS and 10 mM EDTA, resulting in a second supernatant fraction.
The two supernatant fractions were pooled, and Percoll (G.E. Healtcare, Baie d’Urfe,
Quebec), KCl, and aprotinin were added to final concentrations of 3.5% (v/v), 20 mM,
and 10 µg/mL, respectively. The resulting suspension was placed at the bottom of a
density gradient consisting of a 3 ml middle layer of 4% Nycodenz (w/v) and a 1 mL
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upper layer of KCl/MOPS. The sample was then centrifuged at 60 x g for 45 min at room
temperature. The vesicles were then harvested from the interface of the upper and middle
solutions, diluted in KCl/MOPS, and re-centrifuged at 12,000 x g for 5 min. The resultant
vesicle pellet was re-suspended in KCl/MOPS and stored at -80°C for Western blot
analyses.
3.1.9 Mitochondrial Isolation

Intact, pooled mitochondria (containing both intermyofibrillar (IMF) and
subsarcolemmal (SS) fractions) were isolated as described previously (Holloway et al.
2007; Talanian et al 2010). Briefly, fresh muscle was homogenized and centrifuged at
800 g for 10 min to separate SS and IMF mitochondria. IMF mitochondria were treated
with protease (Subtilisin A; Sigma, St. Louis, MO) for exactly 5 min and centrifuged to
remove the myofibrils. IMF and SS fractions were combined and centrifuged at 10,000 g
for 2 x 10 min. Samples were purified further using a Percoll gradient. Samples were
centrifuged at 20,000 g for 1 h and the mitochondrial layer was removed. Additional
centrifugation at 20,000 g for 5 h removed the Percoll from the sample. Samples were
frozen at -80°C for analysis by Western blot.
3.1.10 Western Blot Analysis

Buffer containing Triton X-100 (1% v/v) Tris-HCl (50 mM), EDTA (1 mM),
EGTA (1 mM), NaF (50 mM), sodium β-glycerol phosphate (10 mM), sodium
pyrophosphate (5 mM), DTT (2 mM), sodium orthovanadate (1 mM),
phenylmethylsulfonyl fluoride (1 mM), aprotinin (10 µg/mL), leupeptin (10 µg/mL) and
pepstatin A (10 µg/mL) was added to 50-60 mg of whole muscle (WM), and samples
were homogenized (Fast Prep 24 Lysing Matrix D tubes) for 60 s. Following
homogenization, samples were centrifuged at 1500 x g for 15 min at 4°C, and the
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resulting supernatant was collected.
Isolated mitochondrial, WM, and GSV samples were analyzed for total protein
content (BCA protein assay), and 5 µg, 20 µg, and 5 µg of protein was loaded for
Western blotting, respectively, with the exception of UCP3, where 50 µg of isolated
mitochondrial sample was loaded.
Samples were separated by electrophoresis on an 8, 10, or 12% SDSpolyacrylamide gel and transferred to a polyvinylidene difluoride (PVDF) membrane.
Membranes were blocked with 7.5% bovine serum albumin or 5% non-fat milk, and
immunoblotted for 4 h or overnight with primary anitbodies at 4°C. Gel, block, and
immunoblot conditions were dependent on the specific protein being measured. The
monoclonal antibody MO-25 and antisera against FABPpm were used to detect
FAT/CD36 and FABPpm respectively (Gifts from Tandon NN and Calles- Escandon J,
respectively). Commercially available antibodies were used to detect FATP1 and 4 (Santa
Cruz Biotechnology, Dallas, TX), PDH subunit E1α (Molecular Probes, Eugene, OR),
UCP3 (Millipore, Billerica, MA), total OXPHOS (Abcam, Toronto, ON). Membranes
were incubated at room temperature for 1 h with the corresponding secondary antibody,
and proteins were detected with enhanced chemiluminescence (Perkin Elmer Life
Science, Boston, MA). Blots were subsequently quantified by densitometry
(ChemiGenius2 Bioimaging, SynGene, Cambridge, U.K.). Blots were stained with
Ponceau-S to ensure equal loading of protein.
3.1.11 Lipid Analyses

Total lipids from whole muscle, GSVs, and isolated mitochondria were extracted
using the Folch method of extraction (Folch et al., 1957). Individual phospholipids
(phosphatidylcholine, PC; phosphatidylethanolamine, PE; phosphatidylinositol, PI;
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phosphatidylserine, PS; cardiolipin, CL; and sphingomyelin, SM) were separated using
thin-layer chromatography, and the fatty acid composition of each phospholipid was
analyzed by gas-liquid chromatography (Miklosz et al., 2012). The molar amount of each
fatty acid was used to calculate its relative percentage. The degree of unsaturation
(unsaturation index, UI) of each muscle fraction was calculated as Σmi × ni, where mi is
the mole percentage and ni is the number of carbon–carbon double bonds of the fatty
acid.
3.1.12 Blood Analyses

Fasted blood samples were taken and analyzed by Michael Zulyniak (Dr. David
Mutch's lab) for blood lipids (total cholesterol, HDL-cholesterol, fatty acids and their
derivatives) and peripheral blood mononuclear cell gene expression. Only serum fatty
acid composition will be presented.
During exercise, venous blood was collected in heparinized tubes and separated
into two portions. Approximately 1.5 mL of whole blood was immediately centrifuged
and the plasma supernatant was removed and stored at -80°C for later analysis of free
fatty acids (Wako NEFA C-test kit, Wake Chemicals, Richmond, VA, USA). A second
aliquot (200 µL) was deproteinized with 800 µL 0.6 M perchloric acid (PCA) and
centrifuged. The supernatant was removed and stored at -80°C for later analysis of
glucose and lactate (Bergmeyer 1974).
3.1.13 Statistics

All data are presented as means ± S.E. Differences between pre- and postsupplementation muscle measurements were analyzed with a paired, one-tailed t-test. A
two-way repeated measures analysis of variance (trial x time) was used to determine
significant differences between pre- and post-supplementation whole body resting and
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exercise measurements. Specific differences were identified using a Fisher’s LSD post
hoc analysis. Statistical significance was accepted at p < 0.05.
3.2 RESULTS
3.2.1 Subject Characteristics

There were no differences in subject characteristics of the two groups (Table 1).
Body mass, weekly exercise, and daily energy intake did not change in either group over
the 12-week supplementation period, with the exception of total calories in the omega-3
group, calculated from three-day diet records. The percent composition of the diets was
consistent within and between groups (~53% CHO, 21% fat, 26% protein). Serum fatty
acid composition showed a significant increase in EPA and DHA content following
omega-3 supplementation, indicating subject compliance (Table 2) (See Appendix I for a
comprehensive analysis of serum fatty acids).
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Table 1. Subject characteristics before and after 12 weeks of omega-3 or placebo
supplementation.
Omega-3
Pre

Placebo
Post

Pre

Age (years)

22.7 ± 0.8

20.6 ± 0.4

Height (cm)

182.8 ± 1.5

179.9 ± 0.8

Body Mass (kg)

82.1 ± 2.2

82.5 ± 2.3

79.0 ± 3.2

Post

78.2 ± 3.0

Physical Activity (min/wk) 209.6 ± 18.2 190.9 ± 21.5 165.6 ± 25.1 188.9 ± 47.5
Diet (Cal)

2295 ± 127

2075 ± 144*

2320 ± 138

2257 ± 141

Values are means ± S.E. (n-3, n=21; Placebo, n=9). *Significantly different from pre.

