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Abstract 
 
Although there are indications that n-3 PUFA may be beneficial for different aspects of 
physiological function, particularly in situations of metabolic stress, little is known about their 
potential modulatory effects in healthy, young adults. In Chapter 2, we investigated whether 4g/d 
n-3 PUFA (FO) for 4 weeks prior to and during 2-week, 40% energy restriction (ER), could preserve 
lean mass. ER facilitated a 3.2kg loss of body mass, of which 1.1kg lean mass, which was unaffected 
by n-3 PUFA supplementation. In addition, n-3 PUFA did not influence whole-body changes in 
energy metabolism or muscle function. In Chapter 3, we measured the phosphorylation status of 
mTOR and rpS6 in muscle from healthy males, as a proxy for muscle protein synthesis, to 
determine the effect of n-3 PUFA supplementation for 4 weeks on muscle anabolic signalling 
during 2-week, 40% ER. We demonstrated that muscle anabolic signalling during ER, as the change 
in phosphorylation status of mTOR and rpS6, was unaffected by n-3 PUFA in the basal state. RpS6 
status was significantly potentiated by n-3 PUFA following resistance exercise and consumption of 
10g protein, during ER, while mTOR status was not. N-3 PUFA did not significantly change the 
expression of genes related to muscle development and autophagy. In Chapter 4, we 
demonstrated that n-3 PUFA supplementation ingested 1 hour before exercise does not elicit 
worthwhile improvements in exercise function and time trial performance in trained cyclists. Using 
a Bayesian statistical approach, we determined there was a low-to-very low probability of 
improvements in exercise function. Collectively, the findings of this thesis suggest n-3 PUFA 
supplementation in healthy males does not elicit wortwhile improvements in whole-body 
physiology and muscle function.   
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Chapter 1 – General introduction 

 

1.1 – n-3 PUFA 

The family of omega-3 polyunsaturated fatty acids (n-3 PUFA) consists of 11 different variations of 

long-chain fatty acids between 16 and 24 carbon atoms in length and containing between 3 and 6 

double bonds. These fatty acids (FA) are widely believed to improve aspects of cardiovascular and 

neural function, amongst improvements in other physiological systems, although in most cases 

evidence for these effects in humans is still equivocal. Since the 1970s, when interest into the 

health modulatory effects of n-3 PUFA arose, most research has gone into eicosapentaenoic acid 

(EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3) as these n-3 PUFA are directly 

incorporated into tissue membranes and are precursors for production of bioactive eicosanoids. 

Principally present in fatty fish, such as salmon, mackerel and tuna, they are often colloquially 

called fish oils. Contrastingly, α-linolenic acid (ALA, 18:3n-3), another of the principal n-3 PUFA, is 

present primarily in plant sources.  

 

In various organisms, elongase and desaturase enzymes aid the structural alteration of FA (figure 

1.1). Elongase enzymes facilitate the addition of a carbon molecule to the chain, thereby 

elongating it. Desaturase enzymes act on the bonds between two carbon molecules and facilitate 

the addition of two extra electrons, thereby creating a so-called double bond. The numbering of FA 

is based on the carbon atoms in the chain, and starts at the methyl end (CH3). Desaturase enzymes 

act on specific carbon molecules in the chain, but these are numbered in reverse order: starting 

from the carboxyl (COOH) end. As such, in an 18-carbon chain, the Δ-12 desaturase acts on the 6th 

carbon-carbon bond to create an omega-6 FA. Similarly, the Δ-15 desaturase acts on the 3rd 

carbon-carbon bond to create an omega-3 FA. However, the Δ-12 and Δ-15 desaturase enzymes 
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are not available in humans, meaning saturated FA cannot be converted into unsaturated FA. 

However, humans do have Δ-5, Δ-6 and Δ-9 desaturases which act further along the carbon chain 

[1]. As such, ALA can be converted into more highly unsaturated n-3 PUFA such as EPA and DHA. 

Similarly, linoleic acid (LA; 18:2n-6) can be converted into more highly unsaturated n-6 PUFA, such 

as γ-linolenic acid (γ-LA; 18:3n-6) and arachidonic acid (ARA; 20:4n-6). These processes are thought 

to be slightly more efficient in females compared to males, possibly due to the influence of 

oestrogen on the activity of desaturase and elongase enzymes, and the lower proportion of ALA 

partitioned towards β-oxidation [2]. However, the conversion rate of ALA into EPA and DHA in both 

females and males is extremely low at <1% for EPA and <0.1% for DHA [2]. The conversion of PUFA 

is a complex process, and requires their transport across different cellular compartments, and 

association with enzymes therein. In addition, the low rate of ALA conversion to EPA and DHA has 

been suggested to be due to competition between ALA and LA for Δ6-desaturase, the rate-limiting 

enzyme in this process [3]. Thus, while only alpha-linolenic acid and linoleic acid are classed as 

essential fatty acids, to achieve the levels of EPA and DHA suggested to be adequate for optimal 

functioning, direct consumption is required. 
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Figure 1.1 – Elongation and desaturation steps in the metabolism of eicosapentaenoic acid (EPA) and 
docosahexaenoic acid (DHA) from α-linolenic acid (ALA).   
 

1.2 – Bioavailability and metabolic fates 

Following their ingestion, dietary lipids in the form of fats (solid at room temperature) or oils 

(liquid at room temperature) have several metabolic fates. As triacylglycerols (or triglycerides; TG), 

consisting of three FA linked to a glycerol backbone, they enter the digestive system before being 

hydrolysed by lingual, gastric and pancreatic lipases into free FA, monoglycerides and free glycerol. 

This allows micelle-mediated absorption across the intestinal wall. Inside epithelial cells, free FA 

and glycerol are reconstituted into TG before being transported into the bloodstream as 

chylomicrons via the lymphatic system. Due to their hydrophobic nature, lipids require lipoprotein 

structures to carry them around the bloodstream. As low density lipoprotein (LDL) and very low 
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density lipoprotein (VLDL) carry cholesterol and TG from adipose tissue and the liver towards 

peripheral tissues, high blood concentrations are associated with increased risk for cardiovascular 

disease [4]. Some studies suggest a dose of 4g/d n-3 PUFA can lower TG in those with high levels 

by ~20-30% [5], although the American Heart Association only recommends supplementation after 

diet and lifestyle changes are implemented. The effects of n-3 PUFA on TG metabolism are 

speculated to be (in part) due to their ability to influence metabolic fuel partitioning and FA 

synthesis in liver and skeletal muscle [6]–[8], and to reduce VLDL secretion and increase 

chylomicron clearance [9]. However, despite the widely believed notion that n-3 PUFA reduce 

cardiovascular disease risk, the evidence from human studies does not support this [5], [10], [11].  

 

Regardless, n-3 PUFA, like other fats are carried through the circulation and may be delivered to 

any cell, where they can be incorporated into phospholipid bilayers (also known as plasma 

membranes). Within these bilayers exists a complex environment of molecules and interactions, 

protected by the hydrophillic heads of phospholipids, which form the outside of the membrane. 

Towards the middle of the bilayer are the hydrophobic ends of phospholipids. N-3 PUFA contain 

unsaturated bonds starting from the 3rd position of the carbon chain, from the hydrophobic (CH3) 

end. Therefore, when n-3 PUFA is placed in a phospholipid bilayer, the unsaturated bonds are 

positioned further towards the middle of the membrane compared to other FA. The positioning of 

these unsaturated bonds has been suggested to influence membrane function by altering the 

physical properties of the membrane. That is, FA interactions with cholesterol and other FA 

determine the fluidity, permeability and thermodynamics of the membrane, and these are thought 

to be improved when n-3 PUFA are present [1]. In addition, the positioning of unsaturated bonds 

also has been suggested to alter the nature of interactions with other molecules inside the 

membrane [1]. Furthermore, n-3 PUFA may become constituents of lipid rafts, floating 

microdomains within the plasma membrane, which regulate cellular signalling and trafficking. The 
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presence of n-3 PUFA in lipid rafts therefore further influences membrane function and signalling 

[12], [13].  

 

Across the natural world, organisms with various degrees of unsaturation in their phospholipid 

membranes exist. Typically, organisms with high degrees of unsaturation (e.g. fish) have a high 

metabolic rate, while organisms with low degrees of unsaturation (e.g. desert lizards) have a low 

metabolic rate [1]. For humans, it might seem desirable to increase the overall degree of 

unsaturation in the phospholipid membranes of tissues such as skeletal muscle. That is, an 

increased capacity for metabolism may improve fuel utilisation and therefore energy production 

during physical exercise. However, in humans it appears that attempts to increase the occurrence 

of specific PUFA (e.g. EPA & DHA) comes at the cost of other unsaturated FA (i.e. monounsaturated 

FA or n-6 PUFA). As such, changes in the overall degree of unsaturation are minimal [1], [14], [15]. 

Thus, manipulating the ratio of n-3 PUFA to other unsaturated FA, and specifically n-6 PUFA, is 

often the target of research studies attempting to investigate the physiological benefits n-3 PUFA 

consumption.  

 

PUFA are also highly susceptible to oxidation via enzymatic and non-enzymatic pathways, resulting 

in the production of oxylipins, or eicosanoids. Eicosanoids are named after their main precursors, 

eicosatetraenoic and eicosapentaenoic acids, which contain 20 (eicosa) carbon chains. Eicosanoids 

are a subclass of oxylipins, oxidised products of FA. Eicosanoids are lipid peroxidation products 

which may take many different forms, depending on the initial substrate and oxidative pathway. 

Cyclooxygenase (COX), lipooxygenase (LOX) and cytochrome p450 (CYP450) enzymes catalyse the 

oxidation of PUFA to specific subsets of eicosanoids [16]. Additionally, PUFA may be subject to free 

radical oxidation [17]. As such, PUFA, including those released from phoshpolipid membranes by 

phoshpolipase A2 (PLA2), may be oxidised to produce prostanoids (prostaglandins, leukotrienes, 
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prostacyclin), thromboxanes, hydroxyeicosatetraenoic acids (HETE), resolvins, and many other 

subclasses of eicosanoids [2], [16]. These eicosanoids, which tend to be short-lived due to their 

radical nature, act as local signalling mediators, thereby influencing intracellular signalling and 

gene expression [18]. As a result of direct and indirect actions, PUFA and their oxidation products 

may therefore influence physiology on a wide-ranging scale, although the strength of these effects 

is unclear.  

 

Finally, N-3 PUFA, like other fats, also may be catabolised for energy production in mitochondrial 

beta-oxidation. Although n-3 PUFA may influence the overall rate of beta-oxidation, it is unclear if 

this is a selective process [6], [19]. That is, does n-3 PUFA influence which types of fats are 

oxidised? Regardless, n-3 PUFA do appear to increase mitochondrial biogenesis, and induce beta-

oxidation, in various tissues [6], [20]. Thus, n-3 PUFA may increase the capacity for oxidation of FA, 

which may further explain their suggested anti-triglyceridaemic and anti-diabetic effects [7], [21]. 

The relative proportion of n-3 PUFA partitioned to each of the discussed metabolic fates (i.e. 

incorporation, eicosanoid metabolism, beta-oxidation) is unclear, and may depend on many 

factors, including metabolic state (e.g. oxidative stress and antioxidant status), cell type and 

location, hormone and cytokine regulation, and expression of genes involved in these metabolic 

pathways.  
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1.3 – Eicosanoid actions 

Of the oxylipins, eicosanoids derived from ARA and EPA, have been studied mostly in the context 

of inflammation. Of particular interest are changes in their production as a result of changes in the 

availability of n-3 versus n-6 PUFA, as this can be influenced by changes in diet, and may influence 

the state of inflammation within the body.  n-6 PUFA are often suggested to be pro-inflammatory, 

while n-3 PUFA are suggested to be anti-inflammatory. However, this may be an oversimplification. 

The presence of n-3 PUFA inhibits ARA metabolism, and decreases the production of eicosanoids 

from ARA [22]. Due to structural differences, n-3 PUFA binding to the lipid peroxidation enzymes is 

thought to be strained compared to n-6 PUFA, resulting in reduced production of total eicosanoids 

[16]. Additionally, n-3 PUFA-derived eicosanoids produced with COX or LOX are suggested to have 

lower bioactivity compared to those derived from n-6 PUFA. Furthermore, the availability of n-3 

PUFA also is thought to influence the catabolism of eicosanoids [16], [23]. Thus, differences in the 

overall inflammatory state may not be due to ‘anti-inflammatory’ actions of n-3 PUFA per se, but 

may (in part) revolve around their influence on the profile and quantities of eicosanoids 

synthesised and catabolised. In addition, specific subsets of eicosanoids, such as lipoxins, resolvins, 

maresins and protectins, may act as mediators of resolution.  Resolution happens at the end of the 

inflammatory process, as it terminates the recruitment of (pro-inflammatory) leukocytes and 

return to a normal homeostatic state [24]–[26]. So, increases in the ratio of n-3 PUFA:n-6 PUFA 

may allow better self-regulation of the inflammatory climate.   

 

Eicosanoids can bind to G-protein coupled receptors (GPCR) on cell membranes, thereby 

influencing production of second messengers, which subsequently activates intracellular signalling 

mechanisms [16], [18]. It is believed there are specific fatty acid receptors for each different type 

of eicosanoid, although cross-reactivity may also occur [18]. GPR120 (or FFAR4) was identified as a 

n-3 PUFA-specific receptor in mouse macrophages and adipocytes [27]–[29]. As such, activation of 
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this receptor by n-3 PUFA inhibited inflammation and improved insulin sensitivity, which was not 

the case in GPR120 knockout mice. N-3 PUFA or eicosanoids may also interact with nuclear 

receptors, thereby influencing expression of genes. Specifically, interactions between n-3 PUFA and 

peroxisome proliferator-activated receptors (PPAR-δ/γ/α), nuclear factor kappa B (NFkB), and other 

types of transcription factors have been observed [9]. In addition, n-3 PUFA may affect expression 

of the transcription factors themselves [30], [31]. In healthy individuals, n-3 PUFA supplementation 

has been observed to result in changes in the expression of hundreds of genes, mainly related to 

regulation of oxidative stress and fatty acid metabolism [32]. The specific actions of n-3 PUFA on 

expression of genes (e.g. up- or down-regulation) may depend on various contexts, including cell 

type [18]. Nevertheless, PUFA-mediated changes in gene expression may have beneficial effects on 

various cellular functions yet to be fully explored.  

 

1.4 – Key to health throughout the lifetime? 

Diet plays an important role in our physical health, and manipulating dietary components can 

significantly influence our body’s ability to respond to physiologically stressful situations such as 

exercise, changes in energy availability, or disease. However, changes in the quantity and quality of 

foods consumed over the last two centuries have fueled the emergence of non-communicable, 

degenerative ‘civilisation diseases’ such as cancer, type-II diabetes mellitus (T2DM), obesity, and 

cardiovascular disease. A key factor in this is an increase in sucrose consumption from <10 kg 

to >50 kg per capita per year, across Western developed countries, over the last 200 years [33]. 

Over-reliance on carbohydrate (CHO) in the diet is associated with increased risk for all-cause 

mortality, especially at CHO intakes >50% of the total diet [34]. In addition, over the last 100 years, 

the addition of refined vegetable oils changed the types and amounts of fats consumed, which 

included new types of fats altogether in trans fats [33]. Consumption of saturated fat >10% of total 

energy consumption, of monounsaturated fat <20%, and of polyunsaturated fat >8% are all 
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associated with increased risk of all-cause mortality [34]. Besides changes in the make-up of diets, 

the overall calorie content also has risen in modern times. That is, among participants in the 

National Health and Nutrition Examination Survey (NHANES, USA data), energy intake increased 

from 9832 to 11652 kJ in men, and 6418 to 8142 kJ in women, between 1971 and 2004 [35]. It has 

been argued that the human genome has been unable to keep up with this rapid shift in the 

overall content and composition of our diets [36]. Thus, while the risk of death from infection has 

decreased, the leading causes of death are now diet and lifestyle-related, non-communicable 

degenerative diseases such as obesity, diabetes, cardiovascular disease, and cancer [33].  

 

Strategies are required to mitigate the negative health effects of these ‘Western’ diets.  Besides 

their effect on our health, diets containing high amounts of meat and dairy are also not 

environmentally sustainable. An increasingly larger proportion of the population in the Western 

world are becoming aware that a move towards more plant-based sources of protein is required, 

albeit this has long been the norm in large parts of the world such as Africa and Asia [37]. Although 

more environmentally sustainable, vegetarian and vegan protein sources are often less anabolically 

stimulating, due to deficiencies in specific essential amino acids and anti-nutritional factors [38]. 

Therefore, if dietary composition is not carefully considered, these types of diets may increase the 

risk of impaired muscle health. Aging muscle undergoes the additional challenge of anabolic 

resistance, in which its responses to anabolic stimulation start to become impaired as people 

approach the age of 50 [39]–[41]. As a result of these dietary challenges, there lies great value in 

dietary strategies which can improve the body’s natural responses to anabolic stimuli and 

metabolic stress, protect against the risk of disease, and maintain our physical functioning and  

metabolic health throughout the lifetime. N-3 PUFA have long been suggested as a potential 

protective agent against cardiovascular disease [42]. However, more recently they have also been 

suggested to act as modulators of muscle health through their observed effects on muscle 
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anabolism and catabolism [43], [44]. In older adults, n-3 PUFA supplementation has been observed 

to improve muscle accretion with exercise programmes, and increase muscle mass and function, 

even in the absence of training [45]–[47]. As increased n-3 PUFA status is suggested to improve the 

sensitivity of the protein synthetic machinery to stimulation, it may be a useful tool in the fight 

against sarcopenia [48], [49]. In addition to its observed effects on muscle mass and function in 

older adults, n-3 PUFA also have been suggested to improve glucose control through 

improvements in insulin sensitivity, although meta-analysis does not support such an effect [50]. 

Additionally, in athletic populations, n-3 PUFA have been promoted as modulators of physical 

performance, as it is suggested they may improve exercise function and recovery, although 

evidence for this is also still limited [51]–[55]. The widely held belief that n-3 PUFA may be a key 

component of nutritional strategies to prevent or combat impairments in physical function and 

health throughout our lifetime, still requires further scrutiny.  

 

1.5 – Potential ability to modulate stress responses 

Within the wide field of n-3 PUFA research, investigators have attempted to elucidate the role of n-

3 PUFA and n-3 PUFA-derived eicosanoids on processes ranging from the molecular to whole-body 

level. As mentioned, many pathways exist through which n-3 PUFA may mediate effects on gene 

expression, cell signalling, protein expression and activity. However, the understanding of the exact 

mechanisms of n-3 PUFA-mediated changes in physiological function is still fairly limited. An 

important aspect of the potential for n-3 PUFA to influence physiological processes are its n-6 PUFA 

counterparts. The ‘Western diet’ does not typically contain much in the way of n-3 PUFA sources, 

which has resulted in high n-6:n-3 PUFA ratios. It is suggested that historically, hunter-gatherers 

had n-6:n-3 ratios near 2:1, whereas in modern Western populations this ratio may be nearer to 

20:1 [36], [56]. N-3 and n-6 PUFA compete for spaces in the phospholipid membranes of cells, for 

the enzymes that catalyze eicosanoid formation, and may both act as scavengers of free radicals 
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during periods of oxidative stress. The resulting changes in cellular function, and products from 

these reactions, influence cell signalling, gene expression, cytokine production (by associating with 

immune cells), and (regulation of) inflammation and resolution.  

 

The interaction with the immune system is a critical one: immune cells are adept producers of 

cytokines, which act as signals to other cells, and thereby also influence the activity of other 

immune cells. In addition, some immune cells, such as macrophages, produce eicosanoids [57]. 

The interplay between eicosanoids and cytokines is a complex, but potentially crucial aspect of 

inflammatory regulation that may be influenced by changes in PUFA availability. Therefore, 

changes in eicosanoid metabolism may influence the ability for the immune system to self-

regulate. Many disease states are marked by dysregulation of inflammatory cytokines such as 

interferons, interleukins and tumor necrosis factors [58], [59]. However, n-3 PUFA may inhibit 

production of some cytokines, while enhancing others, and thereby improve the overall 

inflammatory climate [28], [60], [61]. All inflammation is not by definition bad. Under normal 

(healthy) conditions, inflammatory mediators are important signalling molecules, which direct 

tissue responses to areas under metabolic stress through altered energy state or oxidative stress 

[62], [63]. Immune cells and their associated inflammatory cytokines also play a crucial role in the 

recovery from damage created by these metabolic stress states, and to this end may modulate 

satellite cell proliferation [63], [64]. This is an important consideration for those who wish to 

achieve maintenance or improvements in physical function. Does interfering with the body’s 

natural responses to this metabolic stress lead to long-term impairments? In the context of athletic 

functioning, it has been suggested that reducing the inflammatory response (e.g. with ice baths, 

NSAIDs or n-3 PUFA) during and after exercise may impair training adaptation as it limits the 

natural inflammatory response required for tissue remodeling [65]–[67]. This may lead to a 

potential dilemma: faster recovery may allow improved performance in periods where 
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competitions come thick and fast, but it may concomitantly impair long-term outcomes.  

 

A key aspect of n-3 PUFA-regulated changes in function is their interaction with oxidative stress. 

During exercise, reactive oxygen species (ROS) and reactive nitrogen species (RNS) are the natural 

result of the transfer of energy between molecules [68]. The production of these reactive species 

during muscle contraction contributes to force production and muscle endurance [63], [69]. 

However, excessive production of reactive species, which exceeds antioxidant buffer systems, may 

impair muscle function [69]. N-3 PUFA are believed to improve antioxidant capacity, or act as 

antioxidants themselves, thereby protecting against oxidative stress-induced damage [70], [71]. 

The state of oxidative stress induced by exercise promotes acute local inflammation that induces 

the release of inflammatory cytokines [72]. This inflammatory state further promotes the release 

of PUFA, evident through an increase in arachidonic acid (ARA), making these PUFA available for 

the production of eicosanoids [72], [73]. The initial stage of inflammation is followed by the 

production of anti-inflammatory and pro-resolving mediators, which may act as ‘braking-signals’ 

[24]. As n-3 PUFA are suggested to limit the formation of pro-inflammatory, and promote the 

formation of pro-resolving mediators, increasing their availability during and following 

metabolically stressful situations, such as exercise, may allow better self-regulation of the 

inflammatory state [22], [28], [74]. The measurement of specific eicosanoids is challenging 

however, due to their structural complexity, and short-lived and localised nature. Nevertheless, 

systemic levels of their stable metabolic endproducts may be detected in blood or urine [75]. 

Increased concentrations of eicosanoids such as thromboxane B2 (TxB2), prostaglandin E2 (PGE2), 

and 6-keto-PGF1α have been observed during and after endurance exercise [72], [73]. Additionally, 

a recent report demonstrated the lipidomic profile of resistance exercise, with changes in dozens 

of eicosanoids during and in the 24 hours following exercise [66]. These eicosanoids may mediate 

vascular tone and reactivity, and trafficking of immune cells, among a plethora of other local 
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functions [24], [74], [76]. However, production of eicosanoids during exercise may be inhibited by 

β-blockers and NSAIDs [66], [73]. Therefore, athletes may wish to consider carefully their use 

during training and competitive season, as they may hinder the natural resolution of metabolic 

stress [77], [78].   

 

In a wider context, n-3 PUFA may have positive effects on pathophysiologies associated with 

diseases such as cancer, atherosclerosis, asthma and diabetes, as these are associated with 

excessive inflammation [58], [79]. However, investigations into the effects of n-3 PUFA on 

inflammatory markers in healthy (typically athletic) populations report mixed results. Some have 

observed decreases in factors such as IL-6, TNF-α or C-reactive protein [53], [55], [80], [81], while 

others have not [82]–[87]. This may be due to limited consistency in the measurement of 

inflammatory markers in terms of timing in relation to exercise and type of specific cytokines [53]. 

Although cytokines may be active on a more systemic scale than eicosanoids, their measurement is 

still challenging. For example, studies that have investigated changes in inflammatory markers with 

exercise suggest increases in IL-6 may only be observed following strenuous or long-duration 

exercise [88], [89]. There may still be potential minor and acute changes in cytokines, and it is 

unclear if their detection would be improved with more reliable measurement in the future. Still, 

strategies that influence their production, activity and clearance may provide collectively 

worthwhile benefits even if we are unable to detect them reliably.  