Table 2. Serum fatty acid composition before and after 12 weeks of omega-3
supplementation.
Fatty Acid

Pre

Post

EPA

0.53 ± 0.22

3.86 ± 0.22*

DHA

1.47 ± 0.14

3.64 ± 0.14*

Values are means ± S.E. (n=10) expressed as a relative percentage of total composition.
*Significantly different from pre (p < 0.05). Reproduced, and altered with permission
from Zulyniak et al. (2013).
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3.2.2 Resting Whole Body Oxygen Consumption and Energy Expenditure

Resting data are presented as the average over the final 15 min of the resting
metabolic rate trial (Fig. 5). The average resting VO2 increased by 5.4% (Pre, 275.7 ±
9.4; Post, 290.5 ± 8.0 mL/min) and VCO2 increased by 5.8% (Pre, 224.8 ± 9.1; Post,
237.9 ± 8.9 mL/min) (Fig. 6A and B) following omega-3 supplementation, but these
changes were not significant. No changes occurred in the VO2 (Pre, 280.8 ± 12.2; Post,
281.3 ± 10.0 mL/min) or VCO2 (Pre, 219.2 ± 14.5; Post, 219.6 ± 7.9 mL/min) of the
placebo group (Fig. 6A and B). Average RER did not change in either the omega-3 (Pre,
0.81 ± 0.01; Post, 0.81 ± 0.01) or placebo (Pre, 0.77 ± 0.03; Post, 0.78 ± 0.01) groups.
There was no change in the average resting heart rate in both the omega-3 (Pre, 62.3 ±
2.4; Post, 60.3 ± 1.6 beats/min) and placebo (Pre, 65.1 ± 3.0; Post, 60.5 ± 3.0 beats/min)
groups.
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Figure 5. Resting VO2 before and after 12 weeks of omega-3 (A) or placebo (B)
supplementation. Values are means ± S.E. (omega-3, n=21; placebo, n=9).
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Figure 6. Mean resting whole body VO2 (A) and VCO2 (B) before and after 12 weeks of
omega-3 or placebo supplementation. Values are means ± S.E. (omega-3, n=21; placebo,
n=9).
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Resting fat and CHO oxidation rates did not change in either group following
supplementation, resulting in no changes in resting metabolic rate (Pre, 1.33 ± 0.05; Post,
1.40 ± 0.04 kcal/min) (Fig. 7). Individual subject changes in resting metabolic rate
expressed in absolute terms and relative to body mass are shown in figures 8 and 9,
respectively.
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Figure 7. Mean resting metabolic rate before and after 12 weeks of omega-3 or placebo
supplementation. Values are means ± S.E. (omega-3, n=21; placebo, n=9).
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Figure 8. Mean resting metabolic rate for each subject before and after 12 weeks of omega-3 (A) or placebo (B) supplementation.
Values are means over the last 15 min of resting metabolic rate trial.
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Figure 9. Mean relative resting metabolic rate (expressed per kg body mass) for each subject before and after 12 weeks of omega-3
(A) or placebo (B) supplementation. Values are means over the last 15 min of resting metabolic rate trial.
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3.2.3 Exercise Whole Body Oxygen Consumption and Energy Expenditure
3.2.3.1 VO2peak

Peak VO2, power output, and heart rate did not change with omega-3 or placebo
supplementation (Table 3).
Table 3. Peak oxygen consumption, power output, and heart rate during maximal
exercise, before and after 12 weeks of omega-3 or placebo supplementation.
Omega-3
Pre

Post

Placebo
Pre

Post

VO2peak (L/min) 4.03 ± 0.10 3.98 ± 0.09 4.03 ± 0.14

3.83 ± 0.14

Peak Power (W)

331 ± 8.9

334 ± 9.5

328 ± 16.7

324 ± 18.2

HRpeak (bpm)

189 ± 2.2

188 ± 2.6

188 ± 3.5

192 ± 3.7

Values are means ± S.E. (n-3, n=21; Placebo, n=9).

3.2.3.2 Submaximal Exercise

There was no effect of supplementation on exercising VO2, or VCO2 (Fig. 10).
Average exercising heart rate was not different following supplementation in either the
omega-3 (Pre, 145.5 ± 2.9; Post, 147.0 ± 2.9 beats/min) or placebo (Pre, 155.4 ± 4.7;
Post, 153.8 ± 5.7 beats/min) groups.
In both groups, pre- and post-supplementation RER significantly decreased over
time. There was also a significant main effect for supplementation in both groups, with an
overall decrease in RER post-supplementation (Fig. 11). Concurrently, there was a
significant main effect for supplementation in both groups, whereby the calculated fat
oxidation and CHO oxidation rates significantly decreased and increased, respectively
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(Fig. 12). There was no change in total energy expenditure for the 60-min ride in either
the omega-3 (Pre, 678.3 ± 15.8; Post, 694.9 ± 17.5 kcal) or placebo (Pre, 703.7 ± 29.4;
Post, 682.3 ± 34.4 kcal) group (Fig. 13).
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Figure 10. Whole body VO2 (A: Omega-3; B: Placebo) and VCO2 (C: Omega-3; D: Placebo) during 60 min of cycling at ~60% of
pre-supplementation VO2peak, before and after 12 weeks of supplementation. Values are means ± S.E. (Omega-3, n=21; Placebo n=9).
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Figure 11. Whole body respiratory exchange ratio (RER) during 60 min of cycling at
~60% of pre-supplementation VO2peak, before and after 12 weeks of omega-3 (A) or
placebo (B) supplementation. Values are means ± S.E. (Omega-3, n=21; Placebo, n=9).
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Figure 12. Whole body fat (A: Omega-3; B: Placebo) and CHO (C: Omega-3; D: Placebo) oxidation during 60 min of cycling at
~60% of pre-supplementation VO2peak, before and after 12 weeks of supplementation. Values are means ± S.E. (Omega-3, n=21;
Placebo, n=9). #Significantly different (p < 0.05) than 15 min of the same trial. *Significant main effect for condition (p < 0.05).
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Figure 13. Whole body total energy expenditure during 60 min of cycling at ~60% of
pre-supplementation VO2peak, before and after 12 weeks of omega-3 or placebo
supplementation. Values are means ± S.E. (Omega-3, n=21; Placebo, n=9).

3.2.3.3 Venous Blood Measurements

Blood measurements during exercise are presented in Table 4 (n=10, omega-3
supplementation only). Blood lactate concentration significantly increased in the first 15
min, and then steadily decreased throughout the duration of the 60-min ride, with no
effect of omega-3 supplementation. Plasma free fatty acids (FFA) were significantly
elevated by 30 min of exercise, and continued to increase for the duration of the ride in
both trials, with no effect of supplementation. Blood glucose decreased slightly in the
first 15 min, and then steadily increased for the duration of the ride. There was no effect
of supplementation on blood glucose.
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Table 4. Whole blood glucose and lactate and plasma FFA concentrations during 60 min
of cycling at ~60% of pre-supplementation VO2peak, before and after 12 weeks of omega3 supplementation.
0

5

Time (min)
15

30

45

60

Glucose (mM)
Pre
Post

4.8 ± 0.3
5.0 ± 0.3

4.7 ± 0.3
4.5 ± 0.3

4.1 ± 0.2
4.0 ± 0.1*

4.1 ± 0.2
4.1 ± 0.1*

4.5 ± 0.3
4.4 ± 0.2

4.5 ± 0.3
4.8 ± 0.2†

Lactate (mM)
Pre
Post

0.5 ± 0.1
0.7 ± 0.2

1.6 ± 0.4
1.9 ± 0.4

3.0 ± 0.7*#
2.7 ± 0.4*

2.6 ± 0.5*
2.2 ± 0.3*

2.2 ± 0.3*
2.2 ± 0.4*

1.6 ± 0.3†
1.9 ± 0.4

0.21 ± 0.03
0.24 ± 0.02

0.18 ± 0.02
0.17 ± 0.01

0.18 ± 0.02
0.17 ± 0.02

0.25 ± 0.02
0.25 ± 0.03

0.32 ± 0.04#†
0.36 ± 0.06#†

0.44 ± 0.05*#†¥
0.45 ± 0.08*#†¥

FFA (mM)
Pre
Post

Values are means ± S.E. (n=10). *Significantly different (p < 0.05) from 0 time,
#

significantly different from 5 min, †significantly different from 15 min, ¥significantly

different from 30 min of the same trial.
3.2.4 Muscle Analyses

All muscle data are n = 10, except where muscle was missing or the analyses were
not successful. The n for each measurement is specified in the figure legend. Western
blotting demonstrated that sarcolemmal and mitochondrial membrane isolation
procedures were free of contamination from other sources (Fig 14A and B).
Representative loading controls for whole muscle (alpha tubulin) and mitochondria (COX
IV) are displayed in figure 15. A representative loading control was not obtained for giant
sarcolemmal vesicles, and this will be discussed below.
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Figure 14. Representative Western blots performed on giant sarcolemmal vesicles (A)
and isolated mitochondria (B) from human skeletal muscle. Whole muscle homogenate
from human skeletal muscle was used as a positive control. GSV, giant sarcolemmal
vesicles; WM, whole muscle.