 

1.6 – Effects of n-3 PUFA on muscle protein turnover 

Muscle plays a critical role in metabolic and functional health [90], and there are indications that 

n-3 PUFA may positively influence muscle mass and muscle health [43], [44]. At a molecular level, 

improvements in the signalling activity of key proteins regulating muscle protein synthesis (MPS) 

and muscle protein breakdown (MPB) have been observed with n-3 PUFA [49], [86], [87], [91]–
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[95]. Although it is unclear how n-3 PUFA influence these processes exactly, several pathways have 

been proposed as being involved (figure 1.2). Generally, the main pathway of muscle protein 

turnover regulation is understood to revolve around mammalian/mechanistic target of rapamycin 

(mTOR, historically known as FRAP) [96]. The mTOR complex regulates many aspects of cellular 

functioning, which includes processes promoting cell survival/growth (development) and cell 

death (apoptosis). Through (dis)association with several factors, mTOR may be up- or down-

regulated in response to alterations in the metabolic state of the cell. Growth factors, such as IGF-1 

or insulin, stimulate Akt (PKB) through PI3K/IRS1, which results in inactivation of the TSC1/2 

complex. TSC1/2 in turn is a regulator of Rheb, which is suggested to be required for the activation 

of mTOR through their combined association with the endomembrane system [97]. To facilitate 

this activation, mTOR requires translocation from the cytoplasm, an action which is disabled by 

AMPK-mediated phosphorylation of Raptor in response to energy stress [96]. On the other hand, 

availability of AA within the cell promotes association of mTOR with Rag GTPases, which facilitate 

its translocation. Thus, when the cell is not in a state of energy stress, and AA are available, mTOR 

may be translocated to the endomembrane system, associate with Rheb, and thereby become 

active [97], [98]. When active, mTOR promotes MPS through phosphorylation of p70 s6 kinase 

(p70s6k) and eukaryotic translation initiation factor 4E-binding protein (4E-BP1). The activation of 

p70s6k stimulates mRNA translation, and biogenesis of ribosomes through ribosomal protein s6 

(rpS6) [99]. The phosphorylation of 4E-BP1 by mTOR stimulates its disassociation from eIF4E, 

which allows formation of the eIF4F complex and consequently enables cap-dependent RNA 

translation [96]. mTOR is also an inhibitor of autophagy, through phosphorylation of ULK1 [100]. 

Autophagy is an essential component of the protein breakdown machinery, which is responsible 

for the recycling of damaged or old proteins [101]. Thus, autophagy may be induced to maintain 

adequate AA for MPS, when nutritional AA are unavailable (and mTOR is inactive). It has been 

suggested that alternate pathways exist for regulation of MPS in the postabsorptive state, as 
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inhibition of mTOR does not affect protein metabolism in this state [102]. However, these 

pathways have not been elucidated.  

 

 

Figure 1.2 – Simplified diagram of the mTOR pathway regulation muscle protein turnover. Adapted from 
Laplante and Sabatini (2009) [96].  

 

N-3 PUFA can positively influence the (in)activation of various proteins along the pathways 

regulating MPS and MPB (Table 1.1). As such, n-3 PUFA infusion for 5 weeks in steers was observed 

to positively influence insulin-stimulated amino acid disposal and significantly increased Akt and 

p70s6k phosphorylation, and non-significantly increased mTOR and 4E-BP1 phosphorylation [103]. 

Interestingly, although the rate of weight gain was not different, these animals required less feed 

intake to gain the same amount of weight. In growing chickens, an n-3 PUFA-rich diet significantly 

increased muscle insulin sensitivity and p70s6k activation, and non-significantly increased Akt 
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activation, following the injection of insulin [104]. Similar effects are observed in humans, with n-3 

PUFA inducing a greater increase in activation of the mTOR/p70s6k pathway following amino acid 

and insulin infusion, resulting in increased mixed muscle MPS [86], [87]. McGlory et al. (2016) 

investigated the influence of n-3 PUFA on the myofibrillar MPS response to protein feeding and 

exercise, as a more direct measurement of muscle hypertrophy in a real-world setting [49]. 

Interestingly, they observed a suppression of Akt activity at rest, compared to placebo. In addition, 

they also observed a suppression of the 30g protein and resistance exercise-induced increase in 

Akt and p70s6k signalling in the fish oil group. As the exercise was unilateral, they were able to 

investigate the effects of 30g protein feeding independently. Following protein feeding, n-3 PUFA 

appeared to induce a greater increase in MPS in both the rested and exercised legs, although this 

did not reach statistical significance. As a result of the observed suppression of Akt and p70s6k, 

and no significant change in MPS, the authors suggested n-3 PUFA may have improved the 

efficiency of anabolic protein signalling to the protein synthetic machinery [49]. However, they also 

speculate n-3 PUFA may have induced a greater increase in MPS if muscle had not been 

‘maximally’ stimulated with 30g protein. Another study in older adults demonstrated that n-3 

PUFA may also influence postabsorptive MPS, with significantly greater increases in mitochondrial 

and sarcoplasmic MPS, and non-significant increases in mixed muscle and myofibrillar MPS with n-

3 PUFA [48]. In addition, the post-exercise increase in mitochondrial MPS was significantly greater 

with n-3 PUFA, and was greater but did not reach statistical significance for myofibrillar, 

sarcoplasmic and mixed muscle MPS. As it became clear that n-3 PUFA may be beneficial in 

catabolic situations associated with muscle atrophy, their effects in conditions of muscle disuse 

have also been investigated. In rats, n-3 PUFA reduced the loss of Akt and p70s6k phosphorylation 

during hindlimb immobilisation, which was associated with reduced muscle atrophy [105]. A 

similar effect was observed in young female humans, with n-3 PUFA preserving myofibrillar MPS 

and reducing atrophy during leg immobilisation for 2 weeks [106]. 
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Others have attempted to investigate the role of n-3 PUFA in other conditions associated with 

muscle atrophy, such as cancer cachexia and energy restriction/starvation, although specific 

measurements of anabolic signalling proteins or MPS are limited in these contexts. In cachectic 

mice, which experienced a 80% reduction in MPS, n-3 PUFA alone was unable to exert a preserving 

effect [93]. However, when n-3 PUFA supplementation was combined with essential amino acids 

(EAA), MPS was preserved to a greater degree. In addition, these mice experienced extremely high 

rates of MPB, which was significantly reduced by n-3 PUFA, regardless of EAA co-ingestion. In 

another catabolic context, mice undergoing starvation for 24 hour experienced reduced ubiquitin-

dependent proteolysis when fed EPA for 24 hour prior to starvation [92]. Together, the studies on 

the effects of n-3 PUFA suggest attenuation of MPB-related processes, irrespective of anabolic 

state; and potentiation of MPS-related processes, which may be more potent when the protein 

synthetic machinery is anabolically stimulated. In addition, it was speculated that n-3 PUFA may 

increase the efficiency of muscle anabolic signalling and protein synthesis, such that less 

stimulation is required to reach the same effect [49]. Therefore, n-3 PUFA may provide especially 

useful benefits on muscle protein turnover in catabolic states where MPS is impaired.  

 

1.7 – Effects of n-3 PUFA on gene expression 

Besides improvements in signalling activity of proteins regulating protein turnover, several studies 

have also attempted to investigate the effects of n-3 PUFA on transcriptomic changes in various 

tissues. In peripheral blood mononuclear cells (PBMC) of healthy people, 3g/d n-3 PUFA 

supplementation for 6 weeks was shown to induce detectable changes in expression of 610 genes 

in men, and 250 genes in women [32]. The gene pathways that were most affected were related to 

nuclear receptors, transcription factors and oxidative stress. In whole blood of obese women, 

1.8g/d n-3 PUFA induced changes in the expression of hundreds of genes, notably including those 
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related to the NFkB pathway, fatty acid oxidation and synthesis, eicosanoid synthesis and 

receptors, antioxidant enzymes, and the mitochondrial electron transport chain [31]. In normo- 

and dyslipidemic men, supplementation with 2.6g/d n-3 PUFA for 12 weeks also induced changes 

in expression of genes, assessed in whole blood [107]. As such, this study observed global changes 

in regulation of oxidative stress pathways, oxidative and anti-oxidative enzymes, and the NFkB and 

MAPK pathways. Following up this microarray analysis with targeted measurement of relative gene 

expression using quantitative polymerase chain reaction (qPCR), they also found n-3 PUFA-induced 

changes in expression of catalase (CAT), heme oxygenase 2 (HMXO2), and cytochrome P450 

enzyme 1 A2 (CYP1A2). Thus, n-3 PUFA supplementation at typical doses seen in intervention 

studies induces potential positive changes in the regulation of oxidative and other types of 

metabolic stress. Other studies that have investigated expression of individual genes further 

demonstrate potential beneficial effects on muscle metabolism. In the study by You, et al. (2010), 

the preservation of muscle mass with n-3 PUFA, in immobilised rats, was associated with an 

abolition of the increase in MAFbx, MuRF1 and COX2 expression [105]. As MAFbx and MuRF1 are 

key components of the ubiquitin-proteasome pathway, responsible for targeted degradation of 

proteins, this suggests a potential mechanism for the preservation of muscle mass by n-3 PUFA. 

Further, they also observed preservation of iNOS expression with n-3 PUFA, during immobilisation. 

Together with the suppressed expression of COX2, this observation supports a potential role for n-

3 PUFA in the regulation of oxidative stress and inflammation during a catabolic condition. In 

arthritic rats, 1g/kg/d EPA also attenuated the increase in expression of MAFbx, MuRF1 and TNF-α, 

which was associated with reduced muscle atrophy [94]. A similar observation was made in pigs, 

where a 5% fish oil diet for 21 days reduced expression of MAFbx, MuRF1, TNF-α and COX2 [95]. 

Together, these studies suggest changes in gene expression contribute to the observed effects of n-

3 PUFA on oxidative stress, inflammation and muscle protein turnover.  
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Table 1.1 -  The influence of n-3 PUFA supplementation on muscle protein synthesis and activity of anabolic signalling protein kinases. Arrows denote difference compared to 
control or placebo, with * denoting significant differences. Cells left blank were not measured or not reported. Abbreviations: male (M), female (F), amino acids (AA), infusion (inf.), 
muscle protein synthesis (MPS), muscle protein breakdown (MPB), Resistance exercise (REx).  

 

Study Population Intervention Anabolic stimulus Akt mTOR p70s6k 4EBP1 MPS MPB 

Gingras et al. (2007)103 Growing steers 4% menhaden oil inf., 5 wks Insulin inf. ↑* ↑ ↑* ↑   

          

You et al. (2010)105 Immobilised rats 5% cod liver oil diet, 2 wks Last feed unclear ↑*  ↑*   
 

         
 

Smith et al. (2011a)86 Young M & F 4g/d n-3 PUFA, 8 wks Insulin + AA inf. → ↑* ↑*  ↑*  

          

Smith et al. (2011b)87 Older M & F 4g/d n-3 PUFA, 8 wks Insulin + AA inf.  ↑* ↑*  ↑*  
    

 
  

 
 

 

Kamolrat et al. (2013)108 Aging mice 2.5g/d EPA + DHA Dextrose + AA inf. → → ↑* ↑  
 

         
 

Kamolrat & Gray, (2013)91 Mouse myotubes 50 μM EPA or DHA  → ↑ ↑* ↑ ↑* ↓* 
          

Tesseraud et al. (2014)104 New-born chickens ALA-rich diet, 3 wks Insulin injection ↑  ↑*    

  n-3 PUFA-rich diet, 3 wks  →  →    

          

McGlory et al. (2016)49 Young M 5g/d n-3 PUFA, 8 wks Basal ↓*  →  →  

   Protein feeding →  →  ↑  

   Protein feeding + REx ↓*  ↓*  ↑  

   
  

 
 

 
 

 

Lalia et al. (2017)48 Older M & F 4g/d n-3 PUFA, 16 wks Basal     ↑*  

   REx     ↑*  

   
 

    
 

 

McGlory et al. (2019)106 Immobilised young F 5g/d n-3 PUFA, 6 wks Free-living condition     ↑*  
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1.8 – Exercise function and metabolism  

N-3 PUFA supplementation has been suggested to have several beneficial effects on aspects of 

exercise function, including oxygen kinetics, vascular function, neuromuscular function, fatigue 

resistance and psychological strain. Generally, these studies provide supplementation for several 

(3-10) weeks and examine changes in exercise function and performance. As such, some studies 

have observed improvements in specific aspects of exercise function, although generally these 

effects have not been replicated, nor have they translated into improvements in performance 

(summarised in table 1.2). Specifically, n-3 PUFA is suggested to improve fatigue resistance and 

oxygen kinetics in rats, and trained human cyclists [109]–[112]. The suggested mechanism for this 

effect was an improvement in muscle cell Ca2+ cycling, associated with the increase in DHA 

incorporation. Although n-3 PUFA were demonstrated to improve oxygen efficiency during 

submaximal cycling in active males, and trained cyclists, this effect has not been shown to translate 

to improvements in exercise performance [113], [114]. Similarly, it has been suggested n-3 PUFA 

supplementation improves aerobic and anaerobic capacity [115], [116]. Others have also 

suggested n-3 PUFA lowers heart rate during submaximal exercise, and heart rate recovery 

following exercise [117]–[119]. Furthermore, one study observed improvements in neuromuscular 

function and fatigue resistance with 3-week n-3 PUFA supplementation in male athletes [120]. 

Finally, some have also suggested n-3 PUFA may reduce ratings of perceived exertion during 

submaximal exericse [113]. Nevertheless, the changes in aspects of exercise function with chronic 

n-3 PUFA supplementation have not been shown to induce worthwhile improvements in 

performance settings.  
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Table 1.2 – Influence of n-3 PUFA on exercise function and performance in healthy adults. Abbreviations: male (M), female (F), Australian (Aus.), recreationally active (rec.), 
endurance (end.), fish oil (FO), krill oil (KO), seal oil (SO), time to exhaustion (TTE), time trial (TT), oxygen consumption (VO2),  peak power output (PPO),  heart rate (HR), rate 
pressure product (RPP), maximum voluntary contraction (MVC), counter-movement jump (CMJ), respiratory exchange ratio (RER), rate of perceived exertion (RPE). 

Study Population Daily dose Duration Key findings 

Raastad et al. (1997)115 M soccer 5.2g FO: 1.6g EPA + 1.04g DHA 10 weeks No improvement in maximal aerobic power, anaerobic power or  
running TTE     

Oostenbrug et al. (1997)85 M cyclists 6g FO: 1.05g EPA + 0.75g DHA 3 weeks No improvement in 1-hour cycling TT 
    
Toft et al. (2000)83 M runners 6g FO: 1.9g EPA + 1.1g DHA 6 weeks No improvement in marathon time 
    
Peoples et al. (2008)111 M cyclists 8g FO: 0.8g EPA + 2.4g DHA  8 weeks Ramp test: no difference in VO2peak or PPO, but lower HR;  

Submaximal cycle: lower HR, VO2 and RPP     

Buckley et al. (2009)117 M Aus. football 6g FO: 0.36g EPA + 1.56g DHA 5 weeks 

 
Reduced HR during submaximal exercise, no improvement in TTE 

    
Nieman et al. (2009)82 M & F cyclists 2g EPA + 0.4g DHA 6 weeks No improvement in 10-km TT  
    
Kawabata et al. (2014)113 M rec. 3.6g FO: 0.9g EPA + 0.4g DHA 8 weeks Reduced VO2 during submaximal cycle, no change in HR or RPE  

     

Zebrowska et al. (2015)81 M cyclists 0.66g EPA + 0.44g DHA 3 weeks Improved endothelial function and maximal oxygen uptake 
    
Da Boit et al. (2015)84 M & F 2g KO: 0.24g EPA + 0.12g DHA 6 weeks No improvement in work-target TT (~80min) 

    
Lewis et al. (2015)120 M athletes 5g SO: 0.375g EPA + 0.23g DHA 3 weeks Increased VL EMG, reduced Wingate power drop,  

no improvement in MVC or 250 kJ TT     
Hingley et al. (2017)114 M end. athletes  0.14g EPA + 0.56g DHA 8 weeks Reduced oxygen consumption during TT, but no improvement in  

power output during 6s sprints, 5-min TT or MVC     
Black et al. (2018)121 Rugby players 1.1g EPA + 1.1g DHA 5 weeks Improvement in CMJ force 
    
Gravina et al. (2017)116 M & F soccer 0.1g/kg FO: 70% EPA + 20% DHA  4 weeks No improvements in strength, power or speed, but improvement in  

Yo-Yo test performance      
James et al. (2020)122 M cyclists 3.2g EPA + 1.5g DHA 4 weeks No change in VO2, HR, RER or RPE during submaximal cycle, no 

improvement in 15-min TT     
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1.9 – Incorporation and measurement 

Regular consumption of n-3 PUFA is known to result in their incorporation into phospholipid 

membranes. There are different ways of reporting n-3 PUFA status, which is typically done in 

relation to other fatty acids. One such method of reporting is the omega-3 index, which indicates 

the relative amount of EPA plus DHA in red blood cells, as a percentage of total fatty acids [123]. It 

has been suggested that an omega-3 index ≥ 8% is optimal for general health outcomes, as values 

of 8.5-9.5% are observed in Japanese people with low sudden cardiac death [123]. However, n-3 

PUFA are incorporated into a wide range of tissues, and the optimal range for various physiological 

outcomes is not known. In addition, optimal values for different tissues are also unknown. For 

example, it has been suggested that DHA is preferentially incorporated into neurons, as relatively 

high concentrations are observed in the nervous system [124]. There are several studies which 

have investigated the incorporation of n-3 PUFA into various tissues. On an acute timeframe, these 

studies suggest incorporation into leukocytes and platelets may occur as quickly as 1 hour 

following their injection into the circulation [125], [126]. An investigation of regular oral n-3 PUFA 

supplementation observed increases in EPA, DHA and total n-3 PUFA into lipid profiles of blood and 

muscle over a duration of 4 weeks [15]. In this study, 3.5g/d EPA plus 0.9g/d DHA increased EPA 

from 0.9 to 4.8% (of total FA), DHA from 2.7 to 3.6% and total n-3 PUFA from 5.9 to 11.2%. 

Similarly, in muscle, EPA increased from 0.6 to 2.4%, DHA from 1.5 to 2.1% and total n-3 PUFA from 

3.8 to 6.8%. At the same time, n-3 PUFA supplementation led to decreases in monounsaturated FA 

and n-6 PUFA, in both blood and muscle lipid pools, with no change in saturated FA. Therefore, in a 

healthy young population, n-3 PUFA supplementation at palatable oral doses results in clear 

increases in blood and muscle n-3 PUFA status.  
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1.10 – Studies in the field of n-3 PUFA 

Despite observed positive effects of n-3 PUFA on various aspects of oxidative stress, inflammation, 

energy metabolism, and muscle protein turnover, meta-analyses on whole-body effects in various 

contexts often fail to demonstrate significant benefits. For example, a Cochrane review on the 

ability for n-3 PUFA to relieve symptoms associated with cancer cachexia concluded there was 

insufficient evidence to support an effect [127]. Similarly, there is not enough high-quality 

evidence to support an effect of n-3 PUFA on mortality or cardiovascular health [11]. Although 

some studies observe improvements in these parameters, the authors suggest support for an 

effect of n-3 PUFA mainly stems from studies with a high risk for bias. Meta-analyses assessing the 

influence of n-3 PUFA on body composition, as total, fat and lean mass, mainly in overweight 

individuals, also fail to find a worthwhile effect [128]–[130]. Further, meta-analysis suggests n-3 

PUFA consumption is not significantly associated with development of type 2 diabetes mellitus 

[131]. Meta-analyses on the effect of n-3 PUFA on insulin sensitivity in the general population 

found no benefit, although they did find a significant increase in insulin sensitivity in people with 

metabolic disorders [50], [132]. A recent meta-analysis on the ability for n-3 PUFA to reduce 

inflammation and muscle soreness after exercise concluded there was insufficient evidence to 

support an effect [53]. A meta-analysis on n-3 PUFA and muscle mass, strength and function in 

older adults found minor benefits for muscle mass gain and function, especially with 

supplementation periods lasting >6 months [133]. Further, another meta-analysis demonstrates 

that n-3 PUFA reduces heart rate in different populations at rest [134]. N-3 PUFA supplementation 

was also demonstrated to improve endothelial function in various populations [135]. Furthermore, 

n-3 PUFA appears to increase adiponectin, reduce leptin and improve the adiponectin-leptin ratio 

[136], [137]. Finally, one meta-analysis on the effects of n-3 PUFA on depression suggested they 

may have beneficial effects in this context [138]. However, another meta-analysis on the same 

topic suggests the benefits of n-3 PUFA were removed after adjusting for publication bias [139]. 
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That is, the efficacy of n-3 PUFA was suggested to be increased in trials of lower quality, of shorter 

duration, and with greater baseline symptoms. Taken together, many meta-analyses on the effects 

of n-3 PUFA on different whole-body outcomes indicate methodological issues and high risk of bias 

in the analysed studies. It has been argued that generally, most published research findings are 

false, due to factors including publication bias, financial interests, study design and statistical 

techniques [140]. Thus in a general sense, there is a lack of reproducibility of effects, which 

appears to hold true for studies on n-3 PUFA. Therefore, more high-quality randomised controlled 

trials are required to corroborate the suggested effects of n-3 PUFA on various physiological 

parameters.  
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1.11 – Aims of thesis  

Although researchers have studied the influence of n-3 PUFA on various physiological processes in 

detail, many questions still remain. Largely, the focus has been on the potential for n-3 PUFA to 

protect against, or reverse, negative health outcomes associated with various disease states. 

However, n-3 PUFA and eicosanoids may fundamentally affect gene expression and cellular 

signalling, which may also result in physiological benefits on a whole-body level in healthy 

individuals. This thesis will attempt to build on existing knowledge by studying the effects of 

dietary n-3 PUFA on physiological responses, ranging from molecular to whole-body level, to acute 

and chronic stressors in healthy, active adults. It will achieve this through the following aims: 

 

1. To investigate the influence of n-3 PUFA supplementation on lean mass loss during the 

catabolic situation of energy restriction. 

2. To investigate the influence of n-3 PUFA supplementation on whole-body metabolic 

changes during energy restriction. 

3. To investigate the influence of n-3 PUFA on muscle anabolic signalling and gene expression 

during energy restriction. 

4. To investigate the influence of ex vivo n-3 PUFA rich serum on in vitro muscle cell 

development. 

5. To investigate the acute influence of n-3 PUFA on exercise performance in trained cyclists. 

6. To investigate the acute influence of n-3 PUFA on whole-body exercise function in trained 

cyclists. 

7. To investigate differences in bioavailability of n-3 PUFA emulsion versus standard oil, during 

exercise. 
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Chapter 2 – randomised controlled trial of n-3 PUFA supplementation shows no 

effect on lean mass changes during energy restriction in healthy active young 

males 

2.1 - Introduction 

During diet-induced energy restriction (ER), individuals typically lose both fat and lean mass. Loss 

of muscle, as the primary constituent of lean mass, has negative effects on metabolic health and 

physical functioning, which includes activities of daily living and exercise performance [90]. 

Although some small studies show high-protein diets and exercise can moderate lean mass loss 

during ER, additional strategies may have substantial beneficial effects on its preservation [141]. 

Omega-3 polyunsaturated fatty acids (n-3 PUFA) are one nutritional candidate that has been 

suggested may preserve muscle mass through its actions on muscle anabolism and catabolism 

[43], [86], [87], [91]. Given the n-3 PUFA status of the UK population is low [142], supplementation 

can be used to increase their incorporation into phospholipid pools of various tissues. The positive 

effects of n-3 PUFA on physiological functioning (as reviewed in the general introduction – Ch1) 

show these molecules may be useful in situations that induce metabolic stress, such as ER, muscle 

disuse, inflammation and disease. As such, their ability to influence inflammation, cell signalling 

and gene expression may result in positive whole-body changes in body composition, energy 

metabolism and physical function in healthy adults [86], [87], [143]–[145]. To date, no studies have 

investigated the influence of n-3 PUFA on changes in lean mass and parameters of metabolic and 

functional health during ER in healthy, normal weight adults.  

 

Optimisation of health and functional outcomes during and after voluntary or involuntary weight 

loss is desirable for many, be it general population, athletes, soldiers or astronauts. Without 

manipulating the protein content of the diet, weight loss results in loss of lean mass, including 
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skeletal muscle. The negative energy balance, paired with reduced intake of amino acids, results in 

an impaired balance in muscle anabolic and catabolic processes. By breaking down muscle 

proteins, energy and materials can be freed up to maintain novel protein synthesis for core 

processes. In the early phase of weight loss, lean mass losses include water, glycogen and protein 

[146]. Typically, the proportion of weight lost as lean mass ranges from 20-50%, with greater 

proportions of lean mass loss observed in lean individuals [146]–[149]. Studies show that 

exercising during ER may preserve muscle mass and function [149]. High protein diets, which 

under current recommendations are considered to be diets above 0.8 g of protein/kg body weight 

[150], may successfully preserve muscle mass during weight loss in healthy active young 

individuals [147], [151]. However, this effect is small, and the increased protein intake does not 

affect muscle function [149]. Therefore, alternative or additional strategies to preserve muscle 

mass and function during ER are required.  