A

alpha-tubulin

B

COX IV

h

Figure 15. Representative loading controls for whole muscle (A) and mitochondria (B)
Western blots.

3.2.4.1 Whole Muscle Protein Content

There was no change in mitochondrial content following supplementation, as
indicated by the protein content of specific subunits of the electron transport chain
complexes I-V and PDH, (Fig. 16). Supplementation did not change the whole muscle
content of FAT/CD36, FABPpm, FATP1, or FATP4 (Fig. 17).
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Figure 16. Human skeletal muscle protein content of electron transport chain complexes
I-V and PDH in whole muscle homogenate before and after 12 weeks of omega-3
supplementation. Values are means ± S.E. in arbitrary units (n=10).
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Figure 17. Human skeletal muscle protein content of fatty acid transporters in whole
muscle homogenate before and after 12 weeks omega-3 supplementation. Values are
means ± S.E. in arbitrary units (n=10).
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3.2.4.2 Sarcolemma Protein Content

There was no change in sarcolemmal FAT/CD36 content. There was a trend
towards an increased FABPpm (56%, p = 0.056) and decreased FATP4 (24%, p = 0.066)
(Fig. 18). Due to tissue limitations, changes in FATP1 were not measured. Individual
subject changes for FABPpm indicated that the overall changes were driven by
substantial changes in only three of ten subjects (Fig.19). We were unable to detect a
loading control, as all three proteins were detected on the same membrane.

Sarcolemma&Protein&Content&&
(Arbitrary&Units)&

2.00#
1.80#
1.60#
1.40#
1.20#
1.00#

Pre#

0.80#

Post#

0.60#
0.40#
0.20#
0.00#
FAT/CD36#

FABP#

FATP4#

Figure 18. Human skeletal muscle protein content of fatty acid transport proteins in giant
sarcolemmal vesicles before and after 12 weeks of omega-3 supplementation. Values are
means ± S.E. in arbitrary units (n=10).
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Figure 19. Individual percent (%) changes in sarcolemmal fatty acid binding protein
(FABPpm) following 12 weeks of omega-3 supplementation (n=10).

3.2.4.3 Mitochondrial Membrane Protein Content

Following supplementation, there was no change in mitochondrial FAT/CD36
protein content (Fig. 20). Total mitochondrial UCP3 content was also not affected by
omega-3 supplementation (Fig. 21). A long and short form of UCP3 was detected,
however, with a significant increase in the long form (11%, p < 0.05) and no change in
the short form.
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Mitochondrial&FAT/CD36&Protein&
Content&(Arbitraty&Units)&

1.40#
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0.20#
0.00#

Figure 20. Human skeletal muscle protein content of fatty acid translocase (FAT/CD36)
in isolated mitochondria before and after 12 weeks of omega-3 supplementation. Values
are means ± S.E. in arbitrary units (n=10).
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1.00#
0.80#
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UCP3#Short#Form# UCP3#Long#form#
(~24127#kDa)#
(~30133#kDa)#

UCP3#Sum#

Figure 21. Human skeletal muscle protein content of uncoupling protein 3 (UCP3) in
isolated mitochondria before and after 12 weeks of omega-3 supplementation. Values are
means ± S.E. in arbitrary units (n=9). *Significantly different from pre (p < 0.05).
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3.2.4.4 Membrane Fatty Acid Composition

Expressed in absolute concentrations, significant incorporation of omega-3s
occurred in all muscle fractions with supplementation. The ALA, EPA, DHA, and total
omega-3 content in whole muscle homogenate significantly increased by 49%, 445%,
198%, and 254%, respectively (Fig. 22). In giant sarcolemmal vesicles, the EPA, DHA,
and total omega-3 content significantly increased by 117%, 597%, and 81%, respectively,
with no change in ALA content (Fig. 22). In isolated mitochondria, the EPA, DHA, and
total omega-3 content significantly increased by 308%, 267%, and 193%, respectively,
while the ALA content significantly decreased by 13% (Fig. 22).
Expressed as a relative percentage of total FAs the EPA, DHA, and total omega-3
content in whole muscle homogenate and isolated mitochondria significantly increased,
with no change in ALA content (Fig. 23). In giant sarcolemmal vesicles, ALA content
significantly decreased, while DHA content significantly increased. There was no change
in EPA or total omega-3 content (Fig. 23).
The degree of unsaturation, or unsaturation index, significantly increased in whole
muscle homogenate and isolated mitochondrial, but did not change in giant sarcolemmal
vesicles (Fig. 24). The increased UI in whole muscle homogenate and isolated
mitochondria can solely be attributed to the increases in EPA and DHA content in each
fraction, as opposed to changes in other FAs (Fig. 25). The ratio of omega-6s:omega-3s
significantly decreased in whole muscle homogenate, isolated mitochondrial, and giant
sarcolemmal vesicles (data not shown).
For a comprehensive analysis of phospholipid and FA changes in each membrane,
see Appendix II.
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Figure 22. Human skeletal muscle membrane fatty acid content of whole muscle (WM) (A), sarcolemmal vesicles (B), and isolated
mitochondria (C), before and after 12 weeks of omega-3 supplementation. (D) Percent change in each fraction. Values are means ±
S.E. (Whole muscle, n=9; sarcolemma, n = 9; mitochondria, n=10). *Sig. different from pre (p < 0.05).
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Figure 23. Human skeletal muscle membrane fatty acid content of whole muscle (WM) (A), sarcolemmal vesicles (B), and isolated
mitochondria (C), before and after 12 weeks of omega-3 supplementation. (D) Percent change in each fraction. Values are means ±
S.E. (Whole muscle, n=9; sarcolemma, n = 9; mitochondria, n=10). *Sig. different from pre (p < 0.05).
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Figure 24. Unsaturation index (UI) of whole muscle homogenate, sarcolemmal vesicles,
and isolated mitochondria. UI = Σmi × ni, where mi is the mole percentage and ni is the
number of carbon–carbon double bonds of the fatty acid. Values are means ± S.E. (whole
muscle, n=9; sarcolemma, n = 9; mitochondria, n=10). *Significantly different from pre
(p < 0.05).
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Figure 25. Individual contribution of each unsaturated fatty acid to the unsaturation index
of whole muscle homogenate (A), sarcolemmal vesicles (B), and isolated mitochondria
(C). Values are means ± S.E. (whole muscle, n=9; sarcolemma, n = 9; mitochondria,
n=10). *Significantly different from pre (p < 0.05).
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CHAPTER 4: DISCUSSION
The present study examined whether supplementation with omega-3 FAs
(primarily EPA and DHA) would alter skeletal muscle membrane fatty acid composition,
whole body energy expenditure, and selected skeletal muscle proteins involved in
metabolism. Supplementing with 2.0 g of EPA and 1.0 g DHA per day for 12 weeks
significantly altered the omega-3 content of whole muscle, sarcolemmal, and
mitochondrial membranes in human skeletal muscle. To our knowledge, this is the first
study to show this effect in the sarcolemmal and mitochondrial membrane fractions of
human skeletal muscle. There was no significant effect of supplementation on whole
body oxygen consumption or substrate use at rest or during exercise, or on skeletal
muscle proteins involved in the regulation of fat and CHO metabolism, with the
exception of a small increase in UCP3 protein content (long form). Taken together, the
incorporation of omega-3 FAs into the membranes did not significantly alter the
functional measurements that were made.
4.1 Skeletal muscle membrane omega-3 fatty acid content
It has previously been reported that omega-3 FAs are incorporated into human
skeletal muscle following supplementation (Andersson et al. 2002; Dangardt et al. 2012;
Smith et al. 2011a, 2011b). However, these studies have been limited to whole muscle
membrane analyses, and evidence shows that membrane composition is not uniform
across all membranes within a cell (Fiehn et al. 1971; Stefanyk et al., unpublished). As
such, whole muscle measurements are unlikely to accurately represent the changes in
each membrane, as they may respond differently to supplementation due to their specific
biological functions. This study examined the sarcolemmal and mitochondrial
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membranes in skeletal muscle, as they are of key importance to the metabolic function of
skeletal muscle and contain the machinery responsible for taking up nutrients and
converting them into useable energy. Past studies demonstrated that omega-3
supplementation alters the FA composition of liver (Clouet et al., 1995) and heart
(Khairallah et al., 2010) mitochondrial membranes and liver plasma membranes (Clamp
et al., 1997). Supplementation also altered rodent skeletal muscle plasma membrane
composition (Liu et al. 1994), however, these effects have yet to be examined in human
skeletal muscle. In the current study, there was significant incorporation of EPA and
DHA into sarcolemmal and mitochondrial membranes following supplementation,
resulting in a significant increase in total omega-3 content. When expressed as a relative
percentage of total fatty acids in each fraction, the effect of supplementation on
sarcolemmal EPA and total omega-3 content was no longer present. Consistent with
previous studies in whole muscle (Andersson et al., 2002; Dangardt et al., 2012), the
omega-6:omega-3 ratio significantly decreased in all muscle fractions.
Omega-3 incorporation into cell membranes generally results in an increase in
membrane unsaturation, which subsequently affects cellular function. There was a
significant increase in the unsaturation index (UI) of whole muscle and mitochondrial
membranes following supplementation, and these changes can solely be attributed to the
increases in EPA and DHA content in each fraction, as opposed to changes in other FAs.
The UI of the sarcolemma did not change due to the minimal relative incorporation of
omega-3s.
A differential effect of supplementation on the omega-3 FA content was observed
in each membrane. The incorporation profile of whole muscle and mitochondrial
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membranes was similar, with the changes in mitochondria being slightly larger in
magnitude. Generally, it appears as though the sarcolemmal membrane is more resistant
to change, with the exception of a significant increase in DHA, and a small but significant
decrease in ALA. These data implicate the importance of studying individual membranes
independent of whole muscle, as not all membranes responded in the same manner to
supplementation.
Polyunsaturated fatty acids are more prone to oxidative damage than other fatty
acids (Hulbert, 2005) and it has been suggested that less unsaturation may be an
important protective mechanism for mitochondrial membranes against membrane damage
(Tsalouhidou et al., 2006). The present results suggest an increased susceptibility of
skeletal muscle mitochondria to oxidative damage following omega-3 supplementation.
Omega-3s may, however, offer several protective measures to counteract their own
harmful effects. It has recently been shown that omega-3 feeding increased the activity of
an important mitochondrial superoxide dismutase (SOD2), an antioxidant enzyme that
acts to prevent oxidative damage, in rodent cerebrum, liver, and uterus (Garrel et al.,
2012). Lanza et al. (2013) also showed that omega-3s increased the mRNA expression of
the antioxidant enzyme catalase in skeletal muscle of high-fat fed rodents. Additionally,
Hagopian et al. (2010) showed that an increase in omega-3 FAs and a decrease in the
ratio of omega-6:omega-3 in liver mitochondria of fat-1 transgenic mice were associated
with a decrease in hydrogen peroxide production in complex I of the electron transport
chain. Taken together, these studies could explain why mitochondria may not be resistant
to FA changes induced by omega-3 supplementation. Research on sarcolemmal
membrane composition is very limited and the resistance of the sarcolemma to FA
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compositional changes is difficult to interpret. The results in the present study are
inconsistent with Lui et al (1994), who demonstrated significant incorporation of EPA
and DHA into skeletal muscle plasma membrane phospholipids of rodents following high
omega-3 feeding.
The biological significance of these membrane changes is complex and not
completely understood. Analysis of structural and compositional properties of nonskeletal muscle membranes has shown that these properties can affect important
physiological processes such as ion homeostasis, carrier-mediated transport, and signal
transduction (Nikolaidis and Mougios, 2004; Spector and Yorek, 1985). It is also
suggested that alterations in membrane composition can affect the activity of membrane
proteins (McIntosh and Simon, 2006). In skeletal muscle specifically, there is currently
disagreement as to whether there is a relationship between membrane composition and
function. Kriketos et al. (1995) demonstrated in rodents that muscle with higher oxidative
capacity was associated with a higher level of unsaturation in whole muscle membranes,
while Blackard et al. (1997) showed only minor differences between the whole muscle
compositions of muscles with varying oxidative capacities. Although there were
compositional changes in whole muscle, sarcolemmal, and mitochondrial membranes in
the present study, there were no changes in the functional measures taken. However, this
does not discount the possibility that there are functional effects of these membrane
changes occurring aside from what was measured, and this will be discussed further in
subsequent sections.
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4.1.1 Relationship between membrane composition, oxygen consumption, and energy
expenditure
Due to their incorporation into cell membranes, there are some theories to support