 

Most studies that have attempted to investigate the influence of n-3 PUFA on changes in body 

composition do not report lean mass, as they have focused on changes in total and fat mass and 

associated metabolic changes. There are some reports that n-3 PUFA improves maintenance or 

accretion of lean mass during habitual living or exercise training programmes, especially in older 

adults [46], [143], [152], [153]. However, other studies have observed no effect of n-3 PUFA on 

lean mass during energy balance (EB) conditions [128], [152], [154]–[156]. In the context of ER, in 

overweight adults (BMI 30-40 kg/m2), supplementation with 1.62g EPA and 0.42g/d DHA during a 

4-week very low energy diet (3000kJ/d) did not influence lean mass loss [157]. In a similar study, 

but with a ‘healthy eating weight loss diet’ (5000kJ/d for females; 6000kJ/d for males), n-3 PUFA 

also did not affect lean mass loss. However, metabolic control of muscle protein turnover is known 

to be impaired in obese individuals [158]. The effects of n-3 PUFA on lean mass during energy 

restriction in normal weight adults have not been studied.  
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In older adults, small studies suggest n-3 PUFA can increase muscle strength improvements during 

strength training [45], improve muscle function [46], [47], [144], [159] and mass [46], [144]. 

However, other studies that have investigated changes in muscle strength [144], [160], function 

[45], [47], [116], [159]–[162] and mass [116], [161], [162] have not observed an effect of n-3 PUFA.  

Meta-analysis shows n-3 PUFA may have beneficial effects on muscle strength and function, but 

not muscle mass, in older adults [163]. As aging muscle is known to differ from that in young 

adults, in terms of muscle protein turnover, and the observed anabolic effects of n-3 PUFA in 

young and middle aged adults [86], [87], their effects in young people warrant further 

investigation.  

 

The effects of n-3 PUFA on muscle physiology have been suggested to stem from improvements on 

muscle protein turnover, which in turn are made up of improvements in both muscle protein 

synthesis (MPS) and muscle protein breakdown (MPB) [48], [49], [86], [87], [91], [106]. Therefore, 

n-3 PUFA may preserve lean mass during ER, which is characterised by reductions in MPS and 

increases in MPB [164]–[166]. The effects of n-3 PUFA on muscle protein turnover are apparent in 

muscle disuse, a context in which anabolic stimulation through mechanical load is sparse. Here, n-

3 PUFA have been shown to reduce muscle atrophy, through improvements in MPS and MPB [105], 

[106]. During diet-induced ER, anabolic stimulation is also sparse due to the limited availability of 

amino acids. In rodents, n-3 PUFA was able to reduce MPB during short-term starvation [92], 

although lean mass changes were not reported.  

 

There are indications that n-3 PUFA also have distinct effects on fat metabolism, which may affect 

changes in fat mass during ER. At a molecular scale, n-3 PUFA has been shown to promote fat 

oxidation and reduce lipogenesis [167], [168]. As such, less lipids are available in the circulation, as 

exemplified by a reduction in triglycerides with n-3 PUFA supplementation [7]. In 
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overweight/obese adults, n-3 PUFA improve abdominal parameters of adiposity, such as waist-to-

hip ratio and waist circumference, despite a lack of change in overall fat mass [129], [130]. In 

normal weight adults, some have observed increased fat loss with n-3 PUFA during EB [143], [169], 

although others have not observed such an effect [152]. Nevertheless, n-3 PUFA may alter 

underlying drivers of changes in body composition, such as substrate metabolism and metabolic 

rate [170]. Like other modulatory aspects of n-3 PUFA, previous results regarding their effects on 

energy metabolism are ambiguous, and may further depend on age and sex [144], [145], [171], 

[172]. In males, some investigators have observed no change in resting metabolic rate (RMR), while 

others observed an increase with n-3 PUFA [171], [172], while in females both increases and 

decreases have been observed [144], [145]. Therefore the effects of n-3 PUFA on energy 

metabolism, if any, remain unclear.   

 

n-3 PUFA may also improve muscle function, independent from changes in muscle mass. Previous 

studies in older adults have shown that muscle function following exercise training is improved to a 

greater degree with n-3 PUFA supplementation [45]–[47]. Additionally, n-3 PUFA may alter specific 

parameters of muscle function such as neuromuscular function, oxygen consumption, heart rate 

and anaerobic capacity [111], [114], [116], [120]. It is possible to maintain or even increase on 

measures of exercise performance during ER combined with exercise, despite loss of lean mass 

[173], [174]. Nevertheless, potential preservation of muscle mass by n-3 PUFA supplementation 

may improve performance outcomes even further.   

 

Previous studies have established that significant increases in n-3 PUFA of blood and muscle lipid 

profiles can be observed after 4 weeks of supplementation at 4g/d, and that this duration and 

dose results in increased muscle anabolism in healthy adults [15], [86], [87]. As there have been no 

studies to investigate the influence of n-3 PUFA supplementation on lean mass during ER in healthy 



40 

 

adults, our primary aim was to establish whether 4g/d n-3 PUFA for 6 weeks could preserve lean 

mass during ER in healthy active young males. In this study, we utilised a relatively severe 2-week, 

40% energy restriction, with a standard macronutrient composition of the diet (i.e. not high-

protein). As such, we aimed to determine whether n-3 PUFA supplementation could form a viable 

additive strategy to maintenance of exercise, for the preservation of lean mass during ER. To this 

end, we recruited resistance trained healthy males to study the potential ameliorating effects of n-

3 PUFA supplementation on body composition. Our secondary aims were to determine the 

influence of n-3 PUFA supplementation on changes in whole-body energy metabolism and muscle 

function during ER with maintenance of exercise.  
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2.2 – Methods 

2.2.1 – Participants 

20 male participants volunteered to take part in the study. Participants were actively resistance 

training (≥ 2 times/week for at least 6 months prior to commencement of the study). Participants 

were excluded if they were already taking n-3 PUFA supplementation, which was confirmed 

verbally. They were healthy as determined by our pre-participation health questionnaire. The 

study conformed to the principles set out by the Declaration of Helsinki and was approved by the 

NHS West of Scotland Research Ethics Committee 4 (16/WS/0248) and the University of Stirling 

Research Ethics Committee. During an initial pre-screening visit, participants were informed of the 

study procedures and provided their written consent. Following this, a blood sample was taken 

from an antecubital vein for the determination of baseline whole blood n-3 PUFA status.  

 

2.2.2 – Supplements  

Participants were randomised into a n-3 PUFA (FO) or a placebo (PLA) supplementation group. The 

FO and PLA supplements were in the form of a 200 mL juice box (Smartfish, Oslo, Norway), to be 

consumed twice daily for 6 weeks. Due to the make-up of the FO and PLA supplements, they were 

not matched for caloric content. The FO supplement (180 kcal) contained 18 g carbohydrate, 5 g 

protein and 9.9 g fat of which 2g EPA plus DHA (800-1000 mg EPA and 1000-1200 mg DHA). Thus, 

the FO group consumed 4g/d EPA plus DHA. The placebo supplement (96 kcal) consisted of 1.5 g 

fat, 5 g protein and 18 g carbohydrate. As we provided participants with their entire diet during 

weeks 4-6, and the FO and PLA supplements were not matched for caloric content, only the 

participants were blinded. The supplements were provided to participants in unmarked 

whitepackaging and matched for taste using orange flavouring. Adherence to supplementation was 

assessed by analysis of whole blood PUFA content, taken from blood samples obtained at the start 

and end of the study. Participants were instructed not to consume oily fish, fish oil supplements 
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and to maintain habitual exercise volume and intensity throughout the 6-wk period.  

 

2.2.3 – Diet control 

During the first 3 weeks, participants consumed their habitual uncontrolled diet. To determine 

baseline energy balance, habitual energy intake and expenditure were recorded over three days 

during the first week, using a protocol adapted from Mettler et al. (2010) [147]. First, participants 

completed a food diary over two weekdays and one weekend day. Each food diary was analysed for 

total energy intake (EI) in calories/day as well as the macronutrient composition using dietary 

software (Nutritics, Dublin, UK). In addition, participants wore an Actiheart heart rate and activity 

monitor (CamNtech, Papworth Everard, UK) continuously on the same days the food diary was 

completed. Actiheart data was analysed using Actiheart 4.0 software to establish active energy 

expenditure (AEE) and total energy expenditure (TEE). Furthermore, participants completed a 

Bouchard physical activity record (BAR) [175] during the same three-day period. The EI, TEE and 

BAR data were averaged to establish a baseline energy balance (EB) in kcal/day. During week 4, 

participants were fed a control diet matching EB (100%). During weeks 5 and 6 participants were 

provided with an energy restricted (ER) diet comprising of 60% calories relative to EB. The 

macronutrient composition of all diets was fixed at 50% carbohydrate, 15% protein and 35% fat. 

The FO and PLA supplements were accounted for by incorporating their energy and macronutrient 

content into the diets, provided during weeks 4-6.  

 

2.2.4 – Experimental trials 

Participants attended trials in the morning of five different days spread over the 6-week period. 

There was no familiarisation session. Visits 1, 2 and 4 (days 7, 27, 42) were identical to each other 

and consisted of body composition, metabolic and performance assessments. Unfortunately, some 

participants did not attend either visit 1 or 2, resulting in missing data. This was accounted for in 
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the statistical analysis. Participants were requested not to undertake strenuous exercise in the 2 

days before each trial. Before attending the laboratory for the morning trials, participants were 

instructed to fast overnight (no food and drink other than water from 10 pm) and to consume at 

least 500 mL water in the morning, to ensure euhydration [176]. Upon arrival, participants were 

asked to empty their bladder before stature was recorded on a Harpenden stadiometer (Holtain 

Ltd., Crosswell, UK), and body mass was recorded on digital scales (Seca, Birmingham, UK). They 

then underwent a whole-body dual energy x-ray absorptiometry scan (Lunar iDXA; GE Healthcare, 

UK) to determine total mass, fat mass and lean mass of total body, arms, legs, trunk, android and 

gynoid regions. All scans were performed by the same researcher. The position of participants on 

the scan bed (196 x 66 cm) was standardised with the top of their head 3 cm away from the upper 

limit of the scan region. Their hands were positioned alongside their body in an upright position. 

Laying supine and wearing only underwear, their feet were rested against a foam positioning aid. 

As some of the participants did not fully fit on the scan bed, in some cases part of their arms 

and/or feet were outside of the scan field. In the cases where one arm was not fully scanned, the 

iDXA software (enCORE v18, GE Healthcare) was used to apply corrections by estimating one half 

from the other. That is, if for example part of the left arm was missing, data from the right side was 

used to estimate the left. In the cases where feet were missing, no corrections were applied. 

However, given the participants heads were always placed 3cm away from the upper limit of the 

scan region, the part of the feet that was not scanned was consistent for each individual. Some fat 

and lean mass data for this cohort was previously reported in Philpott, et al. (2019) [177]. In the 

present study, corrected fat and lean mass data are presented for total body, trunk, arms, legs, 

android and gynoid regions only.  

Following the DEXA scan there was a short walk, up some stairs, to the metabolic laboratory, 

where resting metabolic rate, respiratory exchange ratio and oxygen consumption were 

determined via indirect calorimetry using an Oxycon Pro (Becton Dickinson, Wokingham, UK). 
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Participants rested for 5 minutes prior to commencement of indirect calorimetry. The participant 

lay supine, and a canopy connected to the Oxycon Pro was placed over their head. Participants 

were instructed to remain as still as possible for 15 minutes. Minutes 5:00-15:00 were averaged for 

the determination of respiratory exchange ratio (RER) and resting metabolic rate (RMR). RMR was 

determined automatically by the Oxycon software via the following formula (de V. Weir, 1949) 

[178]:  

RMR (kcal/min) = (1.59 * VCO2 + 5.68 * VO2 – 2.17 * 15) / 1440 

Where VCO2 is CO2 produced and VO2 is oxygen consumed. As we did not measure urinary 

nitrogen, the default setting of 15g/day was used by the Oxycon software.    

To determine body fat percentage (BF%), measures of 8 skinfold sites (biceps, triceps, subscapular, 

iliac crest, supraspinale, abdominal, front thigh, medial calf) were taken and the sum of these 

skinfolds (SUM8) calculated. Measures were completed by the same level 3 trained 

anthropometrist following the International Standards for Anthropometric Assessment [179] using 

a Harpenden skinfold caliper. Withers’ formula was applied to determine percentage body fat (WIT-

BF%) [180]:  

WIT-BF% = 495 / (1.0988 – 0.0004 * Σ 7) – 450 

Where Σ 7 is the sum of all 8 skinfold sites minus the iliac crest. Many formulas exist to estimate 

BF% from skinfolds, and Withers’ formula was selected due to its applicability to our cohort of 

healthy active young males [181].  

A Philips ATL HDI-5000 ultrasound scanner (ATL Ultrasound, Bothell, WA, United States) was used 

to determine changes in muscle size of the vastus lateralis (VL), semitendinosus (ST), biceps brachii 

(BB) and triceps brachii (TB). Ultrasound gel was applied to the scanner head and the skin at the 

target area. The distances from the upper and lower side of the scan head to reference points on 

the body were recorded for repeat measurement on subsequent visits. The scan location was set 

as 2/3rds of the length between the lower and upper reference points. For example, the bicep scan 
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was performed at 2/3rds of the length between the antecubital crease and the acromion [182]. A 

still image was captured and the distance across the widest part of the muscle was recorded to 

determine changes in muscle size.   

To measure exercise performance, participants performed counter-movement jumps (CMJ). 

Vertical jump height was recorded using a linear transducer (Celesco, Toronto, Canada), connected 

to a BioPac MP100 data acquisition system (BIOPAC, Norfolk, UK). The transducer was fixed to a 

FT700 power cage (Fitness-technology, Melbourne, Australia), directly above the participant’s 

head. The end of the transducer cable was attached to the centre of a dowel rod by a Velcro strap. 

Participants stood directly under the transducer with the dowel rod resting on their shoulders and 

maintaining its position with their hands on either side. The vertical displacement was recorded 

using Acqknowledge software (version 3.9.1, BioPac Systems, Inc.) and saved for offline analysis. 

Jump height was calculated as the displacement from the starting position to the highest point 

recorded at the top of each jump by the linear transducer. The maximum height from 3 attempted 

jumps was recorded as maximum CMJ height. Simultaneously, jump force was determined using a 

force platform, also connected to the BioPac MP100 system. The force platform was calibrated 

before each use with standard weights (0 and 1852 Newton). The force of each jump was 

calculated as the maximum force following take-off from the platform minus the force on the 

platform during the starting position. As such, maximum CMJ force was recorded as the highest 

force produced during the 3 jumps. During this visit, participants also completed leg press and leg 

extension 1RM, muscular endurance and maximum voluntary contraction (MVC) tests which are 

reported elsewhere [177]. Set up and testing for the jump tests, oxycon, and ultrasound were 

completed by NB, DEXA and MVC were completed by the other student, while other muscle 

function tests were supervised by both investigators.  
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2.2.5 – Lipid extraction of whole blood samples 

Whatman 903 blood spot cards were analysed by the Institute of Aquaculture at the University of 

Stirling, as previously described [183]. In short, the blood spots were placed into vials containing 

1.25M methanol-HCl and placed in a hot block at 70°C for 1h. They were allowed to cool to room 

temperature, after which 2mL distilled water and 2mL of saturated HCl solution were added. Fatty 

acid methyl esters (FAME) were then extracted using 2 x 2 mL of isohexane. FAME were quantified 

by gas-liquid chromatography (GLC).  

 

2.2.6 – Data presentation and statistical analysis 

Data were analysed in Rstudio (version 1.4) using R (version 4.1.1) and the lme4 package. Where 

appropriate, for each analysis a linear mixed effects model was created with the participant ID as a 

random factor. A type III analysis of variance (ANOVA) was then performed using the Kenward & 

Roger approach for approximation of degrees of freedom, as is recommended for small sample 

sizes [184], [185]. Where significant effects were found, post-hoc analysis was performed using 

Tukey’s method [186]. For some analyses, the random factor did not significantly improve the 

model compared to the simpler model (when Chi2 for the random factor was p > 0.05). When this 

was the case, the usual linear model was used. Correlations were estimated as Pearson’s R [187]. 

Effect sizes were expressed as Hedges’ g, which applies a correction factor to Cohen’s d for small 

sample size [188], [189]. Data are presented as mean ± standard deviation unless otherwise stated.  
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2.3 - Results  

2.3.1 – Participant characteristics 

Participant baseline characteristics are displayed in table 2.1. Participants in FO and PLA did not 

significantly differ in baseline age (p = 0.60), stature (p = 0.28), body mass (p = 0.22), WIT-BF% (p = 

0.09) or SUM8 (p = 0.07). The variability in stature (range: 1.63 – 1.91 m) and body mass (range: 

58.3 – 137.0 kg) of participants at baseline was high.  

 

Table 2.1 - Baseline characteristics of resistance-trained male participants. Participants were randomly 
assigned to supplemental groups. Data are displayed as mean ± standard deviation.  

Fish oil (n = 10) Placebo (n = 10) Mean (n = 20) 

Age (yr) 23.8 ± 4.5 22.1 ± 4.8 22.95 ± 4.5 

Stature (cm) 179.8 ± 18.7 177.8 ± 7.3 178.8 ± 16.2 

Mass (kg) 89.1 ± 19.4 77.3 ± 9.6 83.8 ± 16.6 

Body fat (%) 11.9 ± 3.3  9.2 ± 2.1 10.7 ± 3.1 

Sum of 8 skinfolds (cm) 118.0 ± 42.8 81.2 ± 28.2  101.1 ± 40.4 

 

Total n-3 PUFA, EPA and DHA values are displayed in table 2.2. After 6 weeks of supplementation, 

whole blood total n-3 PUFA (as % of total PUFA) increased by 16.2 ± 6.0 in FO (p < 0.0001), with no 

change (-1.0 ± 2.6) in PLA (p = 0.48). The effect size of total n-3 PUFA change was g = 3.6 (95% CI: 

1.9 – 5.3). DHA increased by 1.83 ± 0.60 (p < 0.0001) in FO, with no change (-0.13 ± 0.88) in PLA (p 

= 0.67). The effect size of DHA change was g = 2.4 (95% CI: 1.0 – 3.8). EPA increased by 1.75 ± 1.09 

(p < 0.0001) in FO, with no change (-0.15 ± 0.13) in PLA (p = 0.54). The effect size of EPA change 

was g = 2.4 (95% CI: 1.0 – 3.8).  
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Table 2.2 – total n-3 PUFA, EPA and DHA values at the start and end of the study. Total omega-3 values are 
as a percentage of total polyunsaturated fatty acids (i.e. n-3 plus n-6 PUFA). EPA and DHA values are as a 
percentage of total fatty acids. Irregularities in sample size are due to missing samples.   

Fish oil Placebo  

 week 0 week 6 week 0 Week 6 p (change by group) 

EPA (% FA) 1.15 ± 1.05 3.17 ± 1.11  0.66 ± 0.16 0.49 ± 0.16 0.0035 

DHA (% FA) 2.79 ± 0.82 4.90 ± 0.86 2.60 ± 0.70  2.49 ± 0.49 0.0002 

Total n-3 PUFA (% PUFA) 26.7 ± 6.8 44.8 ± 7.5 25.3 ± 2.8 23.9 ± 3.1 0.0001 

sample size (n)  8 8 8 10 15 

 

2.3.2 – Energy restriction 

During initial habitual energy balance monitoring, participants self-reported energy intake (EI) of 

12.0 ± 2.4 MJ (2857 ± 569 kcal) per day, with no significant difference between groups (p = 0.62; 

Table 2.3). Their self-reported energy expenditure, via Bouchard activity record (BAR), was 17.2 ± 

5.0 MJ (4101 ± 1192 kcal), with no significant difference between groups (p = 0.10). Energy 

expenditure assessed via Actiheart (TEE) was 14.9 ± 3.9 MJ (3558 ± 939 kcal), with no significant 

difference between groups (p = 0.30). We attempted to further measure energy expenditure in 

participants during EB and ER, however this was only successful in a limited subset of participants 

(FO: n = 4; PLA: n = 4) due to methodological issues. In these participants, active EE (AEE) was 

maintained from EB (3.13 ± 1.13 MJ) to ER (3.31 ± 1.09 MJ), with no effect of FO (p = 0.55). In 

addition, total EE (TEE) was also maintained from EB (12.0 ± 1.54) to ER (12.2 ± 1.68), with no 

effect of FO (p = 0.55).  

 

The energy intake and macronutrient composition of the diets provided to participants is displayed 

in table 2.3. There was no significant difference in protein intake between groups at EB (p = 0.92) 

or ER (p = 0.80) on an absolute basis. Relative to total body mass at baseline (g/kg), protein intake 

appeared higher in PLA compared to FO, although this was not statistically significant at EB (p = 

0.21) or ER (p = 0.17).  
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Table 2.3 – Overview of dietary macronutrients and energy provided to participants during energy balance 
(EB; week 4) and energy restriction (ER; week 5-6). Participants were provided with all their food and drink 
during this period and the FO or PLA supplements were integrated into the diet. The g/kg values are based 
on baseline total body mass. 

 Fish oil 
  EB                     ER 

Placebo 
   EB                      ER  

  Total 
   EB                     ER 

Protein (g) 129 ± 16 83 ± 12 128 ± 26 82 ± 12 128 ± 21 83 ± 12 

Protein (g/kg) 1.48 ± 0.25 0.95 ± 0.15 1.59 ± 0.15 1.03 ± 0.07 1.54 ± 0.21 0.99 ± 0.12 
Carbohydrate (g) 432 ± 56 251 ± 37 443 ± 91 277 ± 49 438 ± 74 264 ± 44 

Carbohydrate (g/kg) 4.90 ± 0.55 2.85 ± 0.37 5.57 ± 0.91 3.48 ± 0.41 5.24 ± 0.81 3.16 ± 0.50 
Fat (g) 121 ± 31 75 ± 17 99 ± 22 59 ± 14 110 ± 29 67 ± 17 

Fat (g/kg) 1.39 ± 0.42 0.86 ± 0.23 1.23 ± 0.15 0.74 ± 0.09 1.31 ± 0.32 0.80 ± 0.18 

Energy (Kilocalories) 3333 ± 497  2000 ± 298 3200 ± 609 1920 ± 365 3266 ± 545 1960 ± 327 
Energy (MJ)  13.95 ± 2.08  8.37 ± 1.25 13.39 ± 2.55   8.04 ± 1.53 13.67 ± 2.28 8.20 ± 1.37 

 
 
 
2.3.3 - Body composition 

Total body mass 

There was a significant time by group interaction effect (F = 3.90, p = 0.029) for the change in total 

body mass, and a significant main effect of time (F = 123.9, p < 0.0001), but no significance for the 

effect of group (F = 1.827, p = 0.19; Figure 2.1B). Total body mass was not significantly different 

between groups at any time point (p > 0.05; figure 2.1A). During EB, total body mass did not 

change in FO (0.28 ± 0.61; p = 0.64) but decreased significantly in PLA (-0.91 ± 0.59 kg; p = 0.026). 

During ER, total body mass decreased in both FO (-3.3 ± 1.0 kg; p < 0.0001) and PLA (-2.4 ± 1.2 kg; 

p < 0.0001). Over the entire 6-week period, there was no difference (p > 0.99) between groups in 

total body mass change (-3.2 ± 1.1 kg).  

 

Despite the lack of a statistically significant difference between groups in baseline weight, there 

was considerable disparity. As such, we also examined total weight as percentage change (from 

baseline – week 4, and week 4 – week 6). With total body mass expressed as percentage change, 

there also was a significant time by group interaction effect (F = 6.49, p = 0.026), and a significant 
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main effect of time (F = 36.73, p < 0.0001), but no significant main effect of group (F = 0.73, p = 

0.41). During EB, percentage change in total body mass was 0.36 ± 0.67% in FO and -1.16 ± 0.73% 

in PLA. During ER, percentage change in total body mass was -3.85 ± 1.35% in FO and -3.05 ± 1.35% 

in PLA.  

 

 
Figure 2.1 – A) Scatterplot of total body mass at baseline (day 7), pre-ER (day 27) and post-ER (day 42). B) 
Scatterplot of total body mass change during EB (Baseline to Pre-ER) and ER (Pre-ER to Post-ER). The 
horizontal bars represent model estimated means.  
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 Table 2.4 – Model estimated values of lean and fat mass determined via DEXA. Means that do not share a letter are significantly different from each other (p < 

0.05). Lower and upper limits of 95% confidence limits are displayed.  