an increase in oxygen consumption and RMR following omega-3 supplementation. The
pacemaker theory of metabolism proposed by Hulbert and Else (1999) proposes that
increased membrane unsaturation is associated with a higher metabolic rate. The theory
postulates that the physical properties of unsaturated membranes result in an elevated
activity of some membrane proteins or membrane-associated processes. For example, the
activities of Na+/K+-ATPase, Ca2+-ATPase, and maintenance of the mitochondrial proton
gradient, all of which utilize ATP, are positively correlated with membrane DHA content
(Hulbert et al., 2005). This subsequently results in increased rates of ATP consumption,
and a higher metabolic rate of the whole organism (Hulbert, 2007).
A second theory suggests that incorporation of omega-3s into mitochondrial
membranes (resulting in increased unsaturation) supports an increase in energy
expenditure due to an increase in proton leak. Typically, protons are moved across the
inner mitochondrial membrane into the matrix through complex V of the electron
transport chain and coupled to ATP production. In the case of proton leak, protons cross
the inner mitochondrial membrane independent of complex V. The energy normally
coupled to ATP production is dissipated, causing the energy yield per unit of NADH to
be reduced. It has been shown that a higher membrane content of DHA in rodent liver
mitochondria was positively correlated to an increase in proton leak (Hulbert et al. 2005),
suggesting that omega-3 supplementation could potentially increase oxygen consumption
and RMR through this mechanism.
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In the current study, despite significant increases in the UI in mitochondrial
membranes, we did not measure significant changes in oxygen consumption or energy
expenditure at rest or during submaximal exercise. This could be because skeletal muscle
only accounts for ~20% of RMR and the effect in skeletal muscle would have to be large
in order to see a whole body effect.
4.1.2 Relationship between membrane composition and substrate oxidation
Some evidence exists to suggest that membrane composition can affect substrate
oxidation. Power et al. (1994) examined the effect of omega-3 feeding on mitochondrial
membrane FA composition and CPTI activity in the liver of rodents. Following 10 weeks,
they observed an increase in CPTI activity and decreased sensitivity of CPTI to malonylCoA, proposing that the changes in membrane composition were responsible for this
effect. The increased maximal activity of CPTI as well as the decreased sensitivity to
malonyl-CoA, potentially due to membrane changes, suggests the potential for omega-3s
to increase fat oxidation. Similar CPTI results were found in rodent skeletal muscle
(Power and Newsholme, 1997). Although membrane composition was not measured in
the latter study, they proposed changes in membrane composition as a similar
mechanism.
Holloway et al. (2012) examined the relationship between mitochondria
membrane unsaturation and palmitate oxidation in isolated mitochondria from rodent
skeletal muscle. Red and white muscle SS and IMF mitochondria were isolated from
rodent hindlimb, and a significant positive correlation between the unsaturation index of
isolated mitochondria and palmitate oxidation was seen across all muscles. Although the
present study observed an increase in the UI of mitochondrial membranes with
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supplementation, we did not see an effect on whole body substrate oxidation at rest or
during exercise. A similar approach could have been taken where palmitate oxidation was
measured in isolated mitochondria before and after supplementation in order to provide a
more accurate determination of substrate oxidation.
4.2 Skeletal muscle protein content
We observed a 56% increase in the sarcolemmal content of FABPpm and a 24%
decrease in the sarcolemmal content of FATP4, with no change in FAT/CD36. Although
these changes are substantial, they were primarily driven by changes in three subjects.
We were unable to detect a loading control, as all sarcolemmal proteins were measured
on the same membrane due to tissue limitations, and the molecular weight of FABPpm
was similar to that of the loading control. Since all proteins were measured on the same
membrane, the fact that one protein increased, one decreased, and one stayed the same
suggests that uneven protein loading during Western blotting cannot explain the results.
Western blots were also performed twice on several subjects, yielding similar results both
times. The physiological significance of these changes in sarcolemmal FA transport
protein content is not entirely clear. Biopsies were taken at rest, when the demand for
fatty acid transport into the cell and subsequent oxidation was low. Overexpressing
individual FAs in rodent skeletal muscle showed that FATP4 has a 2.3-fold greater
transport efficiency than FABPpm. The effect of FABPpm on stimulating FA oxidation
was 3-fold greater than FATP4, with no effect of overexpression on the accumulation of
IMTGs (Nickerson et al., 2009). Taken with our results, we could expect an increase in
resting fat oxidation in skeletal muscle, however we did not directly measure this. It is
unknown as to whether the different transporters have varying affinities for certain FAs,
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and it is possible that FABPpm has a higher affinity for omega-3 FAs than does
FAT/CD36 or FATP4. Also, since biopsies were taken at rest, it remains to be seen how
EPA and DHA supplementation may affect the translocation of fatty acid transporters
under stimulated conditions, such as exercise.
There were no significant changes in the muscle content of selected PPAR-target
proteins involved in skeletal muscle energy metabolism, with the exception of UCP3
(long form). EPA and DHA supplementation did not elicit chronic effects through gene
expression in skeletal muscle. Reasons for this are unknown, as there is some evidence of
this effect in cell and rodent models. For example, omega-3 FAs have been shown to
increase the mRNA expression of FAT/CD36 in isolated skeletal muscle cells (Aas et al.,
2006), and UCP3 and peroxisomal acyl-CoA oxidase in rodent skeletal muscle (Baillie et
al. 1999).
There has been some debate regarding the exact role(s) of UCP3, however, it has
been implicated in increasing fatty acid transport and oxidation (Bezaire et al., 2005),
working in conjunction with MTE to free coenzyme A for use in beta-oxidation and the
citric acid cycle (Costford et al., 2007). In the mitochondria, MTE frees CoA from acylCoA to be used for several reactions in beta-oxidation and the citric acid cycle. The FA
anion (that just had CoA removed) is transported out of the mitochondria by UCP3,
where it can then be converted to fatty acyl-CoA again in the cytosol, and transported
into the mitochondria where the whole process can be repeated. This whole process is
suggested to replenish free CoA in the mitochondria, where a significant amount is
needed for several reactions involved in FA oxidation (Himms-Hagen and Harper, 2001).
There was a significant increase in mitochondrial UCP3 (long form) protein content, but
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it was only 11% and likely exerts minimal physiological effects. We did not measure any
changes in substrate oxidation at rest of during exercise, however, as previously
mentioned, isolated mitochondrial experiments measuring palmitate oxidation would
provide more accurate measurements of these effects.
Unlike previous reports in isolated skeletal muscle cells (Vaughan et al., 2012)
and rodent skeletal muscle (Totland et al., 2000), omega-3 supplementation failed to
induce mitochondrial biogenesis in human skeletal muscle. Totland et al. (2000) reported
fiber type differences, showing mitochondrial proliferation in type I (highly oxidative)
but not type II (glycolytic) fibers following EPA feeding. The discrepancy between these
results could be due to the relative dosages given to cells and rodents compared to the
present study. Rodents received a dosage of 1 g/kg body weight, which is unrealistic for
human studies.
Due to limitations in antibody specificity, we were unable to determine changes in
the protein content of PDK4. PDK4 phosphorylates and inactivates PDH, the control
point for pyruvate conversion to acetyl-CoA in the mitochondria. The expression of
PDK4 is regulated by PPARs (Ehrenborg and Krook, 2009; Muoio et al., 2002), and an
increase in its activity has also been reported following omega-3 supplementation on high
fat diet (Turvey et al. 2005), making it a potential mechanism for the effects of EPA and
DHA on energy metabolism. Future work should examine how omega-3s could affect the
activity of PDK4 independent of a high fat diet.
4.3 Omega-3 supplementation and energy expenditure
In line with our study, Bortolotti et al. (2006) and Kratz et al. (2009) did not see
an effect of omega-3 supplementation on RMR in healthy or obese populations,
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respectively. However, several studies have shown increases in VO2 or RMR in various
models, including isolated skeletal muscle cells (Vaughan et al., 2012), rodents (Pan et al.
1994), and humans (Couet et al. 1997). It is interesting to note that Couet et al. (1997)
supplemented with 6 g/day fish oil (1.1 g EPA, 0.7 g DHA) for only 3 weeks, compared
to 5 g/day fish oil (2 g EPA, 1 g DHA) for 12 weeks in the present study. It does not
appear that diet or exercise could play a role in these changes, as both of these parameters
were strictly controlled in both studies. A possible explanation could be that the present
study used recreationally active individuals while Couet et al. (1997) studied sedentary
individuals. Additionally, this latter study had a significantly lower sample size (n=6),
possibly skewing their results.
During submaximal exercise, there was no significant effect of omega-3
supplementation on VO2 or energy expenditure, similar to the results reported by
Poprzecki et al. (2009), who gave 1.3 g/day of omega-3s for 6 weeks. Peoples et al.
(2008), however, reported a decreased VO2 (~70-85 mL/min) during submaximal
exercise (55% of peak pre-supplement VO2max workload) following 3.2 g/day
EPA+DHA for 12 weeks. We observed an increase of a similar magnitude (~70 mL/min,
or ~3%), however this was not significant. The magnitude of these changes is relatively
small and may not be physiologically significant. A potential explanation for the
discrepancy in their results compared to the present study could be due to the subjects
studied being highly trained athletes. It is possible that omega-3s may have differential