  Lean mass (g) 

 total arms legs trunk android gynoid 

 Fish oil Placebo Fish oil Placebo Fish oil Placebo Fish oil Placebo Fish oil Placebo Fish oil Placebo 

Baseline 67558 a 62242 a 9580 a 8544 a 23654 a 21497 a 30661 a 28558 a 4520 a 3963 a 11208 a 9985 a 

lower CL 60505 55184 8220 7182 20854 18694 27763 25653 4090 3532 10064 8839 

upper CL 74610 69299 10940 9906 26455 24299 33560 31463 4950 4394 12351 11131 

     
Pre-ER  67573 a 61342 a 9485 a,b 8399 a,b 23628 a 21228 a 30754 a 28117 a 4456 a 3950 a 11138 a 9807 a 

lower CL 60521 54290 8125 7039 20827 18427 27856 25219 4026 3520 9994 8664 

upper CL 74626 68395 10845 9759 26428 24028 33652 31015 4886 4380 12281 10951 

             

Post-ER 66149 b 60461 b 9338 b 8279 b 23163 b 20716 b 30027 b 27892 b 4368 b 3842 b 10864 b 9478 b 

lower CL 59096 53409 7978 6919 20363 17915 27128 24993 3939 3412 9720 8335 

upper CL  73201 67514 10698 9639 25964 23516 32925 30790 4798 4272 12007 10622 
             

Fat mass (g) 

 total arms legs trunk android gynoid 

 Fish oil Placebo Fish oil Placebo Fish oil Placebo Fish oil Placebo Fish oil Placebo Fish oil Placebo 

Baseline 17472 a 14072 a 1668 a 1410 a 5892 a 5010 a 8966 a 6718 a 1418 a 952 a 2842 a 2330 a 

lower CL 12762 9357 1263 1004 4487 3603 6028 3775 847 380 2038 1525 

upper CL 22181 18786 2073 1816 7298 6418 11904 9660 1989 1523 3647 3136 

       
Pre-ER 17675 a 14136 a 1673 a 1435 a 6014 a 5090 a 9032 a 6688 a 1424 a 943 a 2841 a 2400 a 

lower CL 12965 9426 1268 1030 4609 3685 6095 3750 854 372 2036 1596 

upper CL 22385 18845 2079 1840 7419 6495 11970 9626 1995 1513 3646 3205 

       
Post-ER 16179 b 12793 b 1580 b 1309 b 5725 b 4704 b 7942 b 5866 b 1227 b 805 b 2613 b 2146 b 

lower CL 11470 8084 1175 903 4320 3299 5004 2928 657 234 1808 1341 

upper CL 20889 17503 1985 1714 7131 6109 10879 8804 1798 1375 3418 2951 
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Lean mass 

Lean mass changes, assessed by DEXA, are displayed in table 2.4. There was no significant 

interaction effect (F = 2.34, p = 0.11), a significant effect of time on total body lean mass (F = 22.5, 

p < 0.0001), with no significant effect of group (F = 1.47, p = 0.24). During EB, total body lean mass 

decreased non-significantly (p = 0.19) by 416.8 ± 940.7 g. During ER, total body lean mass 

decreased significantly (p = 0.0001) by 1132.4 ± 1103.6 g. There was also a significant of time on 

lean mass in the android (F = 9.29, p = 0.0006), gynoid (F = 19.5, p < 0.0001), trunk (F = 40.46, p < 

0.0001), arms (F = 6.98, p < 0.0001), and legs (F = 20.4, p < 0.0001) regions. There was no 

significant effect of group on lean mass in any individual region, although there was a trend (p = 

0.082) for the android region. However, the changes in android lean mass during EB or ER were not 

significantly different between groups (p > 0.99).  
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Fat mass 

Fat mass changes, assessed by DEXA, are displayed in table 2.4. Total fat mass significantly changed 

over time (F = 29.7, p < 0.0001), with no effect of FO (F = 1.18, p = 0.29). During EB, fat mass did 

not change (p = 0.80). During ER, fat mass decreased significantly (p < 0.0001) by 1494.4 ± 735.0 g. 

There was also a significant effect of time on fat mass in the android (F = 27.6, p < 0.0001), gynoid 

(F = 27.6, p < 0.0001), trunk (F = 26.6, p < 0.0001), arms (F = 19.3, p < 0.0001), and legs (F = 14.1, p 

< 0.0001) regions. There was no significant effect of group on fat mass in any individual region.  

 

Body fat 

Body fat percentages determined via Withers’ formula (WIT-BF%) [180] and DEXA (DEXA-BF%) are 

displayed in table 2.5. There was a significant effect of time (F = 21.9, p < 0.0001) on WIT-BF%, but 

there was no significant effect of group (F = 1.09, p = 0.31). During EB, WIT-BF% did not change (p = 

0.96). During ER, WIT-BF% decreased significantly (-1.35 ± 1.14%; p < 0.0001).  

 

Table 2.5 – Body fat percentage (BF%) values determined by Withers’ formula (1987) and DEXA scans. 
Upper and lower confidence levels of 95% confidence interval are displayed. Values are model estimates.   

Body fat percentage 

 Skinfolds             DEXA 

 Fish oil Placebo Fish oil Placebo 

Baseline 15.9 13.5 20.1 18.3 
lower CL 12.6 9.98 16.0 14.3 
upper CL 19.2 17.0 24.1 22.4 

     
Pre-ER 15.8 13.7 20.2 18.5 
lower CL 12.5 10.2 16.2 14.5 

upper CL 19.2 17.2 24.3 22.6 
     

Post-ER 14.7 12.1 19.1 17.2 
lower CL 11.4 8.57 15.1 13.2 
upper CL 18.1 15.6 23.2 21.3 
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Muscle size 
 
Muscle size of biceps brachii (BB), triceps brachii (TB), vastus lateralis (VL) and semitendinosus (ST), 

determined by ultrasound, are displayed in figure 2.2. Repeat measurements at EB (4 weeks apart) 

in a limited subset of participants (n=9) indicated there was a high degree of intra-individual 

variability for each of the examined muscles. During subsequent measurements under EB, at 

baseline and pre-ER, the coefficient of variation for each muscle was: biceps brachii (BB; 6.5%), 

triceps brachii (TB; 11.1%), vastus lateralis (VL; 3.7%) and semitendinosus (ST; 5.3%).  

There was a significant effect of time on BB (F = 9.04, p = 0.0012) and ST (F = 3.41, p = 0.050), but 

not TB (F = 1.26, p = 0.30) or VL (F = 0.061, p = 0.94). There was no significant effect of group on 

any muscle (p > 0.05). Due to missing values, the following changes are reported as model 

estimated mean ± standard error (SE). BB significantly (p = 0.0087) increased by 0.13 ± 0.04 cm 

during EB, and significantly (p = 0.0011) decreased by 0.16 ± 0.04 cm during ER. ST appeared to 

decrease by 0.16 ± 0.07 cm during ER, but this did not reach statistical significance (p = 0.087). 

There were no other significant changes in muscle size, assessed via ultrasonography.  
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Figure 2.2 – Scatterplot of muscle sizes for biceps brachii (BB), triceps brachii (TB), vastus lateralis (VL) and 
semitendinosus (ST) assessed via ultrasonography at baseline (week 1), pre-energy restriction (week 4) and 
post-energy restriction (week 6). Dots represent observations from individual participants, while bars 
represent model estimated mean values.  

 

2.3.4 – Whole-body energy metabolism 

Resting whole body energy expenditure and substrate oxidation  

RMR is known to be directly related to total body mass, which was confirmed by a significant 

correlation in our study (R = 0.64; p < 0.0001; figure 2.4). As such, RMR was normalised to total 

body mass to elucidate the independent effects of n-3 PUFA on ER (figure 2.3). Although RMR 

appeared lower in FO than PLA, there was no significant difference between groups (F = 2.19, p = 

0.16). There was a trend for an effect of time on RMR (F = 3.21, p = 0.055), which was driven by a 

trend (p = 0.057) for a decrease (-0.0013 ± 0.0013 ml/min/kg) during EB, with no significant change 

(p = 0.75) during ER (0.00051 ± 0.0019 ml/min/kg).  
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Figure 2.3 – Resting metabolic rate (RMR) normalised to total body mass, at baseline (n = 17), pre-ER (n = 
15) and post-ER (n = 20). 

 

 

 
Figure 2.4 – Pearson’s correlation between (A) resting metabolic rate and total body mass; (B) resting 
oxygen consumption and total body mass. Data from all time points (baseline, pre-ER and post-ER).  
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Respiratory exchange ratio 

 
Resting respiratory exchange ratio (RER) values are displayed in figure 2.5. There was a trend for a 

time by group interaction effect (F = 3.13, p = 0.053) for the change in RER, with a main effect of 

time (F = 5.71, p = 0.006), but no main effect of group (F = 0.40, p = 0.53). At baseline, RER was 

significantly (p = 0.042) higher in FO compared to PLA. During EB, RER did not change in FO (0.00 ± 

0.09; p = 0.87) or PLA (0.04 ± 0.04; p = 0.62). During ER, RER decreased significantly (p = 0.012) in 

FO (-0.07 ± 0.05) but not (p = 0.49) in PLA (0.01 ± 0.07).  

 

 
Figure 2.5 – Respiratory exchange ratio (RER), calculated as VCO2/VO2, at baseline (n = 18), pre-ER (n = 14) 
and post-ER (n = 19).  
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2.3.5 – Counter-movement jumps 
 
CMJ maximum height and force are presented in figure 2.6. There was no significant effect of time 

(F = 1.03; p = 0.38) or group (F = 0.02; p = 0.88) on CMJ height. As such, CMJ height did not change 

during EB or ER. There also was no significant effect of time (F = 1.83, p = 0.19) or group (F = 

0.0013, p = 0.97) on CMJ force. As such, CMJ force also did not change during EB or ER.  

 

 
Figure 2.6 – Counter movement jump (CMJ) maximum height and force recorded from 3 attempts at 
baseline (n = 14), pre-ER (n = 12) and post-ER (n = 14). Dots represent individual values, while bars 
represent model estimated means.  
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2.4 - Discussion 

The primary finding of this study was that 4g/d n-3 PUFA supplementation for 6 weeks did not 

preserve lean mass during 40% energy restriction in healthy, young, active males. This was the first 

study to investigate the influence of n-3 PUFA supplementation on changes in lean mass during 

energy restriction in normal weight young adults. Participants successfully lost the intended ~3kg 

of total body mass, of which approximately half was lean mass, over a 2-week period. Baseline n-3 

PUFA status of participants in our study was low, and supplementation with 800-1000 mg/d EPA 

and 1000-1200 mg/d DHA for 6 weeks successfully increased the relative concentrations of EPA by 

275%, DHA by 175% and total n-3 PUFA by 168%. However, we did not observe an effect of 

increased n-3 PUFA status on changes in body composition, be it lean mass, fat mass or total body 

mass. Additionally, we also did not observe an effect of n-3 PUFA on resting metabolic rate or 

respiratory exchange ratio. Furthermore, n-3 PUFA did not influence physical function, as we did 

not detect a change in either group despite significant loss of lean mass. Therefore, fish oil 

supplementation at 4g/d day for 4 weeks prior to, and during a 2-week energy restriction period, 

was not beneficial for optimisation of body composition, energy metabolism and muscle function 

in healthy active young males.  

 

Despite a relatively severe period of energy restriction, we did not observe an effect of dietary n-3 

PUFA on changes in total, lean or fat mass. As dietary n-3 PUFA have been suggested to positively 

influence muscle anabolism and catabolism, and to reduce muscle atrophy in situations of muscle 

disuse, we hypothesised this effect may also occur in the catabolic situation of energy restriction 

[43]–[45], [105], [106]. The weight loss model employed was designed to rapidly induce ~3kg 

weight loss through dietary ER and maintenance of EE [147]. The reduction in total body mass, and 

the proportion of lean and fat mass loss equalled that of the control group in the study by Mettler, 

et al. (2010), suggesting compliance with the weight loss diets was successful in our study. 
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Supplementation with fish oil, at a dose of 5g/d (of which 4.4g n-3 PUFA) for 4+ weeks, was 

previously shown to significantly increase incorporation of EPA and DHA into muscle tissue [15]. In 

our study, whole blood EPA, DHA and total n-3 PUFA increased significantly from week 0 to week 6. 

As whole blood lipid profiles correlate well with muscle lipid profiles in this population, it can 

reasonably be assumed that n-3 PUFA successfully incorporated into muscle in our study [15]. 

Nevertheless, the loss of lean mass was not attenuated by the supplementation.  

 

Our observation, that n-3 PUFA does not influence lean mass loss during energy restriction in 

normal weight young adults, is the first in this context. However, our findings are in accordance 

with studies that have measured lean mass changes during ER in overweight/obese populations, 

which did not find a convincing influence of n-3 PUFA [128], [154]–[157]. We hypothesised n-3 

PUFA would be able to preserve lean mass during ER in healthy males due to the higher proportion 

of lean mass loss in normal compared to overweight individuals, and the differences in anabolic 

control of muscle [146], [149], [190]. As no such effect was observed, it appears n-3 PUFA do not 

exert a protective effect on muscle mass during ER irrespective of weight status. Previous studies 

also show high protein diets and resistance exercise may successfully attenuate loss of lean mass 

during energy restriction [151], [165]. In our study, participants were instructed to maintain their 

exercise habits through ER but were provided protein at 15% of total calories. Therefore, the aim 

was to investigate whether n-3 PUFA may attenuate muscle loss during relatively severe ER, but 

with otherwise ‘standard’ conditions. However, despite ample anabolic stimulation, the suggested 

anabolic properties of n-3 PUFA did not result in a preservation of lean mass. Thus, at this time n-3 

PUFA supplementation cannot be recommended for maintenance of lean mass during ER in 

healthy young adults.  

 

Surprisingly, PLA lost a significant amount of total body mass during EB, while FO did not, although 
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the difference between groups did not reach significance. It is unclear why total body mass 

decreased in PLA during this time, as participants were instructed to maintain their habitual diet 

and exercise. The reduction in total mass in PLA appeared primarily driven by a (non-significant) 

reduction in lean mass during this time. Previous studies, that examined the effects of n-3 PUFA on 

body composition in healthy adults continuing with their habitual diet and exercise during EB, have 

also observed minor, although ambiguous changes [143], [152]. In healthy young men and women, 

supplemented with 4g/d fish oil for 6 weeks, lean mass increased significantly, while fat mass 

decreased significantly, with no changes in the control group [143]. In healthy young men, 

maintaining their habitual lifestyle for 12 weeks, lean mass was maintained with 3g/d n-3 PUFA 

plus 3g/d conjugated linoleic acid (an n-6 PUFA), but decreased slightly in PLA, although this 

difference was not significant [152]. Thus, preliminary evidence suggests that n-3 PUFA may 

promote a maintenance of, or an increase in lean mass under situations of EB which include 

(uncontrolled) exercise training. The increase in fat-free mass in the study of Noreen, et al (2010) is 

particularly striking. As FO supplementation in our study was of equal dose and similar duration (4 

vs 6 weeks at EB), it is unclear why they observed an increase in lean mass while lean mass was 

unaffected by FO in our study. The discrepancy may (in part) be explained by the inclusion of 

females in their study. A study of changes in lean mass following strength training, which included 

both older men and women, showed greater increases in muscle mass with dietary n-3 PUFA [46]. 

However, the change in lean mass was not reported for women and men separately in the case of 

Noreen et al (2010), so it is unclear if the increase in lean mass was driven by females. Another 

study in older adults undergoing strength training observed improvements in muscle function and 

quality with older females but not males supplemented with FO [47]. As such, the authors 

suggested the effects of dietary n-3 PUFA on changes in muscle mass and function may be more 

pronounced in women compared to men. In young healthy women undergoing leg immobilisation 

for 10d, supplementation with n-3 PUFA attenuated the loss of lean mass [106]. The differences in 
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responses to dietary fish oil between females and males have been suggested to be related to 

differential influences of sex hormones on PUFA metabolism [2]. Thus, repetition of this study with 

a female cohort may yield different results.  

 

Furthermore, it is unclear what influence age has on the potential for dietary n-3 PUFA to exert 

beneficial effects on lean mass. In the study of Noreen, et al. (2010), participants were aged 18-55, 

and therefore the potential effects of dietary n-3 PUFA on body composition may not have been 

the same in the older participants. Aging is believed to impair MPS through a concept known as 

‘anabolic resistance’, which describes a reduced ability for our protein synthetic machinery to 

respond to anabolic stimulation [39], [191]. As n-3 PUFA are suggested to amplify MPS responses 

to anabolic stimulation, such an effect may be especially useful in older adults experiencing such 

anabolic resistance. Furthermore, exercise training was not controlled, as participants were merely 

instructed to maintain habitual activity levels, including exercise training intensity and duration. As 

such, heterogeneity in the type and intensity of training may have resulted in different interactions 

with dietary n-3 PUFA and body composition. Future studies may wish to investigate whether n-3 

PUFA can maintain and/or increase lean mass during EB or ER in normal weight adults in a more 

controlled situation. Although, given the evidence so far, such an effect would likely be trivial.  

 

Besides the lack of an effect of n-3 PUFA on lean mass retention in our study, the lack of a 

modulatory effect on total and fat mass loss adds to the already conflicting literature on this topic. 

These indicate that n-3 PUFA may have (minor) effects on changes in total and fat mass, although 

the overall evidence is ambiguous [128]–[130]. In terms of total body mass changes, one meta-

analysis demonstrated that dietary n-3 PUFA increases total body mass loss during ER in 

overweight/obese individuals, with no effect on fat mass or lean mass [128]. However, since then, 

two other meta-analyses suggest there is insufficient evidence to support an effect of dietary n-3 
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PUFA on total body weight or fat mass in overweight/obese individuals [129], [130]. Yet, studies in 

overweight/obese populations do demonstrate an effect of n-3 PUFA on specific aspects of 

adiposity, such as waist-to-hip ratio and waist circumference. Using DEXA and skinfolds, we did not 

observe an effect of FO on regional changes in body composition of abdominal (skinfolds; 

individual site data not shown) or android, gynoid or trunk (DEXA) regions. The contrast in the lack 

of an effect of n-3 PUFA on fat mass in these regions may have been due to a relatively low level of 

adiposity in our cohort of young healthy active males. Heymsfield, et al., (2011) suggest, although 

based on limited evidence, that individuals with higher baseline body fat may be more likely to 

lose more fat mass during diet-induced ER. Fat mass loss approximated lean mass loss in our study, 

which is consistent with other studies of weight loss in similar populations and of similar 

magnitude [147], [151].  

 

The ambiguity in results from studies on the effects of n-3 PUFA on body composition, including 

our own, suggests any effect of n-3 PUFA, if there is one, is likely small. Although we did not collect 

coefficient of variation (CV) data for the reliability of DEXA measurements, others suggest CVs 

ranging from 0.5-2.5% for lean mass and 0.8-5.0% for fat mass [192]. As our observed changes in 

lean and fat mass fall within the range of expected variation with repeated measurements, it is 

unclear if they represent ‘real’ change. Thus, although minor changes in body composition with n-

3 PUFA supplementation may be clinically relevant, our ability to observe them may have been 

limited. The small (but mostly non-significant) differences between groups in body composition 

changes we observed may also have been due to randomness in factors other than the 

supplementation. That is, the study was advertised as a weight loss study, and as such participants 

may have changed their habits as they became more aware of their diet and energy expenditure 

following completion of food and energy diaries during the initial assessment period. Additionally, 

participants were recreationally active and/or involved in team sports, and as such may already 



64 

 

have been striving to improve their body composition. Therefore, slight variations in fat and lean 

mass were to be expected over a 6-week duration and may not necessarily have reflected an effect 

of n-3 PUFA.  

 

One of the mechanisms through which dietary n-3 PUFA has been suggested to influence whole-

body composition is a change in energy metabolism [1]. However, we did not observe an influence 

of dietary n-3 PUFA on changes in RMR, either during EB or ER. The observed maintenance of 

relative RMR (i.e. energy expenditure/kg body weight) during ER is consistent with other studies 

[193]. Although short-term ER typically reduces absolute RMR, this seems to be mainly driven by 

the reduction in body mass. Further, the addition of exercise to dietary ER is known to preserve 

metabolic rate [194]. To our knowledge, this was the first study to investigate the influence of 

dietary n-3 PUFA on changes in RMR during ER in normal weight adults. However, one previous 

study that investigated the change in RMR in overweight/obese males and females during ER also 

observed no effect of dietary n-3 PUFA [195]. Thus, it appears n-3 PUFA also do not influence RMR 

during ER irrespective of weight status.  

 

However, the trend for a decrease in relative RMR during EB was surprising, because energy 

metabolism would not normally be expected to change over a duration of 3 weeks and without 

changes in lifestyle. It is possible the higher observed RMR at week 1 compared to week 4 were 

due to measurement error. Participants were not familiarised with the indirect calorimetry 

protocol before the first recording, and as such may not have been fully at ease during the first 

visit, resulting in altered breathing and restlessness, and therefore inflated RMR rates. In addition, 

participants may not have spent enough time at rest before recording took place. To measure RMR 

accurately, it has been suggested a resting period of 10-20 minutes is required before recording is 

initiated [196]. RMR measurement took place on a bed, in supine position, and participants rested 
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for 5 minutes before recording started. Therefore, they may not have been truly in a resting state 

during the recording. In addition, the testing took place in the early morning and sleep during the 

night prior was not controlled in this study, which may have influenced our ability to accurately 

measure RMR [196]. Furthermore, while participants were instructed not to perform strenuous 

exercise in the 24h before trials, compliance with this instruction was only checked verbally. 

Therefore, variations in exercise and sleep in the 24h before measurement may have caused 

additional disturbances . 

 

In terms of changes in metabolic rate during EB with dietary n-3 PUFA, previous studies have 

observed conflicting results. In young males, like in our study, one previous study observed a 

significant (but minor) increase in RMR with 3g/d EPA plus DHA for 12 weeks [172]. Another study 

in young males, supplementing for the same dose and duration did not observe a change in RMR 

[171]. Another study, including both males and females, also did not observe an effect of 4g/d fish 

oil for 6 weeks on RMR [143]. Participants in these studies all continued their habitual lifestyle, like 

in our study. Potentially, the lack of a change in RMR with n-3 PUFA in our study was due to the 

relatively short length of supplementation. However, had we supplemented participants for longer, 

the ambiguity of previous studies with longer supplementation periods suggests an effect on RMR 

would still likely have been minor. Interestingly, it has been suggested the influence of dietary n-3 

PUFA on metabolic rate may be different in females compared to males. Additionally, this may be 

confounded by age as opposing directions of change in RMR have been observed with dietary n-3 

PUFA in young (decrease) and older (increase) females [144], [145]. In the current study, RMR 

appeared lower (although not significantly) in FO compared to PLA. Unfortunately, as the first 

measurement (“baseline”) took place 7 days following the start of supplementation, it is unclear if 

the observed lower metabolic rate was due to changes in n-3 PUFA status. As blood and muscle n-3 

PUFA levels are known to increase rapidly [15], a true baseline with low n-3 PUFA status was 
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lacking. Additionally, as mentioned earlier, participants were not familiarised with the 

measurement and as such the decrease in RMR may simply reflect an improved resting state 

during later visits. Given previous studies have found no convincing evidence of changes in RMR 

with n-3 PUFA supplementation, it is unlikely they are able to affect energy metabolism in a 

meaningful way. Nevertheless, due to the limitations mentioned, we are unable to corroborate 

these previous reports and it remains unclear if n-3 PUFA affect RMR during ER in normal weight 

adults.  

 

The suggested potential for dietary n-3 PUFA to alter metabolic rate stems from their observed 

effects on several underlying processes. Of overall oxygen consumption, approximately 65% is used 

for mitochondrial ATP production to fuel cellular activities [1], [197], [198]. In muscle cell and 

rodent models, changes in n-3 PUFA mitochondrial membrane content are associated with changes 

in mitochondrial respiration kinetics and expression of related genes [199]–[201]. However, in 

older men and women, no changes in mitochondrial respiration were observed following FO 

supplementation for 16 weeks [48]. On the other hand, n-3 PUFA did reduce mitochondrial 

reactive oxygen species (ROS) production in these older adults [48]. ROS react with other cellular 

components and influence cell signalling pathways, and excessive ROS production may cause 

damage to DNA and proteins [71]. Therefore, although no direct changes on energy production 

were observed, dietary n-3 PUFA may preserve energy by preventing the need for repairing ROS-

induced damage. Further, about 20-25% of energy demand within muscle is believed to be 

required for protein turnover. As such, changes in protein synthesis and breakdown, and suggested 

improvements in the efficiency of protein synthetic machinery with dietary n-3 PUFA may lead to 

alterations in energy requirements within cells. Another large proportion of RMR is associated with 

maintenance of ion gradients across plasma membranes [198]. As PUFA are important components 

of these membranes (as phospholipids and in lipid rafts), increased presence of n-3 PUFA may 
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influence signalling within, and activity across the membrane [198]. That is, increased presence of 

n-3 PUFA in membranes of various tissues has been suggested to improve efficiency of cell 

signalling and processes, which may further aid in preservation of energy [112], [202]. Finally, 

metabolic rate also includes energy expended for calcium cycling within cells. In a study of trained 

male cyclists, oxygen consumption during submaximal exercise was reduced with dietary n-3 PUFA, 

which the authors suggested may have been due to improvements in calcium cycling in muscle 

[109], [111]. Nevertheless, although dietary n-3 PUFA appear to influence various molecular 

aspects of energy metabolism in cell and animal models, these were not reflected in whole-body 

measurements of RMR in our study.  