effects on different populations.
Along with changes in membrane composition mentioned previously, an
additional mechanism that supports an increase in oxygen consumption and metabolic
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rate is the potential anabolic properties of omega-3s. Although this was not measured in
the present study, findings from two studies (Couet et al. 1997; Noreen et al. 2010) have
documented a 0.2-0.5 kg increase in fat-free mass (FFM) and a decrease in fat mass with
smaller daily dosages and significantly shorter supplementation periods than the present
study. Smith et al. (2011b) also estimated modest muscle gains in the order of 0.4 kg
following supplementation for 8 weeks, based on changes in muscle cell size and muscle
protein concentration. Lean body mass is a main determinant of RMR (Illner et al., 2000)
and increases in lean body mass (1.9 kg) have been shown to increase RMR (Byrne and
Wilmore, 2001). Therefore, the small changes in FFM associated with omega-3
supplementation may not be sufficient to increase RMR.
4.4 Omega-3 supplementation and substrate oxidation
The present study did not observe any changes in substrate use at rest or during
exercise following omega-3 supplementation, and this is consistent with most previous
reports showing no effect of omega-3 supplementation on substrate oxidation at rest
(Bortolotti et al. 2006; Kratz et al. 2009; Noreen et al. 2010) or during exercise
(Bortolotti et al. 2006; Delarue et al. 2003; Poprzecki et al. 2009). Couet et al. (1997) is
the only group to show an increase in whole body resting fat oxidation, while Huffman et
al., (2004) have shown an increase in fat use during submaximal exercise. It is unclear as
to how these two groups have been able to show this despite their dosages and study
duration being within the range of all other studies.
4.5 Limitations and future directions
A major concern with studies examining the effect of omega-3 FA
supplementation is the use of a proper placebo. Water or gelatin-filled capsules were
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considered for the present study; however, these types of supplements are difficult to
obtain and to our knowledge there are none that have been approved for use by Health
Canada. Additionally, the use of this type of supplement would result in an increased fat
intake (~3-4% of total fat intake) in the experimental group compared to the placebo. The
caveat of using a different type of oil as a placebo is that there could be unknown
biological effects. It is therefore difficult to determine what constitutes a true placebo for
these types of studies. In the present study, olive oil was used, which is high in
monounsaturated fatty acids. Although this is consistent with other studies, criticism
exists over its use. The effects of olive oil or monounsaturated fatty acids are not
completely understood, but they do appear to exhibit some similar effects to omega-3s on
membrane composition and gene expression (Periago et al., 1990; Rodríguez et al.,
2002). To limit any potential effects of olive oil, the daily dosage was decreased to three
capsules in the placebo group (compared to five in the omega-3 group). It could be
argued that olive oil is a sufficient placebo for omega-3 FA supplementation studies
based on our results. At rest, the placebo group exhibited no changes in the variables
measured, indicating no effect of the supplement. There were changes in the measured
variables during exercise, but these were paralleled in the omega-3 group. The changes
during exercise in both groups likely resulted from lifestyle changes or additional factors
rather than an effect of supplementation. Additionally, the possibility of measurement
error cannot be discounted. Despite this, an alternate placebo would be preferred in order
to avoid any uncertainty with the use of olive oil.
Several experimental design issues require discussion. A parallel design was
chosen for the current study due to the uncertainties of a proper washout period that
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would be needed for a crossover study. It has been shown that the effects of omega-3s on
red blood cell membrane composition are still present 18 weeks following the cessation
of supplementation (Brown et al. 1991). The persistence of other effects in the body has
not been explored, and therefore the ideal length of time for a washout period is not
known. Implementing a washout period greater than 18 weeks could potentially
introduces changes in lifestyle that may confound results. Ethical concerns permitted us
to avoid invasive measurements on the placebo group. Additionally, we chose to test less
placebo subjects, considering nine an appropriate number for whole body measurement
comparisons.
It could be argued that indirect calorimetry may not be the most accurate method
for measuring changes in oxygen consumption and substrate metabolism at the level of
skeletal muscle, especially at rest. Even though skeletal muscle accounts for a significant
portion of RMR (Zurlo et al., 1990), many other tissues and body processes represent a
significant contribution. The use of a-v O2 differences and blood flow and/or isotope
tracers would provide a more accurate representation of the changes occurring at the level
of skeletal muscle, and future work should consider utilizing these techniques.
Additionally, aside from methodological issues, there are other difficulties associated
with measuring RMR. Lifestyle factors such as diet, exercise, and stress can impact
RMR. We attempted to control for this as much as possible by giving subjects specific,
detailed instructions to avoid exercise 24 h prior to measurement of RMR, and to repeat
the same diet for the post-supplementation RMR trial that they consumed 24 h prior to
the pre-supplementation trial. Better dietary control could have been achieved by giving
subjects food to consume the day before each trial, and future studies should consider
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doing this. Additionally, two or more RMR trials could be done at each time point and
averaged to ensure greater accuracy in RMR measurements.
The present study had difficulties due to the subjects being from the university
student population. We were limited to three-month periods of relatively consistent
lifestyle, while the time to complete the entire study was approximately four months. As
a result, we had to complete the study over two semesters. Pre-supplementation testing
occurred in November and early December, with supplementation commencing in
January, followed by post-supplementation trials run in March and April. Our rationale
for this timing was as follows. In November and December, students will be have been
living a consistent lifestyle for several months. Significant lifestyle changes occur over
Christmas holidays; therefore waiting to start supplementation in January would allow the
subjects time to return to and remain in their normal lifestyles for a significant period
prior to post-supplementation trials. This ensured that the effects of such an abrupt
change would no longer be present. This is not an optimal timeline, and it would be ideal
to complete the study over a period of minimal interruptions to lifestyle. This should be
considered in future studies.
Due to the amount of muscle required to perform all of the analyses, only resting
biopsies were performed. Exercise provides an intense stimulus to skeletal muscle, and it
is possible that differences in muscle changes due to omega-3 supplementation exist
between rest and exercise, such as the translocation of the FA transport proteins to the
sarcolemma and mitochondria.
Changes in membrane composition represent a potential mechanism of omega-3s,
however, few studies have examined this in skeletal muscle. We have shown that omega-
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3 supplementation results in compositional changes in whole muscle, sarcolemmal and
mitochondrial membranes, but how these changes translate to functional changes within
skeletal muscle are currently unknown. Many of the regulatory points (transporters,
enzymes) of oxygen consumption and energy metabolism are present within the
sarcolemmal and mitochondrial membranes, so it seems plausible that membrane changes
could affect these processes. The present study was limited to measurements of protein
content, but it has been shown that omega-3s can alter enzyme activity (Turvey et al.
2005). Therefore, changes in the intrinsic activity of membrane proteins may occur
following omega-3 supplementation independent of changes in protein content.
Additionally, as mentioned previously, palmitate oxidation in isolated mitochondria
would provide a more accurate representation of the metabolic changes in skeletal muscle
compared to indirect calorimetry. This area of research is in its infancy, and detailed
studies investigating compositional changes of specific skeletal muscle membranes
following omega-3 supplementation and how this affects the membrane proteins and
various membrane-associated processes involved in energy metabolism is warranted.
In summary, this thesis found that supplementation with omega-3s (2.0 g EPA +
1.0 g DHA per day) for 12 weeks resulted in significant incorporation of EPA and DHA
into sarcolemmal and mitochondrial membranes. The incorporation profile of the
sarcolemma and mitochondria were different, with the mitochondria closely mimicking
the changes in whole muscle. There were no changes in the protein content of selected
proteins involved in energy metabolism or markers of mitochondrial biogenesis, with the
exception of a small increase in the long form of UCP3. Despite the changes in
membrane FA composition, there were no physiological effects of these changes at rest
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or during exercise. The effect of omega-3s on skeletal muscle appears to be a relatively
untapped area of research despite it being an important metabolic tissue, and this area
requires further attention
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APPENDICES
Appendix I: Serum Fatty acid composition
Serum fatty acid composition before and after 12 weeks of EPA and DHA
supplementation.
Common Name
Saturated
Myristic Acid
Palmitic Acid
Stearic Acid
Arachidic Acid
Behenic Acid
Lignoceric Acid
Monounsaturated
Palmitoleic Acid
Oleic Acid
Vaccenic Acid
Eicosenoic Acid
Erucic Acid
Nervonic Acid
Polyunsaturated
Linoleic Acid
γ-Linolenic Acid
Eicosadienoic Acid
dihomo-γ-Linolenic Acid
Arachidonic Acid
Docosadienoic Acid
Adrenic Acid
Docosapentaenoic Acid
α-Linolenic Acid
Stearidonic Acid
Eicosapentaenoic Acid (EPA)
Docosapentaenoic Acid (DPA)
Docosahexaenoic Acid (DHA)