 

N-3 PUFA supplementation also did not affect substrate metabolism (as RER) during ER in our 

cohort of healthy active males. To our knowledge, this was the first study to investigate changes in 

RER with n-3 PUFA during ER. During ER, fat oxidation increases [203], [204], which is consistent 

with our observation that RER seemed to decrease in both groups. The decrease did not seem as 

large in PLA as in FO, but there was no statistically significant difference between groups. Evidence 

from rodent models indicates n-3 PUFA may increase mitochondrial fat oxidation [167], [205] and 

lipogenic gene expression [168]. Further, dietary n-3 PUFA have been observed to lower the 

appearance of triglycerides in blood in humans, which is consistent with increased uptake and 

oxidation of fat [7], [206]. The lack of an effect of dietary n-3 PUFA on RER during EB is also 

consistent with studies in young males and females [143], [171], [172]. Our data add to this by 

showing n-3 PUFA  do not influence RER during ER either. However, several limitations of the 

current observations should be considered. Although participants were instructed to fast from 

10pm the night before testing, fasting status of participants was not confirmed on the morning of 

measurement. As such, participants may not all have been fasted, resulting in variations in 

substrate metabolism. Conforming with this are observations of RER exceeding 0.85 in several 
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individuals, possibly indicating non-fasting rates of carbohydrate oxidation in these individuals. Like 

RMR, RER also may have been affected by the resting time prior to recording, as it appears this 

may not have been enough to achieve a resting steady state. In addition, as the variation in RER 

appears to be considerably smaller during the final (post-ER) measurement, it is possible a 

‘learning effect’ occurred in regard to the ability for participants to be at rest and lie motionless. 

Furthermore, measurements took place year-round, which may have added inter-individual 

variability. Seasonal differences in substrate utilisation have been observed, with increased fat 

oxidation and decreased carbohydrate oxidation during winter [171]. Thus, limitations in our 

measurements mean we are unable to form a conclusion on whether n-3 PUFA affect energy 

metabolism during ER in healthy males.   

 

Despite a significant reduction in lean mass (including legs), we did not observe a decline in 

countermovement jump height and force. Maintenance of muscle function during energy 

restriction is crucial for performance in athletes and soldiers, and aspects of daily living in the 

general population. During ER, changes in specific aspects of muscle function (i.e. fatigue and 

patterns of muscle contraction) may precede changes in body composition [90], [207]. However, 

the lack of a decrement in muscle function in the current study is consistent with most previous 

studies of muscle function during ER combined with exercise training, with some even observing 

improvements [149]. As such, it appears that the habitual exercise during ER, despite losses of lean 

mass, was able to preserve muscle function in the current study. This was the first study to 

investigate the influence of dietary fish oil on changes in muscle function during ER. We used CMJ 

height and force as measures of muscle function, as CMJ force is correlated with lower limb muscle 

strength in healthy active men [208], [209]. A previous study in male rugby players during pre-

season claimed there was a ‘likely beneficial’ effect of FO plus protein supplementation on CMJ 

peak force [121]. Although, it should be noted this was based on magnitude-based inferential 
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statistics, whose use has been heavily criticised [210], [211]. Regardless, CMJ height and force may 

not have been the most optimal test of changes in muscle function following ER, as participants 

only completed three jumps for the determination of maximal height and force. As such, no 

fatiguing would have taken place. Dietary n-3 PUFA have previously been suggested to specifically 

reduce muscle fatigue during exercise through changes in oxygen consumption, heart rate and 

neuromuscular function [111], [120], [212]. On the other hand, studies in older adults with FO 

supplementation have noted improvements in peak torque, rate of torque development, chair 

rising performance [45], handgrip strength, 1RM strength [46] and maximal isometric torque [47]. 

Thus, there are indications that n-3 PUFA supplementation may improve performance in isolated 

muscle function tests. Like changes in energy metabolism, the changes in muscle function appear 

to be more pronounced in females compared to males [47]. In addition to functional changes in 

muscle (oxygen consumption, neuromuscular, strength, fatigue), dietary n-3 PUFA also have been 

suggested to improve recovery from exercise. This effect is believed to be driven by reduced 

inflammation and muscle damage following exercise, although evidence in this field is limited [54], 

[121]. As such, it is hypothesised that dietary n-3 PUFA may benefit exercise performance during 

periods of high frequency exercise training. However, in the current study, participants were 

instructed not to undertake strenuous exercise in the two days leading up to testing sessions, and 

therefore their muscle would not be in a damaged state. Our ability to detect changes in muscle 

function during ER using CMJ performance was further limited by several factors. Participants 

received instructions on how to perform the test and were allowed 3 practice jumps before 

recording at each session. However, not all participants may have been fully familiarised with the 

test before measurement, and there was a large range of athletic ability. While some participants 

were athletes partaking in structured team sport, others were recreationally active gym-goers. 

Therefore, our ability to detect an effect of n-3 PUFA on the change in muscle function following ER 

may have been impaired by inter-individual variability in the ability to perform CMJ. In addition, 
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although participants were instructed to maintain habitual exercise intensity and duration 

throughout the ER period, we were unable to monitor training activity in most participants. 

Therefore, there may have been considerable intra- and inter-individual variability in exercise 

training intensity and frequency during ER. In addition, the 14-day duration of ER may not have 

been sufficient to impair muscle function to a detectable degree [149], [203]. As we observed no 

detriments in muscle function with ER of a high severity that individuals are unlikely to undergo 

voluntarily, the need for nutritional strategies to preserve muscle function during ER can perhaps 

be called into question. Based on our observation, it would seem the maintenance of habitual 

exercise training during ER may be enough to prevent a loss of muscle function, despite significant 

loss of lean mass. However, future studies may wish to investigate the influence of dietary n-3 

PUFA on muscle function during ER using more controlled exercise tests and in a more 

homogenous sample. Further, it remains unclear whether dietary n-3 PUFA may preserve muscle 

function during ER when exercise levels are not maintained.  

 

Some considerations should be made around factors that may have affected our ability to detect 

an effect of n-3 PUFA on physiological changes during ER. In terms of study design, we utilised a 

previous model that achieved rapid weight loss over a 2-week duration, based on a study by 

Mettler et al. (2010). Athletes preparing for competition in weight-restricted categories may use 

rapid weight loss strategies, potentially even more severe than ours [213]. However, it is unlikely 

individuals in the general population would voluntarily undertake a weight loss programme as 

severe as in our study. Given high protein diets have previously been shown to attenuate loss of 

lean mass during ER, any voluntary weight loss programme would be recommended to include a 

higher relative contribution of protein to the diet than was the case in our study. Interestingly, we 

noticed some participants reported very high amounts of habitual protein consumption on their 

food diaries (>200g/d). As the relative contribution of protein to the diet was set at 15% across the 
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last 3 weeks of the study, this would have represented a large shift in the macronutrient 

composition of their diet. It is not clear what the short-term effects are of such a shift in the 

macronutrient composition of the diet. Further, although participants were provided with their 

entire diet for the last 3 weeks of the study, the pattern of dietary intake was not controlled. As 

such, given limited protein was provided, and the pattern of daily protein intake influences total 

rates of MPS [214], [215], differences in the dietary habits of participants may have limited their 

ability to maintain muscle mass during ER.  

 

Further, in terms of the design of the 2-week 40% ER period, the overall rate of weight loss and the 

ratio of fat to lean mass loss appeared to be highly variable. Due to the nature of the weight loss 

model employed, participants likely spent the majority of ER in ‘phase I’ weight loss [146]. That is, 

a period of rapid weight loss characterised by a decrease in both fat- and lean mass, which includes 

glycogen and protein. As glycogen and protein associate strongly with water (~1-2g water per g of 

glycogen; ~1.5-3g water per g of protein), much of the weight lost during this initial phase of 

weight loss comprises body water [146]. We attempted to standardise the hydration of 

participants by instructing participants to consume 500mL water before coming to the laboratory 

in the morning of testing, and then emptying their bladder before DEXA measurement [176]. 

Further, glycogen is mostly stored in muscle and liver, and therefore is included in measurements 

of lean mass (e.g. via DEXA). Considerable variations in water and glycogen may have occurred, 

which limit the accurate detection of changes in lean mass. In addition, we cannot rule out that 

measurement errors in the DEXA scans resulted in inconsistent observations across time points. 

There were several instances where participants were too tall or broad to fit on the DEXA scan 

field, resulting in parts of their feet and/or arms to be excluded from measurement. Although the 

DEXA software allows estimation of missing body parts based on values from the opposite side, 

this was not possible for the feet. When participants do not fully fit on the scan field, it is 
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recommended separate scans are made for top and bottom or left and right half, even if this poses 

additional challenges [192]. Therefore, our ability to observe changes in lean and fat mass were 

likely compromised by measurement error in the DEXA scans. In addition, recordings of body mass 

were only made at the start and end of ER, and therefore we were unable to ascertain the 

trajectories of lean and fat mass change throughout these 2 weeks.  

 

In terms of participant assignment to supplemental groups, this was done on a true random basis. 

Therefore, the baseline characteristics of the placebo and fish oil supplement groups were not 

matched. The possibility that the discrepancy in baseline weight influenced weight loss during the 

ER period cannot be ruled out. Furthermore, despite controlling energy intake of our participants, 

inter-individual differences in weight loss were high. While participants were instructed to 

maintain their habitual EE levels throughout the 6-week study, we were unable to reliably confirm 

if they were successful. Due to logistical issues, we only managed to collect complete energy 

expenditure data for a limited subset of participants (n = 8). While data from these individuals does 

show they maintained their AEE and TEE from EB to ER, it is unclear if this was the case for others 

who were not monitored. In addition, while participants were provided with their entire diet for 

weeks 4-6, compliance was not monitored other than through verbal confirmation. Therefore, we 

cannot confirm if participants were all in a 40% energy deficit throughout the ER period.  

In terms of the timing of measurements, our study was limited by the lack of a ‘true baseline’. That 

is, measurements were not made until day 7 of supplementation (“baseline”). Thus, limited 

conclusions can be drawn about analyses of the effects of dietary n-3 PUFA on body composition, 

metabolism and muscle function, during EB. Additionally, physiological measurements were only 

made immediately pre (end of week 4) and post (end of week 6) the 14d ER period. As such, it is 

possible certain short-term effects associated with ER were missed and we are thus unable to 

report about any intermediate changes. Finally, while measurements of energy metabolism and 
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muscle function were made in laboratory settings, we were limited by the short time window that 

these measurements capture. Several studies have recently employed measurement techniques 

that allow a more dynamic capture of physiological function in free living conditions, such as using 

doubly labelled water to measure energy expenditure. As such, future studies may wish to employ 

these types of measurements to capture a more accurate representation of the potential effects of 

n-3 PUFA on energy metabolism and muscle function during ER in free-living conditions. 

 

In conclusion, supplementation with 4g/d fish oil does not influence changes in body composition 

during severe short-term energy restriction in normal weight healthy active males. Participants lost 

an average of 3.2 kg total body mass, with approximately equal rates of fat and lean mass 

regardless of supplemental group. The weight loss period was relatively severe, with exercise 

habits maintained and energy intake restricted by 40% during the 2-week period. Nevertheless, 

dietary n-3 PUFA did not ameliorate the loss of lean mass despite previous suggestions that they 

may increase muscle anabolism and reduce muscle catabolism. Dietary n-3 PUFA also did not 

appear to influence changes in energy metabolism, substrate utilisation and muscle function 

during energy restriction. Therefore, at this time FO supplementation cannot be recommended for 

the maintenance of lean mass in healthy normal weight adults undergoing energy restriction. 

However, as the current study contained several limitations, further research is required to 

corroborate these findings.  
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Chapter 3 – randomised controlled trial of n-3 PUFA supplementation shows no 

influence on muscle anabolic signalling and expression of muscle developmental 

genes during energy restriction 

3.1 - Introduction  

In this chapter we set out to expand on previous research into the molecular effects of n-3 PUFA 

on muscle anabolism and catabolism at the proteome and transcriptome levels. At a molecular 

level, n-3 PUFA or their oxidised metabolites, eicosanoids, interact with G-protein coupled 

receptors, nuclear receptors and transcription factors [27], [216]. Additionally, n-3 PUFA are 

incorporated into phospholipid membranes, which alters membrane structure, function and lipid-

protein interactions [1], [198]. N-3 PUFA have previously been observed to influence the regulation 

of muscle anabolism and catabolism, which may result in reductions in muscle atrophy [43], [44]. 

During energy restriction (ER), reductions in the availability of energy and amino acids (AA), result 

in changes in the activity of the AMPK/mTOR/p70s6k pathway which regulates muscle protein 

turnover [96]. ER therefore typically leads to undesirable losses in skeletal muscle, which may 

impair metabolic and physical function [90]. Short-term ER has been observed  to reduce resting 

MPS by ~20-30% [164], [165], [217]. Additionally, MPB has been observed to increase by ~60% 

during short-term ER, which frees up amino acids and energy for novel protein synthesis [166]. 

Despite this, some have argued the dominant mechanism for the loss of lean mass during short-

term ER and muscle disuse is a reduction in MPS, as these authors observed limited contribution of 

MPB [217], [218]. However, this is still a contested hypothesis as others did observe significant 

contributions of MPB [219]. In the context of muscle disuse, n-3 PUFA has been shown to reduce 

muscle atrophy, through improvements in myofibrillar MPS, alongside suppression of catabolic 

gene expression [106]. In cultured muscle cells, and rodents subjected to catabolic situations, n-3 

PUFA have been shown to benefit both muscle anabolic and catabolic processes [91]–[94], [105]. 
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Similarly, n-3 PUFA have been shown to improve muscle mass and function in older adults [45]–

[47]. Aging muscle is thought to experience ‘anabolic resistance’, thereby limiting the activity of 

anabolic signalling in response to stimulation [40]. Although n-3 PUFA have already been shown to 

improve aspects of muscle anabolism and catabolism in different contexts, their potential in this 

regard, and in the catabolic situation of ER, has not been studied in humans.  

The mechanisms responsible for n-3 PUFA-mediated improvements in muscle anabolism have 

been suggested to involve potentiation of insulin-related pathways. As such, several studies have 

found improvements in the activity of proteins along the Akt-mTOR-p70s6k signalling axis, that is 

stimulated by insulin through the growth factor pathway, IRS1-PI3K [49], [87], [103], [104], [220]. 

In young and middle-aged, and older adults, n-3 PUFA supplementation was demonstrated to 

potentiate the mixed muscle MPS response to infusion of AA and insulin [87], [220]. However, n-3 

PUFA did not affect MPS in the postabsorptive condition. To determine the effect of n-3 PUFA on a 

fraction of MPS suggested to be specific to muscle hypertrophy, McGlory et al. (2016) measured 

myofibrillar MPS at rest and following unilateral resistance exercise (REx) and 30g protein feeding 

[49]. As such, 5g/d n-3 PUFA supplementation for 8 weeks increased MPS to a greater degree than 

placebo, following protein feeding, and also following protein feeding plus REx, although these 

increases did not reach statistical significance. However, alongside minor (non-significant) 

increases in MPS, they also observed suppression of p70s6k activity 3 hours post feeding and REx, 

and of Akt activity post REx. In the resting condition, n-3 PUFA supplementation did not alter 

postabsorptive MPS, although Akt activity also was suppressed. Therefore, it was suggested that 

the suppression of anabolic signalling protein activity, combined with no reduction in MPS, may 

reflect an improved efficiency of the protein synthetic machinery with n-3 PUFA [49]. The ability 

for protein synthetic machinery to maintain activity despite reductions in anabolic stimulation 

would seem very useful for the maintenance of muscle mass during catabolic situations. However, 
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it should be noted that in the study by McGlory et al. (2016), the provision of 30g protein may have 

maximally stimulated the muscle protein synthetic machinery, due to a concept known as the 

‘muscle full’ effect [221]. Therefore, the effects of n-3 PUFA on MPS in this study were not fully 

clear. It may suggest that stimulation of muscle anabolism by n-3 PUFA may be especially potent in 

situations where anabolic stimulation is sub-optimal, such as during ER with reduced amino acid 

availability. Furthermore, although most studies have not observed changes in postabsorptive MPS 

with n-3 PUFA supplementation, Lalia et al. (2017) did report improvements in specific fractions of 

postabsorptive MPS following 3.9g/d n-3 PUFA supplementation for 16 weeks [48]. In older adults, 

n-3 PUFA significantly increased rates of mitochondrial and sarcoplasmic MPS, but did not increase 

mixed muscle and myofibrillar MPS. However, in young people n-3 PUFA had no effect on 

postabsorptive MPS. In the context of ER, the ability for n-3 PUFA to influence postabsorptive MPS 

has not been studied.  

In addition to observed increases in muscle anabolism with n-3 PUFA, they have also been 

demonstrated to attenuate muscle catabolism in various contexts. In mice undergoing 24h 

starvation, EPA treatment reduced ubiquitin-proteasome pathway (UPP)-mediated proteolysis [92]. 

In cachectic mice, 1g/kg/d EPA for 4 days also was demonstrated to reduce MPB [93]. In addition, 

in cultured mouse skeletal muscle cells, 50 μM EPA for 24h also reduced MPB [91]. Furthermore, n-

3 PUFA has been demonstrated to suppress expression of catabolic genes during muscle disuse, 

and cancer cachexia, in rodents [94], [105]. Specifically, n-3 PUFA suppresses the increase in 

expression of MAFbx and MuRF1 typically seen during catabolic situations. This effect was recently 

also shown in young women supplemented with 5g/d n-3 PUFA before and during 2-week leg 

immobilisation [106]. As these genes code for key components of the UPP, responsible for targeted 

degradation of proteins, their downregulation by n-3 PUFA may be a pivotal target in the 

prevention of muscle atrophy [222], [223].  
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Besides the UPP, autophagy also plays a vital role in the turnover of muscle protein [101], [224]. 

Autophagy is regulated by mTOR through phosphorylation of ULK1. As such, autophagy is induced 

when mTOR is inactive, which may serve as a mechanism to free up energy, and materials for 

protein synthesis [101], [225]. In cancer cell lines, n-3 PUFA induces autophagy through the mTOR 

pathway, potentially via reactive oxygen species (ROS)-mediated mechanisms [226], [227]. 

However, to our knowledge, the effects of n-3 PUFA on autophagy in muscle from healthy adults 

has not been studied. Given ER limits mTOR activation, autophagy may be an important 

contributor to muscle health during conditions of energy stress. Finally, gene pathway analysis in 

older adults supplemented with 4g/d n-3 PUFA for 6 months demonstrated significant reductions 

in expression of proteolysis and inhibition of mTOR signalling-related genes [228]. However, they 

did not detect differences in the expression of individual genes related to muscle development. 

Therefore, although there are indications that n-3 PUFA may positively influence expression of 

muscle developmental genes, further study is required.  

Cellular regulation of muscle protein turnover is also regulated by cytokines and hormones, whose 

production and function may be influenced by n-3 PUFA status [152], [229]–[231]. Although AA are 

known to stimulate mTOR-p70S6k directly, studies which have shown increased muscle anabolism 

with n-3 PUFA utilised infusion of both AA and insulin [87], [103], [220]. On the other hand, 

McGlory et al. (2016) only provided AA (in the form of a protein drink) and did not detect a 

significant potentiating effect of n-3 PUFA on muscle anabolism [49]. As such, there may be a role 

of insulin in the potential anabolism-enhancing effects of n-3 PUFA. It has also been suggested that 

n-3 PUFA supplementation increases muscle insulin sensitivity, due to increased fatty acid 

oxidation [103], [231], [232]. In rodents, n-3 PUFA-rich diets improved insulin sensitivity during ER, 

which was associated with improved body composition [233]. Therefore, factors regulating insulin 

action may contribute to the altered regulation of muscle protein turnover by n-3 PUFA. Leptin, an 



78 

 

‘adipokine’ produced primarily by adipocytes, is one such factor, which is suggested to modulate 

the actions of insulin [231], [234]. Dietary energy restriction reduces leptin concentrations, 

primarily due to loss of fat mass, although independent changes may also occur [235]. As high 

leptin concentrations are associated with insulin resistance and inflammation, downregulation of 

leptin by ER or n-3 PUFA may be protective in terms of metabolic health [137]. In rodent skeletal 

muscle, leptin stimulates lipolysis, FA oxidation and inhibits FA storage, uptake and transport 

[236]–[238]. Therefore, the effects of n-3 PUFA on muscle protein metabolism may be in part due 

to changes in production and secretion of adipokines from adipose tissue, a relationship which has 

yet to be investigated in humans.  

Although there are indications from various catabolic contexts that n-3 PUFA may improve muscle 

anabolism, no study to date has investigated the influence of n-3 PUFA on muscle anabolic 

signalling during ER in humans. Therefore, the primary aim of this study was to investigate the 

influence of 4g/d n-3 PUFA for 6 weeks on skeletal muscle anabolic signalling during a 2-week 40% 

ER in healthy active males. We hypothesised that n-3 PUFA would be able to potentiate the 

anabolic signalling response to REx and protein, thereby preserving muscle anabolism during 

energy restriction. Furthermore, we aimed to investigate the influence of n-3 PUFA on the 

expression of genes related to muscle anabolism, catabolism and development, during ER. Finally, 

we also aimed to investigate the influence of n-3 PUFA on leptin levels in ER, to probe the potential 

link between whole-body hormonal regulation and muscle protein metabolism.  

 

3.2 - Methods 

3.2.1 - Participants 

Muscle biopsy and blood samples from a subset of 16 participants from the weight loss study 

(reported in Chapter 2) were analysed in this study. From the initial 20 participants who had 
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volunteered to take part, two experienced a vasovagal reaction to cannulation and withdrew their 

consent to further sampling. Additionally, analysis of biopsy samples from 4 participants was not 

possible for technical reasons. Therefore, blood sample (n = 16, FO = 8, PLA = 8) and muscle 

sample analysis (n = 14, FO = 7, PLA = 7) were completed with a limited sample size. Participants 

were male, resistance trained (≥ 2 times/week for at least 6 months prior to commencement of the 

study), did not already consume a diet high in n-3 PUFA acids and were healthy as determined by 

our pre-participation health questionnaire. The study conformed to the principles set out by the 

Declaration of Helsinki and was approved by the NHS West of Scotland Research Ethics Committee 

4 (16/WS/0248) and the University of Stirling Research Ethics Committee. All volunteers provided 

written informed consent prior to taking part in the study.  

 

3.2.2 - Experimental design 

Participants consumed supplements containing 4g/d n-3 PUFA (FO) or placebo (PLA) for a total of 6 

weeks, as detailed previously (Chapter 2). Participants attended trials in the morning of three 

different days spread over the 6-week period. During the first visit (supplementation day 7), 

participants completed leg extension and leg press 1RM protocols, following completion of other 

testing reported in chapter 2. The position of the seat and knee angle were recorded for 

replication on subsequent visits. Participants completed a unilateral 1RM protocol [239], with the 

dominant leg, on leg press and leg extension machines with fixed resistance (Cybex International, 

Medway, MA, United States). In brief, participants initially warmed up with a light load that 

allowed ten repetitions. Following a 1-minute rest, weight was increased by 10-20%, and 

participants were asked to complete three to five repetitions. A near-maximal load was estimated, 

by adding another 10-20% of weight. Following a 2-minute rest, participants were asked to 

complete two to three repetitions. Following another 2-minute rest, weight was increased by 10-

20%, and participants attempted a 1RM. If this attempt was successful, participants rested another 
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2 minutes and completed another 1RM attempt at 10% added weight. If successful, the previous 

step was repeated. If a 1RM attempt was failed, the load was decreased by 5-10% and an attempt 

at the lower weight was made after a 2-minute rest. Following this visit, participants were 

instructed to maintain habitual activity levels. In addition, they were instructed to remain in energy 

balance until week 4, when they were provided with a 100% energy diet, and weeks 5-6, when 

they were provided with a 60% energy diet, as described previously (Chapter 2). Visits 2 and 3 

(days 28 and 43) were identical to each other and took place immediately before and after the 2-

week 40% energy restriction period. Participants were instructed not to undertake strenuous 

exercise in the 24h before each trial, and to attend in the morning after an overnight fasted state. 

Participants were provided with the same diet in the 3 days leading up to visits 2 and 3.   

 

3.2.3 - Acute exercise trial 

As the anabolic potential for n-3 PUFA is believed to stem from modulated responses to resistance 

exercise and protein, we assessed muscle molecular responses to an acute bout of resistance 

exercise and protein consumption at pre and post-ER. The acute exercise trial protocol is 

summarised in figure 3.1. Participants consumed a meat-free diet in the three-day lead up to both 

trials, to enable analysis of plasma 3-methylhistidine as a marker of muscle protein breakdown 

(MPB) [240], [241]. On day 28 (pre-ER) and day 43 (post-ER) of supplementation, participants 

reported to the laboratory at 7:00 am in a fasted state. A cannula was inserted into an antecubital 

vein, from which an initial blood sample was drawn. Prior to the exercise bout, the vastus lateralis 

(VL) of the dominant leg was prepared for muscle biopsy. First, the site was anaesthetised using 2% 

lidocaine injected subcutaneously, followed by a small incision. In a different room, participants 

then completed leg press and leg extension (Cybex International, Medway, MA) exercise with their 

dominant leg. Following a warm-up, consisting of 12 repetitions at 40%, 10 repetitions at 50% and 

8 repetitions at 60%, participants completed 3 sets of 10 repetitions at 70% of 1RM, resting 1 
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minute between sets. Participants returned to the biopsy room, and immediately approximately 

150mg of muscle tissue was collected using the suction-modified Bergström technique [242], 

[243]. Muscle tissue was rinsed with ice-cold saline, blotted dry and any visible fat or connective 

tissue was removed before being snap-frozen in liquid nitrogen and stored at -70 °C until later 

analysis. Within the 5 minutes following the biopsy procedure, participants consumed a protein 

shake containing 12.77g whey protein isolate (78.3% / 10g protein; Maximuscle, UK) with 500mL 

water. Participants rested until a second biopsy was taken from a proximal site on the same muscle 

at 90 minutes post-exercise[244]. They continued to rest until 120 minutes post exercise. During 

the post-exercise resting period, blood samples were drawn at 0, 15, 30, 45, 60, 90 and 120 

minutes post exercise. Blood was collected into one 6 mL clot activator Vacutainer (BD, UK), 

allowed to clot at room temperature; and one 6 mL lithium-heparin Vacutainer (BD, UK) which was 

immediately placed on ice. All samples were centrifuged at 3000 rpm, 4°C for 15 minutes at the 

end of the trial. Serum and plasma, respectively, were transferred into Eppendorf tubes and placed 

in storage at -70°C until later analysis. 