Fatty Acid

Pre

Post

14:0
16:0
18:0
20:0
22:0
24:0

0.765 ± 0.075
21.024 ± 0.562
7.309 ± 0.296
0.431 ± 0.065
0.526 ± 0.024
0.475 ± 0.026

0.581 ± 0.075
19.893 ± 0.562
7.513 ± 0.296
0.460 ± 0.065
0.534 ± 0.024
0.486 ± 0.026

16:1 n7
18:1 n9
18:1 n7
20:1 n9
22:1 n9
24:1 n9

1.607 ± 0.155
19.906 ± 0.581
1.756 ± 0.078
0.550 ± 0.112
0.487 ± 0.088
0.691 ± 0.042

1.200 ± 0.155*
16.681 ± 0.581†
1.673 ± 0.078
0.534 ± 0.112
0.584 ± 0.088
0.782 ± 0.042

18:2 n6
18:3 n6
20:2 n6
20:3 n6
20:4 n6
22:2 n6
22:4 n6
22:5 n6
18:3 n3
18:4 n3
20:5 n3
22:5 n3
22:6 n3

29.359 ± 1.083
0.447 ± 0.042
0.276 ± 0.033
1.591 ± 0.110
7.010 ± 0.294
0.115 ± 0.023
0.293 ± 0.060
0.426 ± 0.076
0.839 ± 0.054
0.569 ± 0.201
0.533 ± 0.219
0.611 ± 0.055
1.473 ± 0.140

29.052 ± 1.083
0.301 ± 0.042†
0.275 ± 0.033
1.034 ± 0.110‡
6.640 ± 0.294
0.191 ± 0.023*
0.255 ± 0.060
0.331 ± 0.076
0.807 ± 0.054
0.639 ± 0.215
3.859 ± 0.219‡
1.085 ± 0.055‡
3.642 ± 0.140‡

Values are means ± S.E. (n=10) expressed as a relative percentage of total composition.
Significance denoted by * = p < 0.05, † = p < 0.01, and ‡ = p < 0.001. Reproduced with
permission from Zulyniak et al. 2013.
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Appendix II: Membrane composition analysis
Each muscle fraction is presented within its own section. Initial figures represent total
phospholipid, individual fatty acid, and fatty acid subclasses within each fraction, with
figures showing absolute and relative values the same page. Subsequent figures display
the individual fatty acids and fatty acid subclasses for each phospholipid in the given
fraction, with figures showing absolute and relative values on the same page.
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Absolute (A) and relative (B) whole muscle membrane phospholipid content. Values are means ± S.E (n=9). *Significantly different
from pre. SM, sphingomyelin; PC, phosphatidylcholine; PS, phosphatidylserine; PI, phosphatidylinositol; PE,
phosphatidylethanolamine; CL, cardiolipin.
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pre.
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Total absolute (A) and relative (B) whole muscle membrane FA subclass content. Values are means ± S.E (n=9). *Significantly
different from pre. SFA, saturated FA; MUFA, monounsaturated FA; n-3, omega-3 FA; n-6, omega-6 FA.
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*Significantly different from pre.
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Absolute (A) and relative (B) whole muscle membrane sphingomyelin (SM) fatty acid subclass content. Values are means ± S.E
(n=9). *Significantly different from pre. SFA, saturated FA; MUFA, monounsaturated FA; n-3, omega-3 FA; n-6, omega-6 FA.
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Absolute (A) and relative (B) whole muscle membrane phosphatidylcholine (PC) fatty acid content. Values are means ± S.E (n=9).
*Significantly different from pre.
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Absolute (A) and relative (B) whole muscle membrane phosphatidylcholine (PC) fatty acid subclass content. Values are means ± S.E
(n=9). *Significantly different from pre. SFA, saturated FA; MUFA, monounsaturated FA; n-3, omega-3 FA; n-6, omega-6 FA.
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Absolute (A) and relative (B) whole muscle membrane phosphatidylserine (PS) fatty acid content. Values are means ± S.E (n=9).
*Significantly different from pre.
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Absolute (A) and relative (B) whole muscle membrane phosphatidylserine (PS) fatty acid subclass content. Values are means ± S.E
(n=9). *Significantly different from pre. SFA, saturated FA; MUFA, monounsaturated FA; n-3, omega-3 FA; n-6, omega-6 FA.
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Absolute (A) and relative (B) whole muscle membrane phosphatidylinositol (PI) fatty acid content. Values are means ± S.E (n=9).
*Significantly different from pre.
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Absolute (A) and relative (B) whole muscle membrane phosphatidylinositol (PI) fatty acid subclass content. Values are means ± S.E
(n=9). *Significantly different from pre. SFA, saturated FA; MUFA, monounsaturated FA; n-3, omega-3 FA; n-6, omega-6 FA.
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(14:0)# (16:0)# (16:1)# (18:0)# (18:1)# (18:2)# (20:0)# (18:3)# (22:0)# (20:4)# (24:0)# (20:5)# (24:1)# (22:6)#

Absolute (A) and relative (B) whole muscle membrane phosphatidylethanolamine (PE) fatty acid content. Values are means ± S.E
(n=9). *Significantly different from pre.
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Absolute (A) and relative (B) whole muscle membrane phosphatidylethanolamine (PE) fatty acid subclass content. Values are means
± S.E (n=9). *Significantly different from pre. SFA, saturated FA; MUFA, monounsaturated FA; n-3, omega-3 FA; n-6, omega-6 FA.
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A
Whole&Muscle&CL&FA&Content&
(nmol/g&dry&mass)&
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Absolute (A) and relative (B) whole muscle membrane cardiolipin (CL) fatty acid content. Values are means ± S.E (n=9).
*Significantly different from pre.
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Absolute (A) and relative (B) whole muscle membrane cardiolipin (CL) fatty acid subclass content. Values are means ± S.E (n=9).
*Significantly different from pre. SFA, saturated FA; MUFA, monounsaturated FA; n-3, omega-3 FA; n-6, omega-6 FA.
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Sarcolemmal&Phospholipid&
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Absolute (A) and relative (B) sarcolemmal phospholipid content. Values are means ± S.E (n=9). *Significantly different from pre. SM,
sphingomyelin; PC, phosphatidylcholine; PS, phosphatidylserine; PI, phosphatidylinositol; PE, phosphatidylethanolamine; CL,
cardiolipin.
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Total&Sarcolemmal&FA&Content&
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Total absolute (A) and relative (B) sarcolemmal FA content. Values are means ± S.E (n=9). *Significantly different from pre.
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Total&Sarcolemmal&FA&Subclass&
Content&(nmol/mg&protein)&
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Total absolute (A) and relative (B) sarcolemmal FA subclass content. Values are means ± S.E (n=9). *Significantly different from pre.
SFA, saturated FA; MUFA, monounsaturated FA; n-3, omega-3 FA; n-6, omega-6 FA.
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A
Sarcolemmal&SM&FA&Content&
(nmol/mg&protein)&
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Absolute (A) and relative (B) sarcolemmal sphingomyelin (SM) fatty acid content. Values are means ± S.E (n=9). *Significantly
different from pre.
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Absolute (A) and relative (B) sarcolemmal sphingomyelin (SM) fatty acid subclass content. Values are means ± S.E (n=9).
*Significantly different from pre. SFA, saturated FA; MUFA, monounsaturated FA; n-3, omega-3 FA; n-6, omega-6 FA.
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A
Sarcolemmal&PC&FA&Content&
(nmol/mg&protein)&
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Absolute (A) and relative (B) sarcolemmal phosphatidylcholine (PC) fatty acid content. Values are means ± S.E (n=9). *Significantly
different from pre.
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Content&(nmol/mg&protein)&
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Absolute (A) and relative (B) sarcolemmal phosphatidylcholine (PC) fatty acid subclass content. Values are means ± S.E (n=9).
*Significantly different from pre. SFA, saturated FA; MUFA, monounsaturated FA; n-3, omega-3 FA; n-6, omega-6 FA.
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Absolute (A) and relative (B) sarcolemmal phosphatidylserine (PS) fatty acid content. Values are means ± S.E (n=9). *Significantly
different from pre.
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Absolute (A) and relative (B) sarcolemmal phosphatidylserine (PS) fatty acid subclass content. Values are means ± S.E (n=9).
*Significantly different from pre. SFA, saturated FA; MUFA, monounsaturated FA; n-3, omega-3 FA; n-6, omega-6 FA.
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Absolute (A) and relative (B) sarcolemmal phosphatidylinositol (PI) fatty acid content. Values are means ± S.E (n=9). *Significantly
different from pre.
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200.0#
180.0#