 

 
Figure 3.1 - Acute exercise trial day, which took place on days 28 (wk 4) and 43 (wk 6), immediately prior to 
and at the end of the 2-week ER period. Numbers are time in minutes relative to the end of exercise. 
Muscle biopsies were taken immediately after, and 90 minutes after the completion of a bout of unilateral 
leg resistance exercise. A resting blood sample was drawn before exercise, and further blood samples were 
drawn afterwards.  
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3.2.4 - Analytical procedures 

Lipid extraction of whole blood samples 

Samples of whole blood were placed onto four collection spots on Whitman 903 blood collection 

cards (GE Healthcare Ltd, UK). The cards were allowed to dry at room temperature and then stored 

at -70°C until analysis at a later date. The blood spots were analysed by the Institute of 

Aquaculture at the University of Stirling, as previously described [183]. In brief, the blood spots 

were placed into vials containing 1.25M methanol-HCl and placed in a hot block at 70°C for 1h. 

They were allowed to cool to room temperature, after which 2mL distilled water and 2mL of 

saturated HCl solution were added. Fatty acid methyl esters (FAME) were then extracted using 2 x 

2 mL isohexane. FAME were quantified by gas-liquid chromatography (GLC).  

 

Preparation of protein sample 

30-50mg of muscle sample was homogenised in ice-cold PKB lysis buffer consisting of 1mM/L 

TrisHCl pH7.5, 0.1mM/L EGTA, 1mM/L EDTA, 1% TX100, 50mM/L sodium fluoride, 5mM/L sodium 

pyrophosphate, 0.27M/L Sucrose, 0.1% beta-mercaptoethanol, 1mM/L sodium orthovanadate and 

1 protease inhibitor cocktail tablet (Sigma Aldrich; #11836170001). After incubation on ice for 20 

min, the homogenate was centrifuged at 14800 rpm for 20 min to remove the insoluble portion. 

The protein concentration of the supernatant was determined using DCTM protein assay using the 

manufacturers’ instructions (#500-0112, BioRad, Watford, UK). Equal amounts of protein were 

added to 100 µL Laemmli sample buffer, containing 10% BME, and PKB lysis buffer, after which 

samples were boiled for 5 min at 100 °C. Finally, the samples were placed in storage at -70°C until 

analysis at a later date.  

 

Western blotting 

Ten micrograms of protein were loaded into pre-cast 4-20% Criterion™ TGX™ 18-well gels 
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(#5671094; BioRad, UK), which underwent SDS-PAGE at 150V for 1.5h (PowerPac HC, BioRad, UK) 

in 1X Tris/Glycine/SDS (#161-0732; Biorad, UK). Following electrophoresis, proteins were 

transferred to an Amersham™ PVDF membrane (#GE10600023, Sigma Aldrich, Gillingham, UK) at 

100V for 1h (PowerPac HC, BioRad, UK). Membranes were blocked with 5% bovine serum albumin 

(BSA; #11413164, Fisher, Loughborough, UK) in Tris-buffered saline (#1706435, BioRad, Watford, 

UK) with 0.1% Tween™ 20 (TBS-T; #10485733, Fisher, Loughborough, UK) at room temperature for 

1 hour. Membranes were then incubated overnight at 4°C in primary antibody diluted 1:5000 in 

TBS-T, with gentle agitation on a Cole-Palmer™ Stuart ™ see-saw rocker (Fisher Scientific, 

Loughborough, UK) set to a speed of 40 rpm. Following 3 x 5 min washing with TBS-T, membranes 

were incubated with horseradish peroxidase (HRP)-linked secondary antibodies diluted 1:10000 in 

TBS-T. Membranes were again washed 3 x 5 min in TBS-T. Following incubation in Cytiva 

Amersham™ ECL™ Prime Western Blotting Detection Reagent (#10308449, Fisher Scientific, 

Loughborough, UK) for 5 min, HRP activity was visualised on a ChemiDoc XRS+ device (BioRad, 

Watford, UK). Protein bands were quantified on Image Lab™ software (version 6.0, BioRad, 

Watford, UK). Phosphorylated and total protein concentrations were normalised to a pooled 

protein sample on each gel, and the phosphorylated:total protein ratio was analysed.   

 

Antibodies 

The rabbit monoclonal antibodies for phospho-mTOR (Ser2448; #2971), total mTOR (#2983), 

phospho-rpS6 (Ser 235/236; #2211), and total rpS6 (#2217) were purchased from Cell Signaling 

Technology (London, UK). Anti-rabbit horse radish peroxidase (HRP) linked secondary antibodies 

were also purchased from Cell Signaling Technology (#7074; London, UK).  

 

Quantitative polymerase chain reaction (qPCR) 

RNA was extracted from frozen vastus lateralis muscle using Invitrogen™ TRIzol™ reagent 
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(#15596026, Fisher Scientific, Loughborough, UK) in accordance with the manufacturer’s 

instructions. The concentration and purity of total RNA were determined based on their 

absorbance at 260 and 280 nm using a DS-11 FX Spectrophotometer (DeNovix, Wilmington, DE, 

USA). 1 µL of oligo(dT)18 was added to 100 ng of template RNA and H2O was added to final volume 

of 12 µL. Next, 4 µL of reaction buffer, 1 µL of RiboLock RNase inhibitor, 2 µL dNTP mix and 1 µL 

reverse transcriptase were added to final volume of 20 µL. The reverse transcriptase (RT) reaction 

for complementary DNA (cDNA) synthesis consisted of 60 min at 42°C followed by 72°C for 5 min. 

Before use in quantitative PCR (qPCR), cDNA was diluted 1:5. The qPCR programme was completed 

on a Lightcycler 480 II (Roche, Burgess Hill, UK), and consisted of UDG treatment at 55°C for 2 min, 

DNA denaturing at 95°C for 10 min, followed by 40 quantification cycles of 95°C for 15s, 60°C for 

30s and 72°C for 30s. Genes of interest were quantified relative to the geometric mean of four 

reference genes: GAPDH, ACTB, B2M and YWHAZ [245]. Quantified genes and their primer 

sequences are listed in table 3.1. Results are expressed as linearised expression values (ΔCt), 

normalised to the geometric mean of the four reference genes.  

 
Table 3.1 – Accession numbers and primer sequences for muscle development, autophagy and reference 
genes.  

Gene Accession number Forward primer sequence (5' -> 3') Reverse primer sequence (5' -> 3') 

MuRF1 (TRIM63)  NG_033268.1 GACTACAGATGGGCAACACTA  CCTGGGCAACATAGTGAGATA  

MAFbx (FBXO32)  NM_058229.3 TACTCCAGACCCTCTACACATC  GAATCGTCTCCATCCGATACAC 

COX2 (PTGS2) NM_000963 TACTGGAAGCCAAGCACTTT  GGACAGCCCTTCACGTTATT 

NFκB NM_003998.3 CTCCACAAGGCAGCAAATAGA  ACTGGTCAGAGACTCGGTAAA 

PIK3C3 (hVps34)  NM_002647.3 CTCAGCAGAGAGATCCAAAGAC  GCCAGCAAAGAACGCATAAC 

MYOG NM_002479.6 CCCTGATGCTAGGAAGCCAG CTGGTCCCCTGCTTTACCTC 

MYOD NM_002478.5 TCCTGAAACCCGAAGAGCAC AGGCCCTCGATATAGCGGAT 

BECN1 NM_001313998.2 TCCATGCTCTGGCCAATAAG ACGGCAGCTCCTTAGATTTG 

BNIP3 NM_004052.3 AGCTCACAGTCTGAGGAAGA CCGACTTGACCAATCCCATATC 

BNIP3L NM_001330491.1 TTCCACTTCAGACACCCTAAAC AGGAAGAGAGATGGAATGAACAC 

GABARAPL1 NM_031412.4 CCACCGCAAGGAGACAGAAG GAAAATGTGATGGTGTGT 

MAP1LC3B NM_022818.5 GCAGCTTCCTGTTCTGGATAA GAGCTGTAAGCGCCTTCTAAT 

GAPDH NM_001256799.3 GGCATGGACTGTGGTCATGAG TGCACCACCAACTGCTTAGC 

ACTB NM_001101.5 AATGTGGCCGAGGACTTTGATTGC AGGATGGCAAGGGACTTCCTGTAA 

B2M NM_004048.4 TCTCTGCTCCCCACCTCTAAGT TGCTGTCTCCATGTTTGATGTATCT 

YWHAZ NM_001135699.2 TGTAGGAGCCCGTAGGTCATC GTGAAGCATTGGGGATCAAGA 
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3-Methylhistidine analysis 

Participants consumed a meat free diet for three days leading up to blood sampling to minimise 

the contribution of dietary 3-methylhistidine to subsequent measurements. Serum from day 28 

(end of week 4 EB) and day 43 (end of ER) was analysed for 3-methylhistidine concentrations by 

Heartland Assays (Ames, Iowa, US). 3-methylhistidine analysis was completed via gas 

chromatography/mass spectrometry (GC/MS) as previously described [241]. 

 

Leptin analysis  

Leptin concentrations were determined in serum from day 28 (EB) and day 43 (ER), collected in the 

resting and overnight fasted condition. Using a magnetic bead panel (ThermoFisher, UK; #EPX01A-

12039-901), leptin concentrations were analysed using the Luminex 200 instrument (Luminex 

Corp, Austin, TX, United States) according to the manufacturer’s instructions.  

3.2.5 - Cell culture 

To determine the influence of n-3 PUFA-rich plasma on skeletal muscle development, human 

skeletal muscle myoblasts (Lonza, Walkersville, US, #CC2580) were cultured in SkGMTM-2 growth 

medium (GM; Lonza, Walkersville, US, #CC3244) at 5% CO2 and 37°C. At 70% confluence, cells were 

passaged to 300,000 per well for differentiation in Gibco™ 1:1 DMEM/F12 (DM; Fisher Scientific, 

UK, #11320-074) supplemented with Gibco™ 2% horse serum (Fisher Scientific, UK, #26050070). 

After 7 days, differentiated cells were serum starved for 1 hour in Gibco™ 1:1 DMEM/F12. Then, 

cells were conditioned with n-3 PUFA-rich or placebo ex vivo human serum for 4 hours. This model 

was previously shown to successfully condition medium and regulate MPS in in vitro skeletal 

muscle cells [246]. Serum from three fish oil supplemented participants was pooled and matched 

as closely as possible with serum from three placebo supplemented participants. Matching was 
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based on the relative amount of lean mass participants lost during the weight loss period. To 

determine the effect of n-3 PUFA supplementation alone, rather than changes in lean mass, one 

relatively low, one medium and one high loser of lean mass under ER were selected and matched 

between groups. Due to ethics requirements, only samples from participants who consented to 

additional analysis was included (FO n = 3, PLA n = 3). Average total weight and lean mass loss of 

participants whose samples were selected is displayed in table 3.2. Ex vivo human serum from FO 

and PLA in the postabsorptive, resting condition (Rest/Fast) and 90 minutes post-REx and 10g 

protein (REx/Fed) was compared between pre-ER (day 27) and post-ER (day 42). 

Table 3.2 – Mean weight loss characteristics of participants whose serum was pooled for ex vivo analysis.  

 Fish oil (n = 3) Placebo (n = 3) 

Total weight (kg) 2.3 2.6 

Lean mass (kg) 1.0 0.7 

Lean mass (%) 40.5 29.8 

 
 
Table 3.3 – n-3 PUFA profiles of pooled serum. EPA and DHA values are as % of total fatty acids, while total 
n-3 PUFA is presented as a % of total PUFA (i.e. n-3 + n-6). 

 Pre-ER Post-ER 

 Rest/Fast REx/Fed  Rest/Fast REx/Fed 

 FO PLA FO PLA  FO PLA FO PLA 

EPA (% total FA) 4.2 0.41 4.3 0.40  4.8 0.40 4.7 0.41 
DHA (% total FA) 4.0 1.4 4.4 1.4  4.1 1.6 4.0 1.6 
Total n-3 PUFA (% PUFA) 60 23 60 23  57 23 57 23 
EPA:ARA 1.2 13.1 1.2 13.3  1.3 15.7 1.3 15.3 

 

Following serum conditioning, the medium was removed and cells were washed 2x in ice cold 

Gibco™ PBS (ThermoFisher, UK, #14190-094). 350 µL Buffer RLT (Qiagen, UK, #79216) was added 

per well and cells homogenised with a rubber policeman. Detachment was checked under 

microscope. 350 µL 70% ethanol was added per well and mixed via pipetting. Cells were 

transferred to a 1.5 mL Eppendorf before RNA harvest and qPCR analysis as previously described 

above (section 3.2.4/qPCR).  

 

Additionally, we determined the influence of n-3 PUFA on insulin-mediated glucose uptake to 
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further evaluate the potential for n-3 PUFA to improve insulin sensitivity in human muscle cells. A 

Glucose-GLOTM assay (Promega, UK) was completed with the eight different serum conditions 

listed in table 3.3. Cells were plated onto a 96-well plate at 8000 cells/well with 100 µL GM, 

incubated at 37°C and 5% CO2. After 1 day, GM was replaced with DM. Two days before the assay, 

DM was removed and replaced with serum-free Gibco™ 1:1 DMEM/F-12 (ThermoFisher, UK, 

#1132007). One day before the assay, the medium was replaced with 100 µL serum- and glucose-

free DMEM with 1mM insulin (Sigma Aldrich, UK, #I9278). On the day of the assay, cells were 

incubated for 5 hours in 100 µL DMEM with 1mM insulin and the different ex vivo human serum 

pooled conditions. Treatment serum was added at 20% of total volume, which is a quantity that 

was previously determined not to impair cell viability [246]. 1 hour before the assay, the medium 

was refreshed with the same amounts of DMEM, insulin and serum treatments. Finally, medium 

was removed, and cells were washed with PBS. PBS was then removed, and cells were assayed 

according to the manufacturer’s instructions (Glucose-GLO™ Assay kit, Promega, UK). That is, cells 

were incubated for 30 minutes at 25°C in 1mM 2DG in PBS. 25 µL stop buffer, 25 µL neutralisation 

buffer and 100 µL 2DG6P detection reagent were added sequentially, with brief shaking following 

each step. Cells were then incubated at 25°C for 1 hour before 1 second luminescence was 

recorded on a GloMax® Explorer Multimode Microplate Reader (Promega, Madison, WI, USA). 

 

3.2.6 - Data presentation and statistical analysis 

All statistical analysis was performed on Windows 10 using R (version 4.0.5) and RStudio (version 

1.4). Western Blot data were analysed using Welch’s t-tests for unequal variance [247]. RpS6 

Western Blot data was log base 2 transformed due to non-normality. Gene expression data from 

muscle biopsy samples were normalised using the dCt method and consequently analysed using 

Welch’s t-test [247], [248]. Leptin and 3-methylhistidine were analysed using mixed effects linear 

modeling with participant ID as random factor, and time and group as fixed factors. A type III 
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analsyis of variance (ANOVA) was then performed using the Kenward & Roger approach for 

approximation of degrees of freedom, as is recommended for small sample sizes [184], [185]. 

Where significant effects were found, post-hoc analysis was performed using Tukey’s method 

[186]. Effect sizes were expressed as Hedges’ g, which includes a correction for small sample size 

[188], [189]. Data are presented as mean ± standard deviation (SD) unless otherwise stated.  

 

3.3 - Results 

3.3.1 – Anabolic signalling 

To address whether dietary fish oil preserves anabolic signalling during energy restriction, we 

examined the change in the ratio of phosphorylated mTOR Ser2448:total mTOR from EB to ER in the 

postabsorptive (0 min post REx) and anabolically stimulated states (90 min post REx plus 10g 

protein) (Figure 3.2 & 3.3). In the postabsorptive state, the change in the ratio of phosphorylated 

mTORSer2448:total mTOR from EB to ER was not different between FO (-0.105 ± 0.294 AU) and PLA (-

0.100 ± 0.279 AU) (p = 0.97). After anabolic stimulation, the change in the ratio of phospho:total 

mTOR from EB to ER was not greater in FO (0.177 ± 0.306 AU) compared to PLA (-0.126 ± 0.262 

AU), as this did not reach statistical significance (p = 0.071). The effect size of n-3 PUFA for the 

change in basal mTOR ratio from EB to ER was g = 0.017 (95% CI: -1.073 – 1.107). The effect size of 

n-3 PUFA for the change in mTOR ratio in response to anabolic stimulation from EB to ER was g = 

0.995 (95% CI: -0.161 – 2.151).  
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Figure 3.2 – Ratio of phosphorylated mTORSer2448:total mTOR during energy balance (week 4) and after 2 
weeks of energy restriction (week 6). Muscle biopsies were taken from participants in the postabsorptive 
state immediately post-exercise (0 min) and 90 minutes after exercise and consumption of 10g protein (90 
min). 

 
  
 

 

Figure 3.3 – Representative blot images of phosphorylated mTORSer2448, total mTOR, phosphorylated 
rpS6Ser235/236 and total rpS6.  
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Figure 3.4 – Ratio of phosphorylated rpS6Ser235/236:total rpS6 during EB (week 4) and at the end of 2 weeks 
ER (week 6). Ratio values were log base 2 transformed.  

 

Further, to address whether dietary fish oil preserves anabolic signalling downstream from mTOR, 

we examined the ratio of phosphorylated rpS6Ser235/236:total rpS6 in the postabsorptive state and 

after anabolic stimulation (Figure 3.3 & 3.4). RpS6 data was log2 transformed due to non-

normality. The change in the ratio of postabsorptive phospho:total rpS6 from EB to ER was no 

different between FO (-0.462 ± 1.64 AU) and PLA (0.264 ± 1.275 AU) (p = 0.375). After anabolic 

stimulation, the change in the ratio of phospho:total rpS6 from EB to ER was significantly greater in 

FO (1.71 ± 1.81 AU) compared to PLA (-0.849 ± 0.835 AU) (p = 0.0087). The effect size of n-3 PUFA 

for the change in basal rpS6 ratio from EB to ER was g = 0.462 (95% CI: -0.642 – 1.567). The effect 

size of n-3 PUFA for the change in rpS6 ratio in response to anabolic stimulation, from EB to ER, 

was g = 1.698 (95% CI: 0.426 – 2.970).  

 

3.3.2 – Gene expression response to energy restriction 

To determine the influence of n-3 PUFA status on ER-induced changes in expression of genes 

related to muscle hypertrophy and atrophy, the difference in the change in normalised linearised 

gene expression values from pre- to post-ER were compared between FO and PLA (figure 3.5). 
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Several genes related to muscle development presented divergent, although non-significant, 

changes during ER. The ER-induced increase in expression of MAFbx/FBXO32 was not different 

between FO and PLA (t = 1.369, p = 0.222). Similarly, the ER-induced increase in expression of 

MuRF-1/TRIM63 was not different between FO and PLA (t = 0.671, p = 0.543). During ER, the 

change in NF-κB expression was not different between FO and PLA (t = -0.834, p = 0.424). The 

change in expression of MyoD was also not significantly different between FO and PLA (t = -1.486, 

p = 0.173). Similarly, the change in expression of MyoG was not significantly different between FO 

and PLA (t = -0.970, p = 0.366). Finally, the change in expression of COX2/PTGS2 also was not 

significantly different between groups (t = 0.448, p = 0.664). 

 

Figure 3.5 – Scatterplots of normalised muscle and atrophy related gene expression pre-ER (week 4 of 
supplementation) and post-ER (week 6 of supplementation).  

 

To further understand the role of n-3 PUFA on autophagy, we also assessed the influence of n-3 

PUFA status on changes in expression of key autophagy genes during ER (figure 3.6). Although the 

expression patterns of several genes appeared divergent between FO and PLA, there were no 

significant differences in any genes. As such, there was no difference in the change in expression of 

BNIP3L/NIX during ER in FO and PLA (t = 0.704, p = 0.503). Similarly, the change in expression of 
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GABARAPL1 was not significantly different between groups (t = 0.404, p = 0.698). The change in 

MAP1LC3B expression also was not different between FO and PLA (t = 0.480, p = 0.648). The 

change in expression of PIK3C3/hVps34 was not different between FO and PLA (t = 0.522, p = 

0.613). Finally, expression of BECN1 and BNIP3 did not change during ER in FO or PLA, and there 

was no difference between groups (p > 0.95).  

 

 
Figure 3.6 – Scatterplots of autophagy-related normalised gene expression pre-ER and post-ER.  

 
 

3.3.3 – Whole-body protein breakdown 

To determine whether n-3 PUFA influenced changes in whole-body protein breakdown, we 

examined serum 3-methylhistidine (3MH) concentrations pre- to post-ER (Figure 3.7). 3MH 

appeared to increase by 0.38 ± 0.68 nmol/mL from pre-ER to post-ER, although this did not reach 

statistical significance (t = 4.46, p = 0.0547). There was no difference in 3MH between FO and PLA 

(t = 0.421, p = 0.528).  
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Figure 3.7 – Scatterplot of postabsorptive serum 3-methylhistidine concentrations pre (week 4) and post-ER 
(week 6).   
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3.3.4 – Leptin  

To assess the influence of n-3 PUFA status on ER-induced changes in leptin, serum leptin was 

examined pre- and post-ER (figure 3.8). Leptin data was natural log-transformed due to non-

normality. Although log(leptin) appeared higher in FO (7.54 ± 0.72 pg/mL) compared to PLA (6.68 ± 

0.99 pg/mL), this difference did not reach statistical significance (F = 4.56, p = 0.051; Figure 3.12). 

As such, there was no significant difference between FO and PLA during EB (p = 0.077) or ER (p = 

0.057). The decrease in log(leptin) with ER (-0.31 ± 0.70 pg/mL) also did not reach statistical 

significance (F = 2.83, p = 0.115).  

 

 
Figure 3.8 – Scatterplot of natural log-transformed postabsorptive serum leptin concentrations pre-ER 
(week 4) and post-ER (week 6).  

 

As supplemental groups were not matched for fat mass (as detailed in chapter 2), we also 

examined log(leptin) concentrations normalised for whole-body fat mass (as determined via DEXA 

scans – chapter 2.3.3). Consequently, there was no difference in normalised leptin between groups 

(F = 0.085, p = 0.775; Figure 3.9). However, there was a significant effect of time (F = 7.574, p = 

0.0156), such that normalised leptin was higher post-ER compared to pre-ER (+0.0359 ± 0.0511 

pg/mL/g). 
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Figure 3.9 – Scatterplot of fat mass-normalised, natural log-transformed serum leptin concentrations pre- 
and post-ER.  

 

3.3.5 – Gene expression in skeletal muscle cells conditioned with ex vivo human serum  

To further understand the role of n-3 PUFA status on genes related to muscle development and 

autophagy, the expression of 12 genes was assessed in cultured human skeletal muscle cells 

conditioned with ex vivo human serum. As the results are only from one experiment with three 

technical replicates, no statistical analysis was undertaken, and results are presented as mean 

difference ± standard error. The full table of differences in gene expression, including 95% 

confidence intervals, is available in appendix A3.1. First, we assessed the influence of pre- and 

post-ER serum collected from individuals in the fasting, resting condition.  

 

Expression of genes related to muscle development are shown in figure 3.10. MAFbx expression 

was not different between FO and PLA pre-ER, but appeared higher in PLA than FO post-ER (0.0178 

± 0.0053 AU). Similarly, NFkB expression was not different pre-ER, but appeared higher in PLA than 

FO post-ER (0.0281 ± 0.0105 AU). Expression of MyoD was not different between FO and PLA pre-

ER, but was higher in FO than PLA post-ER (0.0099 ± 0.0050 AU). MyoG expression was lower in FO 
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than PLA pre-ER (-0.124 ± 0.016 AU), but this was reversed post-ER (0.181 ± 0.024 AU). COX2 

expression was higher in FO than PLA pre-ER (0.0119 ± 0.0032 AU), but no different between FO 

and PLA post-ER.  

 

 

 
Figure 3.10 - Gene expression in primary skeletal muscle cells conditioned with ex vivo human serum. 
Serum was collected in the morning following an overnight fast. Individual dots within each condition 
represent technical replicates.  

 

Expression changes of genes related to autophagy and cellular trafficking are displayed in figure 

3.11. Expression of BECN1 was higher in FO than PLA pre-ER (0.0194 ± 0.0086 AU), but lower in FO 

than PLA post-ER (-0.0298 ± 0.0156 AU). Expression of BNIP3 was higher in FO than PLA pre-ER 

(0.036 ± 0.025 AU), but lower in FO than PLA post-ER (-0.067 ± NA AU; no SE due to only 1 

observation). BNIP3L expression was higher in FO than PLA pre-ER (0.439 ± NA AU; no SE due to 

only 1 observation), and lower post-ER (-0.071 ± 0.009 AU). GABARAPL1 expression was higher in 

FO than PLA pre-ER (0.0115 ± 0.0023 AU) and post-ER (0.0112 ± 0.0030 AU). MAP1LC3B expression 

was no different between FO and PLA pre-ER, but was higher in PLA than FO post-ER (0.0055 ± 

0.0196 AU). Finally, expression of PIK3C3 was no different between FO and PLA pre-ER, but was 

higher in PLA than FO post-ER (0.0033 ± 0.0053 AU).  
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Figure 3.11 – Gene expression in skeletal muscle cells conditioned with ex vivo human serum. Serum was 
collected in the morning following an overnight fast. Individual dots within each condition represent 
technical replicates.  

 

In addition, we examined gene expression in skeletal muscle cells conditioned with ex vivo human 

serum from an anabolically stimulated condition (90-min post-REx and 10g protein feeding; Figure 

3.12 & 3.13). Again, no statistical analysis was undertaken, and results are presented as mean 

difference ± standard error (see appendix table A3.1 for full table).  

 

With serum from the anabolically stimulated state, expression of MAFbx was higher in PLA than FO 

pre-ER (0.0173 ± 0.0070 AU), but this was reversed post-ER (0.0102 ± 0.0075 AU). NFkB expression 

was lower in FO than PLA both pre-ER (-0.0144 ± 0.0037 AU) and post-ER (-0.0027 ± 0.0020 AU). 

MyoD expression was not different between FO and PLA, pre-ER or post-ER. MyoG expression was 

higher in PLA than FO pre-ER (-0.0943 ± 0.012 AU), but no different post-ER. COX2 expression was 

no different between FO and PLA pre-ER, but higher in FO than PLA post-ER (0.0084 ± 0.0053 AU).  
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Figure 3.12 – Gene expression in skeletal muscle cells conditioned with ex vivo human serum. The serum 
was collected 90 minutes following unilateral leg resistance exercise and consumption of 10g protein. 
Individual dots within each condition represent technical replicates.  

 

Finally, in the anabolically stimulated state, expression of BECN1 was lower in FO than PLA pre-ER 

(-0.0579 ± 0.0072 AU), but no different post-ER. Expression of BNIP3 was lower in FO than PLA pre-

ER (-0.0603 ± 0.0052 AU), but higher in FO than PLA post-ER (0.0233 ± 0.0285 AU). BNIP3L 

expression was lower in FO than PLA, both pre-ER (-0.0990 ± 0.0049 AU) and post-ER (-0.0615 ± 

0.0173 AU). GABARAPL1 expression was not different between FO and PLA pre-ER, but higher in 

FO than PLA post-ER (0.0081 ± 0.0020 AU). MAP1LC3B expression was lower in FO than PLA pre-ER 

(-0.1018 ± 0.0277 AU), but no different between FO and PLA post-ER. Finally, expression of PIK3C3 

was lower in FO than PLA pre-ER (-0.1018 ± 0.0277 AU), but no different between FO and PLA post-

ER.  
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Figure 3.13 – Gene expression in skeletal muscle cells conditioned with ex vivo human serum in an 
anabolically stimulated state. Individual dots within each condition represent technical replicates.  

 

3.3.6 – Insulin sensitivity of skeletal muscle cells cultured with ex vivo human serum 

To determine the influence of n-3 PUFA in human serum on insulin-mediated glucose uptake, 

serum conditioned skeletal muscle cells were assayed by Glucose-GloTM assay (figure 3.14). In 

muscle cells conditioned with serum collected under resting, and fasting conditions (figure 3.14 

Fasted), there was a significant ER by group interaction (t = -3.45, p = 0.00547). As such, there was 

no difference in glucose uptake between FO and PLA in cells conditioned with pre-ER serum (t = -

0.126, p = 0.902). However, glucose uptake was significantly higher in FO (388767 ± 204783 RLU) 

than PLA (66866 ± 18342 RLU) in post-ER serum cells (t = 4.85, p < 0.001). In muscle cells 

conditioned with serum collected 90 minutes after REx and consumption of 10g protein (Ex/Fed; 

figure 3.14 Exercise + 10g Protein), glucose uptake was significantly higher (t = 4.76, p < 0.001) in 

FO (300688 ± 146902 RLU) than PLA (67073 ± 24664 RLU). However, there was no difference in 

glucose uptake between cells conditioned with Ex/Fed pre-ER and post-ER serum (t = 0.55, p = 

0.594).  
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Figure 3.14 – Scatterplot of relative light unit (RLU) luminescence values for skeletal muscle cells 
conditioned with ex vivo human serum containing high (FO) or low (PLA) amounts of n-3 PUFA. Individual 
dots within each condition represent biological replicates.   
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3.4 - Discussion 

The primary aim of this study was to investigate the role of n-3 PUFA supplementation on changes 

in anabolic signalling in muscle of energy restricted healthy young males. We hypothesised that n-

3 PUFA would attenuate the reduction in skeletal muscle anabolism typically seen in humans 

during short-term energy restriction [164], [165], and potentiate signalling responses to anabolic 

stimulation. Although we were unable to measure muscle protein synthesis directly, we observed 

the phosphorylation status of proteins regulating MPS with n-3 PUFA as a proxy measurement. 

While these do not directly reflect the endpoint measurement of MPS, acute changes in 

phosphorylation status are known to be indicative of overall muscle anabolic activity [249], [250]. 

Nevertheless, due to technical issues with analysis and sample size, we were unable to detect any 

convincing effects of n-3 PUFA on anabolic signalling, if there were any. In addition, we 

hypothesised that n-3 PUFA would increase the expression of muscle developmental genes and 

reduce expression of genes related to muscle catabolism and inflammation. Although changes in 

individual genes were small and not statistically significant, the direction of ER-induced changes in 

expression of genes related to muscle anabolism and catabolism may indicate improvements in the 

regulation of muscle protein metabolism with n-3 PUFA, which warrants further investigation. 

Additionally, conditioning of primary skeletal muscle cells with n-3 PUFA rich ex vivo human serum 

appeared to benefit expression of genes related to muscle anabolism and catabolism, although this 

also was not statistically significant. Finally, we did observe improved glucose uptake in skeletal 

muscle cells conditioned with n-3 PUFA-rich serum. Nevertheless, as we observed no overall 

influence of n-3 PUFA on lean mass (Chapter 2), and did not detect convincing effects of n-3 PUFA 

on aspects of muscle turnover and development, their use for improving muscle mass in healthy 

active young males cannot be recommended.  

 

We first set out to examine whether n-3 PUFA may preserve postabsorptive muscle anabolism 
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during short-term energy restriction in healthy active males. Using phosphorylation status of 

mTORSer2448 and rpS6Ser235/236 as a proxy for the anabolic state of muscle (i.e. MPS), there appeared 

to be a reduction in postabsorptive muscle anabolism during ER. Although we did not test this 

change for statistical significance due to the limited sample size, such an effect would be consistent 

with previous studies that have investigated muscle protein metabolism during short-term ER 

[164], [165]. In men and women undergoing 20% ER for 10d, MPS at rest was decreased by 19% 

alongside significant decreases in Akt and 4EBP1 phosphorylation [164]. In young men and women 

undergoing ~33% ER (as 30 kcal/kg FFM/d) for 5d, postabsorptive, resting MPS was reduced by 

27% from EB [165]. However, ER did not alter the phosphorylation status of Akt, mTOR, p70S6K or 

rpS6 in that study (values not reported). In contrast however is a study in men and women 

undergoing 40% ER for 21d, which observed a decrease in postabsorptive p70s6k phosphorylation, 

but no changes in basal rates of MPS and phosphorylation status of Akt, rpS6, eEF2 and eIF4E 

[151]. As such, the authors suggested the reductions in anabolic signalling and protein synthesis 

resulting from ER may be limited to the short-term (i.e. ≤ 2 weeks), as eventually the anabolic 

machinery adapts to the altered energy state. Nevertheless, in our study, supplementation with n-

3 PUFA for 4 weeks prior to, and during 2 weeks of ER, did not significantly influence the change in 

the postabsorptive ratio of phosphorylated:total mTOR and rpS6, during 40% ER for 14d.  

 

The majority of previous studies investigating postabsorptive MPS and activation of anabolic 

signalling with n-3 PUFA also did not find an effect of supplementation [48], [49], [87], [220]. 

However, these groups assessed different fractions of MPS, as Smith et al. investigated mixed MPS, 

while McGlory et al. investigated myofibrillar MPS, which was suggested to be more specific to 

muscle hypertrophy. Conversely, one study in older men and women observed an increase in 

postabsorptive mitochondrial and sarcoplasmic MPS with n-3 PUFA for 16 weeks, but no change in 

mixed or myofibrillar MPS [48]. While this may indicate that the effects of n-3 PUFA on MPS are 
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different across muscle fractions, differences in study population, length of supplementation and 

timing of MPS measurement and muscle sampling must be considered. Additionally, it has been 

suggested that basal MPS is regulated by a different pathway from the increases in MPS we see 

following exercise and AA availability, which is regulated through mTOR [102]. Therefore, further 

research is required to determine how n-3 PUFA may affect specific isolated fractions of MPS in 

different energy states.   

 

In contrast to a lack of observed changes in postabsorptive muscle anabolism, n-3 PUFA have been 

observed by others to amplify muscle anabolic signalling in response to stimulation through REx 

and/or AA availability [48], [49], [87], [93], [220]. In our study, FO appeared to reverse the blunting 

of mTOR signalling which was observed in PLA, although this difference did not reach statistical 

significance. Similarly, rpS6, which is phosphorylated by p70S6K1 directly downstream from mTOR, 

followed a similar pattern to mTOR in response to anabolic stimulation. That is, while the response 

to anabolic stimulation appeared to be blunted during ER in PLA, this effect was reversed by FO, 

which represented a significant difference between groups. Others have shown that during ER, 

decreases in postabsorptive, resting muscle anabolism can be ‘rescued’ by REx and consumption of 

protein [151], [165]. Our data suggest n-3 PUFA can potentiate the activity of rpS6, but not mTOR, 

during ER, a context in which their activity has previously been observed to be diminished [164]. 

This was the first study to investigate the influence of n-3 PUFA on anabolic signalling during ER. 

However, the finding that n-3 PUFA can amplify anabolic signalling following anabolic stimulation is 

consistent with studies during EB. Infusing steers 4% of their diet as n-3 PUFA for 35d resulted in 

significantly increased phosphorylation of Akt and p70S6K1, and a trend for an increase in mTOR 

and 4EBP1, during hyperinsulinaemic-euglycaemic-euaminoacidaemic clamp [103]. In young and 

middle-aged men and women, and older adults, supplementation with FO for 8 weeks significantly 

amplified MPS and phosphorylation of mTOR and p70S6K1 during hyperinsulinaemic-
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hyperaminoacidaemic clamp [87], [220]. In C2C12 myotubes, EPA significantly increased protein 

synthesis and p70S6K1 phosphorylation, while DHA did not. However, phosphorylation of Akt, 

mTOR, 4EBP1 and rpS6 was not significantly altered by EPA or DHA [91]. As such, while responses 

of specific anabolic signalling proteins to anabolic stimulation may be inconsistent across studies, 

there appears to be a pattern of promotion of muscle anabolism with n-3 PUFA. Nevertheless, 

although our data support a promotion of muscle anabolic signalling by n-3 PUFA, ultimately this 

did not result in a preservation of muscle mass (Chapter 2).  

 

Interestingly, in our study, the ratio of phosphorylation:total protein of mTOR and rpS6 in response 

to anabolic stimulation appeared subdued in FO compared to PLA during EB (although this was not 

subjected to statistical testing). That is, REx and 10g protein seemed to increase mTOR and rpS6 

phosphorylation above postabsorptive rates in PLA during EB. However, the response to this 

anabolic stimulation appeared blunted in FO. Thus, if our observation is accurate, a suppression of 

anabolic signalling with FO compared to PLA at rest and following anabolic stimulation would be 

consistent with the findings by McGlory et al. (2016), although they did observe this effect in 

different proteins along the same axis (Akt & p70s6k vs. mTOR and rpS6). The increase in the 

efficiency of anabolic signalling protein activity and MPS with n-3 PUFA, suggested by these 

authors, would be highly valuable during periods of reduced energy availability, as it implies 

suppression of redundant signals, and therefore preservation of energy. This interpretation should 

be considered with caution however, as the combination of REx and consumption of a 30g dose of 

whey protein likely led to maximal stimulation of MPS in the study by McGlory et al. (2016). To 

address whether fish oil can potentiate the signalling response to a suboptimal dose of anabolic 

stimulation, participants in our study completed a similar exercise protocol, but only consumed 

10g protein. Although we did not measure MPS, the amplitude of the change in mTOR and rpS6 

phosphorylation in response to stimulation appeared to be smaller in PLA compared to FO, 
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indicating muscle anabolic signalling was not at full capacity. Therefore, n-3 PUFA may be 

especially potent in situations where anabolic stimulation is suboptimal, such as during ER or in 

states associated with anabolic resistance. As our data represent a limited sample size, and we did 

not measure MPS directly, further research into the influence of n-3 PUFA on anabolic signalling 

and MPS during ER is warranted.  

 

The discrepancy in the findings of McGlory, et al. (2016) and our observations, and those of others 

may be explained by the methodology used to assess anabolic signalling activity. Most studies, 

including ours, have used Western Blotting (WB) to assess the phosphorylation status of specific 

threonine and serine kinases on proteins of interest, as a proxy for overall protein activity. The 

phosphorylation of downstream proteins allows the targeted protein to change its activity, such as 

disassociation from or association with other proteins, or translocation. However, there seems to 

be a disconnect in the relationship between the amount of phosphorylation and protein activity 

[249]. That is, while there might be a large fold change in the phosphorylation of a protein, this 

may not induce an equivalent change in the rate of activity [251]. For example, p70s6k is known to 

only become phosphorylated at Thr389 once other parts of the protein are already highly 

phosphorylated [99], [252]. Changes in phosphorylation status of specific protein residues embody 

a dynamic relationship between signal input and protein activity. We, and others, attempted to 

quantify the phosphorylation of specific threonine or serine residues on anabolic signalling 

proteins via WB. In comparison, McGlory, et al. (2016) assessed the activity of p70S6K and Akt via 

quantitative kinase assay, using labelled ATP [251]. As such, they were able to examine the 

relationship between anabolic signalling protein activity and muscle protein synthesis directly. In 

addition to methodological differences, sample sizes of studies investigating signalling proteins in 

humans are typically low, leading to issues with statistical power. Methodological differences in the 

assessment of protein concentrations via WB also are known to lead to divergent statistical 
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outcomes [253]. As such, methodological issues likely contribute to the ambiguous profile of 

outcomes from studies investigating the role of n-3 PUFA on anabolic signalling proteins. In our 

study, we attempted to lessen the issue of statistical power by addressing only two specific 

hypotheses: 1) n-3 PUFA reduces the loss of postabsorptive anabolic signalling during ER; 2) n-3 

PUFA preserves/amplifies the increase in anabolic signalling in response to anabolic stimulation 

during ER. Therefore, while sample size was low, the potential for type-II error was limited. 

However, further research should aim to repeat our investigation with direct measurement of both 

anabolic protein kinase activity and MPS in a larger sample population. It should also be noted 

that, in our study, muscle samples were taken immediately after REx lasting approximately 20 

minutes. As such, it may be that differences in the acute response to REx influenced our 

observations of mTOR and rpS6 phosphorylation levels at the ‘0 min’ time point. In addition, the 

measurement of anabolic signalling protein phosphorylation/activity at specific time points only 

represents a ‘snapshot’, and not the overall response to stimulation, which may span up to 48 

hours [254], [255]. Therefore, further research using a more robust study design is required to 

substantiate our findings.  

 

The long-term effects of supplementation with n-3 PUFA may, for an unknown but substantial part, 

be due to changes in expression of genes related to muscle anabolism and catabolism. The 

mechanism for these changes is suggested to be the binding of PUFA and PUFA-derived lipid 

peroxidation products (eicosanoids) to transcription factors [43], [256], [257]. As participants had 

been supplementing with FO or PLA for 4 weeks prior to sampling, we were able to examine the 

influence of n-3 PUFA status on the change in expression of genes during ER. Although we did not 

find a significant effect of FO on the change in expression of any genes, some of the patterns we 

observed are consistent with previous studies that have analysed the effect of n-3 PUFA on 

expression of anabolic and catabolic genes. Firstly, we examined the expression of two key muscle 
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developmental genes, myogenin (MyoG) and myogenic differentiation 1 (MyoD). Although not 

significant, the expression of these genes appeared to be increased following ER in FO, while 

unchanged in PLA. MyoG and MyoD are growth regulatory factors that are believed to play 

important roles in muscle regeneration and mTOR-pathway mediated MPS [258]. Their expression 

has previously been shown to increase with n-3 PUFA [94], [95]. Although we did not measure 

change in gene expression from baseline, our data suggest n-3 PUFA may modulate the change in 

expression of MYOG and MYOD during ER. Therefore, further research into the effects of n-3 PUFA 

on myogenic differentiation factors is warranted.  

 

As muscle catabolism plays a crucial role in muscle protein turnover, we also examined expression 

of genes related to muscle protein breakdown. The majority of muscle protein breakdown is 

mediated by the ubiquitin-proteasome pathway (UPP), which uses ubiquitination to target proteins 

for degradation by proteasomes [225]. Although not significant, expression of genes encoding key 

ubiquitin ligases, MuRF1 and MAFbx, appeared to increase in PLA in response to ER. However, this 

pattern was reversed in FO. This observation is consistent with previous studies on the effects of n-

3 PUFA on muscle atrophy in rodent models of cancer cachexia, energy restriction, arthritis and 

immobilisation, in which n-3 PUFA was able to attenuate increases in MuRF1 and MAFbx 

expression [92], [94], [105], [259]. In young women undergoing leg immobilisation for 2 weeks, n-3 

PUFA significantly blunted the increased expression of MuRF1 at 3d, although this was not the case 

at 7d or 14d [106]. In this same study, MAFbx expression followed a similar pattern, with the 

increase in expression at 3d being lower in fish oil compared to control, although this difference 

was not significant. These authors suggest n-3 PUFA may blunt the early UPP response to a 

catabolic situation (in their case immobilisation). Our study only analysed gene expression pre-to-

post 14d ER, and therefore we may have (partly) missed the window for the effects of n-3 PUFA on 
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ER-induced changes in UPP expression. Additionally, in our study, MAFbx and MuRF1 expression 

were lower at 14d post-ER compared to pre-ER, which is in contrast with the findings from 

McGlory et al. In their study, while FO seemed to attenuate the increase in expression of these 

genes, it was still elevated from baseline at 14d. Nevertheless, MuRF1 and MAFbx remain 

interesting targets for potential attenuation of muscle atrophy during energy restriction, and 

further research should aim to investigate the effects of n-3 PUFA on their gene expression, protein 

levels and activity.  

 

MuRF1 and MAFbx are regulated by a variety of transcription factors, one of which is nuclear 

factor kappa B (NFκB). NFκB is a major protein complex that regulates a variety of functions, and 

its expression has been shown to be influenced by DHA and EPA [260], [261]. Interestingly, NFκB 

expression appeared to increase during ER in FO, while decreasing in PLA, although this was not 

significant. This was surprising, as we observed a (non-significant) reduction in the expression of 

downstream targets of NFκB, in MuRF1 and MAFbx, with FO. However, as NFκB subunits require 

translocation through the nuclear membrane to become active, changes in NFκB expression do not 

necessarily result in changes in activity [30]. On the proteome level, EPA has been shown to inhibit 

NFκB through IκBα, which prevents NFκB translocation [30]. As such, EPA inhibits NFκB-induced 

inflammation, resulting in reduced levels of inflammatory cytokines such as TNFα and IL-6 [257], 

[262]. Increases in inflammatory cytokines are common in disease-induced muscle atrophy, such as 

cancer cachexia and muscular dystrophy [262]. In C2C12 myoblasts, EPA has been observed to 

reduce TNF-α and IL-6 gene expression, indicating reduced activation of NFκB [257], [263]. 

However, information on gene expression of NFκB during energy restriction is limited. In one study, 

Carbone, et al. (2014) observed no changes in NFκB gene expression following 21d 40% ER in 

healthy men and women [166]. Given NFκB is involved in a plethora of processes related to cell 
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death and survival, it is unclear to what extent changes in NFκB expression during ER may 

influence muscle anabolic and catabolic processes. Therefore, further research is required to 

determine whether n-3 PUFA can significantly influence NFκB expression and activity during ER, 

and what effects these changes in expression may have on muscle anabolism and catabolism.   

 

A previous study in energy restricted mice suggests downregulation of UPP-mediated muscle 

atrophy is mediated in part by lipoxygenase (LOX) enzyme activity[92]. Lipoxygenases are a family 

of enzymes, alongside cyclooxygenase (COX) and CYP450 cytochromes, that facilitate oxidation of 

PUFA [16]. By altering the availability of substrate (e.g. increase in EPA & DHA), these enzymes 

produce different eicosanoids that have varying effects on inflammation and other cellular 

functions. In myotubes, EPA reduced proteasome activity (i.e. UPP-mediated protein breakdown) 

through changes in LOX-associated eicosanoids, which in turn influence NFκB activity [264]. Similar 

to LOX, the cyclooxygenase (COX) enzymes also oxidise PUFA, resulting in different subclasses of 

eicosanoids. In our study, FO appeared to reverse the increase in COX2 gene expression during ER 

observed in PLA. This is consistent with a previous study in rats, in which n-3 PUFA blocked the 

increase in COX2 gene expression during muscle immobilisation, which was associated with 

reduced muscle atrophy [105]. In vitro cancer models also demonstrate that reductions in COX2-

derived prostaglandin synthesis positively influence cellular development and exert anti-tumour 

effects [265]. Therefore, besides changes in eicosanoids produced by COX and LOX enzymes, n-3 

PUFA also may influence expression of the enzymes themselves. Consequently, eicosanoids and 

eicosanoid-related enzymes are promising targets for n-3 PUFA-mediated modulation of cellular 

health. However, as eicosanoids perform important regulatory functions in terms of metabolic 

stress and inflammation, the consequences of changes in gene expression of eicosanoid 

production-related enzymes in varying conditions are still unclear.  



110 

 

 

Besides the UPP, autophagy is another key mediator of muscle protein breakdown. Autophagy 

occurs at a basal level, and greater activity can be induced in response to energy stress, such as 

during energy restriction [101]. During low energy availability, AMPK promotes autophagy through 

phosphorylation of ULK1. However, mTOR activity also regulates autophagy through ULK1, such 

that when mTOR is activated, autophagy is inhibited [100]. It has been suggested that despite 

being a catabolic process, autophagy should mainly be considered as beneficial for myofiber 

function and muscle health as it recycles damaged proteins and generates energy and materials for 

novel protein synthesis [224]. Therefore, autophagy may play a vital role in the maintenance of 

(healthy) muscle mass during energy restriction. N-3 PUFA have been suggested to influence 

apoptosis and autophagy in cancer cells, potentially by mediating responses to mitochondrial 

reactive oxygen species (ROS) in association with changes in Akt and mTOR signalling [227], [266], 

[267]. In our study, we attempted to investigate for the first time the influence of n-3 PUFA on 

expression of autophagy-related genes in muscle from healthy adults. Alongside ULK1, the 

phosphatidylinositol 3-kinase class III (PIK3-III) complex is another regulator of autophagy initiation 

[268]. Gene expression of beclin-1 (BECN1) and PIK3C3 (hVps34), two components of the PIK3-III 

complex, did not appear to change during ER in our study. PIK3C3 has been suggested to act as a 

nutrient-sensitive activator of mTOR, and it has been shown to be activated in response to REx and 

AA availability [269]–[271]. Nevertheless, n-3 PUFA did not affect expression of BECN1 or PIK3C3 in 

muscle of healthy individuals in our study. We also observed no effect of ER or n-3 PUFA on BNIP3 

and BNIP3L (NIX), which regulate the breakdown of mitochondria in a process known as mitophagy 

[272]. We hypothesised that n-3 PUFA may influence the expression of these genes, as previous 

research suggests n-3 PUFA may alter mitochondrial function and biogenesis [273]. Finally, we also 

observed no changes in GABARAPL1 or MAP1LC3B (LC3B) expression during ER, and no effect of n-
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3 PUFA. GABARAPL1 and LC3B regulate the formation of autophagosomes, and therefore changes 

in their expression may play an important role in regulation of total protein turnover [274]. In 

muscle wasting conditions, short-term energy restriction, and denervation, expression of PIK3C3, 

BNIP3, BNIP3L, BECN1 and GABARAPL1 have previously been shown to be upregulated [272], 

[275]. The discrepancy in changes in expression of these genes during ER in our study compared to 

other studies may be due to the timing of observations. Skeletal muscle mRNA was analysed pre-

to-post a 14d ER, which may have been too large an interval to observe significant changes in the 

autophagy response. In addition, muscle was sampled immediately after REx, and therefore acute 

changes in gene expression may have occurred that obscured the effects of n-3 PUFA and ER. 