*

160.0#
140.0#
120.0#
100.0#

Pre#

80.0#

Post#

60.0#
40.0#
20.0#
0.0#
Σ#SFA#

B
Sarcolemmal&PI&FA&Subclass&
Content&(%&total&FAs)&

100.0#
90.0#

Σ#MUFA#

Σ#n?3#

Σ#n?6#

*

80.0#
70.0#
60.0#
50.0#

Pre#

40.0#

Post#

30.0#
20.0#

*

10.0#
0.0#
Σ#SFA#

Σ#MUFA#

Σ#n?3#

Σ#n?6#

Absolute (A) and relative (B) sarcolemmal phosphatidylinositol (PI) fatty acid subclass content. Values are means ± S.E (n=9).
*Significantly different from pre. SFA, saturated FA; MUFA, monounsaturated FA; n-3, omega-3 FA; n-6, omega-6 FA.
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Absolute (A) and relative (B) sarcolemmal phosphatidylethanolamine (PE) fatty acid content. Values are means ± S.E (n=9).
*Significantly different from pre.
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Absolute (A) and relative (B) sarcolemmal phosphatidylethanolamine (PE) fatty acid subclass content. Values are means ± S.E (n=9).
*Significantly different from pre. SFA, saturated FA; MUFA, monounsaturated FA; n-3, omega-3 FA; n-6, omega-6 FA.
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Sarcolemmal&CL&FA&Content&
(nmol/mg&protein)&

18.0#
16.0#

*

14.0#
12.0#
10.0#
8.0#
6.0#

Pre#

*

*

Post#

4.0#
2.0#
0.0#
(14:0)# (16:0)# (16:1)# (18:0)# (18:1)# (18:2)# (20:0)# (18:3)# (22:0)# (20:4)# (24:0)# (20:5)# (24:1)# (22:6)#

B
Sarcolemmal&CL&FA&Content&&
(%&total&FAs)&

35.0#
30.0#
25.0#

*

20.0#

Pre#

15.0#
10.0#

Post#

*

*

*

*

5.0#
0.0#
(14:0)# (16:0)# (16:1)# (18:0)# (18:1)# (18:2)# (20:0)# (18:3)# (22:0)# (20:4)# (24:0)# (20:5)# (24:1)# (22:6)#

Absolute (A) and relative (B) sarcolemmal cardiolipin (CL) fatty acid content. Values are means ± S.E (n=9). *Significantly different
from pre.
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Absolute (A) and relative (B) sarcolemmal cardiolipin (CL) fatty acid subclass content. Values are means ± S.E (n=9). *Significantly
different from pre. SFA, saturated FA; MUFA, monounsaturated FA; n-3, omega-3 FA; n-6, omega-6 FA.
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Absolute (A) and relative (B) mitochondrial membrane phospholipid content. Values are means ± S.E (n=10). *Significantly different
from pre. SM, sphingomyelin; PC, phosphatidylcholine; PS, phosphatidylserine; PI, phosphatidylinositol; PE,
phosphatidylethanolamine; CL, cardiolipin.
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Total absolute (A) and relative (B) mitochondrial membrane FA content. Values are means ± S.E (n=10). *Significantly different from
pre.
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Total absolute (A) and relative (B) mitochondrial membrane FA subclass content. Values are means ± S.E (n=10). *Significantly
different from pre. SFA, saturated FA; MUFA, monounsaturated FA; n-3, omega-3 FA; n-6, omega-6 FA.
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Absolute (A) and relative (B) mitochondrial membrane sphingomyelin (SM) fatty acid content. Values are means ± S.E (n=10).
*Significantly different from pre.
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Absolute (A) and relative (B) mitochondrial membrane sphinogmyelin (SM) fatty acid subclass content. Values are means ± S.E
(n=10). *Significantly different from pre. SFA, saturated FA; MUFA, monounsaturated FA; n-3, omega-3 FA; n-6, omega-6 FA.

129

A
Mitochondrial&PC&FA&Content&
(nmol/mg&protein)&

120.0#
100.0#
80.0#
Pre#

60.0#

Post#

40.0#

*

*

20.0#

*

*

*

*

*

0.0#
(14:0)# (16:0)# (16:1)# (18:0)# (18:1)# (18:2)# (20:0)# (18:3)# (22:0)# (20:4)# (24:0)# (20:5)# (24:1)# (22:6)#

B
Mitochondrial&PC&FA&Content&&
(%&total&FAs)&

45.0#
40.0#

*

35.0#
30.0#
25.0#

Pre#

20.0#

Post#

15.0#

*

10.0#

*

5.0#

*

*

0.0#
(14:0)# (16:0)# (16:1)# (18:0)# (18:1)# (18:2)# (20:0)# (18:3)# (22:0)# (20:4)# (24:0)# (20:5)# (24:1)# (22:6)#

Absolute (A) and relative (B) mitochondrial membrane phosphatidylcholine (PC) fatty acid content. Values are means ± S.E (n=10).
*Significantly different from pre.
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Absolute (A) and relative (B) mitochondrial membrane phosphatidylcholine (PC) fatty acid subclass content. Values are means ± S.E
(n=10). *Significantly different from pre. SFA, saturated FA; MUFA, monounsaturated FA; n-3, omega-3 FA; n-6, omega-6 FA.
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Absolute (A) and relative (B) mitochondrial membrane phosphatidylserine (PS) fatty acid content. Values are means ± S.E (n=10).
*Significantly different from pre.
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Absolute (A) and relative (B) mitochondrial membrane phosphatidylserine (PS) fatty acid subclass content. Values are means ± S.E
(n=10). *Significantly different from pre. SFA, saturated FA; MUFA, monounsaturated FA; n-3, omega-3 FA; n-6, omega-6 FA.
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Absolute (A) and relative (B) mitochondrial membrane phosphatidylinositol (PI) fatty acid content. Values are means ± S.E (n=10).
*Significantly different from pre.
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Absolute (A) and relative (B) mitochondrial membrane phosphatidylinositol (PI) fatty acid subclass content. Values are means ± S.E
(n=10). *Significantly different from pre. SFA, saturated FA; MUFA, monounsaturated FA; n-3, omega-3 FA; n-6, omega-6 FA.
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Absolute (A) and relative (B) mitochondrial membrane phosphatidylethanolamine (PE) fatty acid content. Values are means ± S.E
(n=10). *Significantly different from pre.
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Absolute (A) and relative (B) mitochondrial membrane phosphatidylethanolamine (PE) fatty acid subclass content. Values are means
± S.E (n=10). *Significantly different from pre. SFA, saturated FA; MUFA, monounsaturated FA; n-3, omega-3 FA; n-6, omega-6 FA.
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Absolute (A) and relative (B) mitochondrial membrane cardiolipin (CL) fatty acid content. Values are means ± S.E (n=10).
*Significantly different from pre.
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Absolute (A) and relative (B) mitochondrial membrane cardiolipin (CL) fatty acid subclass content. Values are means ± S.E (n=10).
*Significantly different from pre. SFA, saturated FA; MUFA, monounsaturated FA; n-3, omega-3 FA; n-6, omega-6 FA.
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