Finally, in a general sense, it must be considered that the proteins involved in autophagy 

themselves may experience increased breakdown when protein breakdown is upregulated [101]. 

Therefore, it is difficult to grasp the full picture of autophagy in muscle without measuring protein 

levels and their activity alongside changes in gene expression (i.e. by measuring autophagic flux) 

[276].  

 

To gain further understanding on the role of n-3 PUFA status on muscle gene expression, we 

assessed the influence of ex vivo human serum on in vitro human skeletal muscle cells. In these 

cultured cells, conditioning with n-3 PUFA-rich serum appeared to differentially affect muscle 

developmental and autophagy-related gene expression. However, due to low sample size, this was 

a qualitative assessment only. Nevertheless, for some genes, n-3 PUFA appeared to induce similar 

gene expression responses in cultured skeletal muscle cells as noted in biopsied muscle (both in 

resting/fasting condition). Specifically, the pattern of differences between FO and PLA were the 

same for expression of MAFbx, between muscle tissue and cell culture, with an apparent 

suppression of activation by FO during ER. Differences in the expression of MyoD, MyoG and COX2 
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between FO and PLA also were similar between muscle tissue and cell culture, although the 

pattern did not match as closely. However, expression of the other genes (NFkB, BECN1, BNIP3, 

BNIP3L, GABARAPL1, MAP1LC3B and PIK3C3) did not follow the same pattern in cell culture as 

biopsied muscle. Interestingly, the expression of NFkB appeared suppressed by FO in cell culture, 

which matches our original hypothesis, unlike its expression in biopsied muscle. In muscle tissue, 

changes in expression of autophagy-related genes were very minor. In cultured muscle cells, the 

amplitude of differences between FO and PLA was larger relative to biopsied muscle. These 

observations suggest that n-3 PUFA-rich serum may suppress expression of BECN1, BNIP3, BNIP3L, 

MAP1LC3B and PIK3C3 during ER, compared to PLA. In our study, individuals were exposed to 

supplementation with FO or PLA for 4 weeks prior to pre-ER muscle biopsy sampling. On the other 

hand, cultured muscle cells were conditioned with FO or PLA serum only for 4 hours. Although n-3 

PUFA may incorporate into leukocytes and platelets within hours, the time course of their 

incorporation into muscle is unknown [125], [126]. Therefore, differences in the expression of 

genes between biopsied muscle and cultured cells may relate to the effects of incorporated n-3 

PUFA. On the other hand, similarities in the expression of some genes may indicate that circulating 

factors, such as eicosanoids or cytokines, may play a role in the changes in gene expression 

observed with n-3 PUFA supplementation. In addition, the different patterns of expression in 

skeletal muscle cells conditioned with postabsorptive/resting serum and exercised/fed serum may 

support an effect of circulating factors on the regulation of gene expression post-REx and protein 

feeding, and these interactions may further be influenced by the presence of n-3 PUFA. However, 

caution should be taken with these interpretations, as they concern a very small sample size, 

especially in the case of the cultured cells. Therefore, further research is required to determine the 

effects of n-3 PUFA on skeletal muscle developmental and autophagy-related gene expression, 

potential differences between the effects of incorporated and circulating n-3 PUFA, and potential 

interactions between n-3 PUFA and gene expression during ER.  
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In chapter 2, we observed considerable ambiguity in weight loss responses during ER. To better 

understand driving factors behind changes in fat mass during ER, and the potential influence of n-3 

PUFA thereon, we investigated leptin concentrations in serum from pre-ER and post-ER. Leptin, 

which is secreted by adipose tissue, is known to be positively correlated with fat mass [137]. In our 

participants, those with high n-3 PUFA status (i.e. FO group) appeared to have higher leptin 

concentrations overall (although non-significant). However, this was to be expected, as participants 

in FO had higher total body and fat mass (chapter 2.3.3). When leptin concentrations were 

normalised for fat mass, there no longer was a difference between FO and PLA. However, the 

amount of serum leptin per gram of fat mass (normalised leptin) was significantly increased post-

ER. The observed lack of effect of n-3 PUFA on serum leptin concentrations is consistent with most 

previous studies [137]. Of the previous studies that examined the effect of n-3 PUFA 

supplementation on leptin, only two studies using a long duration (10 and 24 weeks) observed a 

significant change. In myocardial infarction patients, 3g/d EPA+DHA for 10 weeks significantly 

lowered leptin compared to placebo [277]. At the same time, adiponectin was significantly 

increased by n-3 PUFA in this group. Although leptin may be a good reflection of adipose tissue 

status, the leptin-to-adiponectin (LAR) ratio has been suggested to be a better indicator of health, 

as it better represents the relationship with inflammatory markers [137]. Inflammation may seem 

primarily applicable to contexts of disease, which are associated with excessive levels of 

inflammatory markers such as TNF-α and IL-6 [58], [137]. However, inflammation also plays a key 

role in the regulation of muscle protein turnover, as it influences activity of TSC2/Tuberin, a key 

regulator of mTOR [96]. Therefore, changes in the concentrations of adipokines, resulting from 

changes in fat mass or n-3 PUFA supplementation may contribute to altered regulation of muscle 

protein turnover. The only other study that observed a decrease in leptin concentrations with n-3 
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PUFA, did so using a supplementation period lasting 24 weeks in overweight women, who also 

underwent 10% weight loss during the first 12 weeks[278]. In this study, the weight loss-induced 

decrease in leptin was greater in the n-3 PUFA group. Thus, n-3 PUFA may provide additive benefits 

to the regulation of leptin in overweight individuals undergoing weight loss. The observed ER-

induced increase in normalised leptin (i.e. leptin per gram of fat mass) in our cohort of healthy 

active males is consistent with the notion that leptin concentrations reflect a relatively long-term 

response to changes in energy state[137], [279]. That is, the non-linear reduction in leptin relative 

to fat mass may reflect a natural delay between changes in serum leptin concentration and 

changes in fat mass. At the same time, the lack of an influence of n-3 PUFA on leptin over a 

duration of 14d ER is consistent with studies of similar duration[137]. The mechanisms for the 

effect of n-3 PUFA on leptin concentrations have been suggested to include changes in gene 

expression, changes in adipocyte size and improvements in insulin sensitivity[137]. Therefore, our 

findings and those of others suggest an influence of n-3 PUFA on leptin might require a longer 

timeframe. Nevertheless, it is possible that improvements in metabolic control with n-3 PUFA may 

in part be mediated by changes in the regulation of adipokines.  

 

Besides the methodological shortcomings mentioned earlier, the experimental protocol that 

participants were subjected to also had several limitations. Muscle samples were only taken at the 

end of weeks 4 and 6, following the start of supplementation. Therefore, we were unable to 

examine the influence of increasing n-3 PUFA in muscle on molecular changes. Rather, we 

examined the influence of n-3 PUFA on the changes in signalling and gene expression from EB to 

ER. Thus, we are unable to assert whether molecular changes in muscle anabolic signalling and 

gene expression may improve in the initial period when individuals start increasing their omega-3 

intake. Thus, we essentially assessed whether n-3 PUFA status influences the change in muscle 
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anabolic signalling during ER. In a wider context, it is therefore unclear if n-3 PUFA intake may 

improve muscle anabolism acutely. Individuals who wish to preserve muscle during involuntary 

energy restriction or other catabolic situations such as disease or immobilisation due to injury are 

unlikely to have undertaken such a ‘loading’ period. Although n-3 PUFA has mostly been 

investigated in the context of prolonged supplementation (4-12+ weeks), they also may influence 

cellular signalling and gene expression acutely, through interactions with G-protein coupled 

receptors and transcription factors[27], [280]. Therefore, further research is required to elucidate 

separate acute and chronic effects of dietary n-3 PUFA. Furthermore, the sample size used in this 

study was relatively small, which limits our ability to draw robust conclusions from our 

observations. For Western Blotting, a sample size of 14 was used (7 per group), and the results 

obtained were from single experiments without initial optimisation protocols. Recommendations 

for Western Blotting suggest experiments should include initial optimisation steps for protein 

loading and dynamic range[281], [282]. Besides mTOR and rpS6, we also set out to examine the 

phosphorylation status of p70s6k1 and 4EBP1, as additional key components of the mTOR pathway 

that are often assessed when examining muscle anabolic signalling changes in response to 

intervention. Unfortunately, due to further methodological issues we were unable to gather 

enough data for these proteins.  

 

This was the first study to examine the effects of 4g/d n-3 PUFA for 6 weeks on the activity of 

anabolic signalling proteins in muscle from energy restricted healthy males. As such, we 

demonstrated a potentiating effect of n-3 PUFA supplementation on the ratio of 

phosphorylated:total protein of rpS6, but not mTOR, during ER. Our findings suggest n-3 PUFA 

supplementation may amplify some muscle anabolic signalling responses to anabolic stimulation 

through resistance exercise and protein feeding, during ER. Additionally, we did not observe any 
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significant changes in the expression of genes related to muscle development and autophagy, in 

muscle from energy-restricted healthy males. As this may have been due to limited sample size 

and technical limitations of the study, others may wish to study these genes for potential benefit of 

n-3 PUFA in the future. Furthermore, in cultured muscle cells, we were unable to show effects of n-

3 PUFA-rich ex vivo human serum on expression of some genes related to muscle development. In 

these cells, n-3 PUFA-rich serum did appear to induce increases in insulin sensitivity, measured 

through the uptake of glucose. On the other hand, we observed no effect of n-3 PUFA 

supplementation on the increase in whole-body protein breakdown and fat mass-normalised 

leptin levels. Together, these findings implicate that there may be a beneficial role for n-3 PUFA in 

maintenance of healthy muscle protein turnover during ER. However, due to shortcomings of our 

study, we are unable to make robust conclusions. In addition, although n-3 PUFA may improve 

specific localised aspects of muscle metabolic health, these effects may not be large enough to 

induce changes on a whole-body scale. As our study concerned a small sample size, further 

research is required to establish whether n-3 PUFA may influence anabolic signalling and gene 

expression responses during ER in healthy muscle.  

  



117 

 

Chapter 4 – randomised controlled trial of n-3 PUFA supplements shows no acute 

influence on time trial performance in trained cyclists  

 

4.1 - Introduction 

Omega-3 polyunsaturated fatty acids (n-3 PUFA) have been observed to reduce oxygen 

consumption, heart rate and ratings of perceived exertion during exercise [111], [113], [114], 

[117]. Besides these changes in whole-body parameters of exercise function, improvements in 

overall muscle function [45], [46], [153], muscle fatigue resistance [111], [112], [114] and 

neuromuscular function [120] have also been observed with chronic n-3 PUFA supplementation. 

However, there are also reports of no observed changes in these same measurements with n-3 

PUFA supplementation. And, despite some studies observing improvements in various individual 

aspects of exercise function, no studies have been able to demonstrate a beneficial effect of n-3 

PUFA on exercise performance (reviewed in Chapter 1 – Table 1.2). As regular consumption of n-3 

PUFA leads to their incorporation into phospholipid membranes of smooth and skeletal muscle, 

most studies investigating potential benefits on exercise function have employed prolonged 

supplementation periods. As such, the incorporation of n-3 PUFA, and particularly 

docosahexaenoic acid (DHA), has been suggested as the primary mechanism responsible for 

muscular improvements in efficiency of oxygen use and fatigue resistance [112]. However, the 

effects of n-3 PUFA on exercise function may not necessarily be dependent on their chronic 

incorporation into muscle cell membranes. Several studies showing improvements in parameters 

of vascular function within hours of their ingestion [283]–[286], suggest n-3 PUFA are able to exert 

acute effects. Nevertheless, studies investigating the influence of n-3 PUFA on exercise function 

have typically supplemented individuals with n-3 PUFA for ~4-8 weeks, while performing exercise 

tests in the fasted state or following a standard meal.  
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As vascular function is crucial for delivery of substrates to and clearance of metabolites from 

working tissue, acute increases in n-3 PUFA may aid exercise efficiency, that is, the demand placed 

on working tissues to perform a set amount of work. In addition, improvements in vascular 

function with n-3 PUFA may benefit exercise performance, and these effects may be independent 

from changes in muscle membrane incorporation [287]. N-3 PUFA have been observed to improve 

parameters of vascular function, with chronic supplementation [74], [111], [288]–[291], but also 

acutely following their ingestion (0-5 hours) in healthy adults [283]–[286], [292]. In resting 

conditions, n-3 PUFA-rich meals improve endothelium-dependent vascular reactivity and arterial 

stiffness relative to control meals. In addition, as one study observed, they may also be able to 

improve these markers of vascular function on an absolute basis compared to baseline [135], 

[283], [284], [292]. In the context of exercise, one study studied the effects of EPA and DHA-rich 

meals on vascular function during light exercise. In healthy men, a DHA-rich meal reduced systemic 

vascular resistance during light cycle ergometer exercise (25W + 25W/3min for 12 min), 5 hours 

following its consumption, although an EPA-rich meal did not [285]. However, as this was very low 

intensity exercise, further investigations in athletic settings may show further benefit of acute n-3 

PUFA. Improvements in vascular function mediated by nitrate supplementation have been 

observed to result in improved exercise performance [293], [294]. Potentially, improvements in 

vascular function with n-3 PUFA could mimic those seen with nitrate supplementation.  

 

The link between n-3 PUFA and improvements in vascular function is likely to be driven for a large 

part by eicosanoids. Eicosanoids, produced through free radical oxidation or in association with 

CYP450, COX or LOX enzymes, influence a wide range of physiological responses, including vascular 

tone, bronchial tone, leukocyte and platelet aggregation, and inflammation [16]–[18]. The increase 

in reactive oxygen species (ROS) and reactive nitrogen species (RNS) with exercise promotes 
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release and oxidation of PUFA [72], [73]. In individuals with low n-3 PUFA status, eicosanoids 

derived from arachidonic acid (ARA) are dominant [14]. However, n-3 PUFA are known to compete 

with n-6 PUFA for binding with lipid peroxidation enzymes, thereby altering the profile of 

eicosanoids produced in contexts of oxidative stress [16], [74]. Separately, increased presence of n-

3 PUFA may alter non-enzymatic eicosanoid synthesis through reduction of free radical production 

or scavenging of free radicals [295], [296]. Therefore, changes in eicosanoid production induced by 

the presence of n-3 PUFA may alter regulation of metabolic functioning [297]–[299]. This has been 

shown in a clinical long-term supplementation study, where n-3 PUFA-induced alterations in the 

eicosanoid profile were associated with improved endothelial function in patients with acute 

myocardial infarction [300]. However, n-3 PUFA administration may also alter eicosanoid 

production acutely. As such, one acute study demonstrated acute changes in production of 

eicosanoids LTB4, TXB2, 6-keto-PGF1α after 12-hour n-3 PUFA administration [301]. Additionally, 

changes in the production of eicosanoids have been observed within a 6-hour timeframe following 

the consumption of n-3 PUFA-rich meals [298]. In addition, concentrations of circulating ARA, and 

TXB2, PGE2, and PGF1α, have been observed to increase acutely during and after exercise in 

healthy males [73]. Therefore, increasing the availability of n-3 PUFA in circulation may alter the 

formation of eicosanoids acutely. However, whether acute changes in the eicosanoid profile, 

induced by n-3 PUFA supplementation, may result in improvements in exercise function remains 

unclear.   

  

Although several studies have previously attempted to investigate the influence of n-3 PUFA on 

exercise performance, these have typically used chronic supplementation. Although this allows 

substantial incorporation into tissue such as skeletal and cardiac muscle, it does not allow for 

investigation of independent effects of circulatory n-3 PUFA. In addition, several studies 

investigating n-3 PUFA and exercise performance have used time to exhaustion/fatigue (TTE) 
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protocols [83], [115], [288], [302]. However, this type of protocol has been criticised as TTE is not a 

valid representation of real-world exercise performance [303]. Sporting events are typically time or 

distance based and therefore require a pacing strategy rather than simply exercising until 

exhaustion. In addition, TTE protocols typically have coefficients of variation (CV) >25%, likely due 

to differences in psychological factors [303], [304]. Real-world repeat performance is expected to 

vary by ~3-5% within any given athlete within the same season, although elite athletes may reach 

lower values of 1-2% [305]. Thus, any interventions which seek to improve exercise performance 

will need to control factors affecting the reliability of measurements to within reasonable margins 

of error. Additionally, as the size of the effect of nutritional interventions on exercise performance 

is typically very small (<10%), it is crucial to determine if any potential effects exceed the expected 

variation [306]–[308]. By calculating the typical error of the measurement, the smallest worthwhile 

change can be calculated as a threshold that needs to be exceeded for there to be a meaningful 

effect of the intervention [309]. 

 

The results of scientific studies in sport have traditionally been analysed using null hypothesis 

significance testing (NHST). In NHST, the null hypothesis of ‘no difference’ is evaluated using p-

values, with ‘significance’ conventionally set at 0.05. By comparing an intervention group to a 

control group, a significant p value (p < 0.05) is often interpreted as there being an effect of the 

intervention. However, this is incorrect as p-values merely represent the probability of the 

observed data (or more extreme values) given the null hypothesis of ‘no difference/effect’, if the 

study was repeated an infinite number of times [210], [310]. A p-value does not actually inform us 

whether there is an effect, what size that effect may be, and how sure we can be that there is an 

effect. Thus, the ambiguity of the evidence surrounding the effects of n-3 PUFA on exercise 

function and performance may in part be due to statistical methods employed. As intra-individual 

changes in sporting performance, particularly with nutritional interventions, are small, a Bayesian 
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approach has been suggested to be better suited [210], [311]. Bayesian techniques use prior 

evidence or knowledge to parameterise distributions of probable outcomes, based on observed 

data [312]. Thus, we can use our knowledge of physiologically relevant outcomes to shape model 

posterior estimates. Probabilistic inferences can then be made from these posterior distributions. 

As such, we can determine the probability of an intervention effect, the size of such a potential 

effect and the degree of certainty in our observation.  

 

Numerous studies have investigated the effects of chronic n-3 PUFA supplementation on exercise 

function and performance. However, n-3 PUFA may also alter various aspects of exercise function 

acutely, within hours of their ingestion. As such, n-3 PUFA may lower the physiological demand 

placed on the body during fatiguing exercise, and therefore also may lower psychological strain. 

However, there have been no randomised controlled studies on the acute influence of n-3 PUFA on 

exercise function and performance. Therefore, the primary aim of this study was to investigate the 

influence of fish oil supplements containing 5g EPA and 3.3g DHA, ingested 1 hour before the start 

of exercise, on time trial performance following a fatiguing 2-hour submaximal pre-load in trained 

male cyclists. Secondary aims were to assess oxygen consumption, respiratory exchange ratio, 

heart rate, mean arterial pressure, rate pressure product and rate of perceived exertion as 

parameters of exercise function during the submaximal pre-load cycle. Previous studies suggest 

pre-emulsification of PUFA improves their bioavailability [313]. Thus, we also aimed to compare 

the bioavailability of n-3 PUFA between standard fish oil and emulsified fish oil supplements.   
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4.2 - Methods 

4.2.1 - Participants 

We aimed to recruit 10 male trained cyclists for this study, however due to COVID-19 restrictions 

taking effect in March 2020, only the 7 individuals that had completed full testing were included. 

Participants trained in cycling at least twice weekly for 6 months prior to participation and were 

healthy as determined by our pre-participation health questionnaire. In addition, they did not 

already consume omega-3 fish oil supplements and did not regularly eat oily fish. Participant 

baseline characteristics are displayed in table 4.1. The study was approved by the University of 

Stirling NHS, Invasive or Clinical Research (NICR) ethics committee (NICR 17/18-039) and 

conformed to the regulations set out by the Declaration of Helsinki.  

 

4.2.2 - Pre-screening  

During an initial visit, participants provided written informed consent and low recent n-3 PUFA 

consumption was confirmed using a validated food frequency questionnaire [314]. Stature and 

mass were recorded before participants completed a two-stage lactate threshold (LT) and VO2max 

testing protocol on a cycle ergometer (Lode Excalibur Sport, Groningen, The Netherlands). During 

the first stage, participants cycled at 120W, with 30W added after every 3 min step. At the end of 

each step, blood lactate concentration from finger-prick blood samples was measured using a 

handheld lactate meter (Lactate Pro 2, Arkray Europe, The Netherlands). The LT test was 

terminated when an increase in blood lactate of 2 mmol/L relative to the previous step was 

observed. The LT was then estimated as the workload of the penultimate stage. After a 10-minute 

rest, a VO2max test was started at the workload of the penultimate step from the LT test. The 

workload was increased by 30W every minute until failure. Participants were verbally encouraged 

to exert maximal effort. Oxygen consumption (VO2), CO2 production (VCO2) and respiratory 

exchange ratio (RER) were determined using a face mask connected to an automated metabolic 
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gas analysis system (Oxycon Pro, BD, UK). Heart rate (HR) was monitored using a heart rate 

monitor worn around the chest (Polar, Kempele, Finland). VO2peak was determined as the maximum 

average VO2 recorded over a 30 second period. Finally, to determine baseline omega-3 levels, 

blood from finger-prick was placed onto two circular collection spots on Whatman™ 903 cards 

(Cytiva, Sheffield, UK). The cards were allowed to dry at room temperature for two hours before 

storage at -70°C until later analysis.  

 
Table 4.1 – Participant characteristics at baseline. Anthropometrics were recorded during a pre-testing 
session. Fatty acid analysis was performed on samples of whole blood obtained during the pre-testing 
session. Abbreviations: oxygen consumption (VO2), eicosapentaenoic acid (EPA), docosahexaenoic acid 
(DHA), fatty acids (FA), polyunsaturated fatty acids (PUFA; i.e. omega-3 + omega-6), arachidonic acid (ARA). 
Participants (n = 7)     

Age (years) 25 ± 4  EPA (% total FA) 0.61 ± 0.10 

Stature (cm) 183.1 ± 5.6  DHA (% total FA) 2.02 ± 0.49 

Mass (kg) 79.5 ± 9.2  Total n-3 PUFA (% total PUFA) 23.34 ± 2.12 

VO2peak (ml/min) 4905 ± 539  ARA (% total FA) 9.99 ± 0.60 

VO2peak (ml/kg/min) 62.0 ± 5.6  ARA:EPA 16.9 ± 2.9 

PPO (W) 378 ± 70     

 
4.2.3 - Experimental protocol 

Participants completed a familiarisation session and three supplementation trials on separate 

occasions, each separated by at least 7 days. Participants recorded their dietary intake in the 3 

days prior to each visit using a food diary. In addition, they were requested not to undertake 

strenuous exercise in the 2 days prior to each visit. Participants arrived for testing in an overnight 

fasted state and completed a 2-hour submaximal cycle pre-load, which was followed by a work 

target-based time trial (TT). The workload for the pre-load was set at 95% of their pre-determined 

LT minus 10 Watts. During the pre-load, VO2, VCO2, RER, HR and rate of perceived exertion (RPE) 

were recorded every 15 minutes after the start of exercise. For RPE, participants were asked to rate 

their perceived exertion using the 6-20 Borg scale (Borg, 1982). In addition, every 30 minutes, 
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blood pressure (BP) was measured in duplicate using a manually inflated blood pressure cuff 

connected to a Greenlight 300 Sphygmomanometer (Accoson, Irvine, UK). From this data, rate 

pressure product (RPP) and mean arterial pressure (MAP) were calculated: 

systolic blood pressure x heart rate = rate pressure product 

(systolic blood pressure + 2*diastolic blood pressure) / 3 = mean arterial pressure 

 

Participants consumed water ad-libitum during the pre-load. Following the pre-load, participants 

were allowed to rest for 5 min and to use the toilet if necessary. The time trial task required 

participants to complete a set amount of work in kJ. The formula to determine the target work to 

be completed was:  

1800 seconds x PPO x 0.7 = work target in kJ 

Where PPO is peak power output from the VO2max test in Watts. As such, participants were 

expected to complete the time trial in 30 minutes (1800 seconds) if they cycled at 70% of their 

PPO. The ergometer was set up with a constant resistance factor α, which was determined by the 

formula:  

0.7 x PPO / rpm2 = α 

Thus, participants were able to control their workload by altering their pedal cadence (rpm). Only 

the amount of work left to be completed was visible on a screen in front of the participants and 

they received no other inputs. Time to complete the work target was recorded as time trial 

performance in seconds.  

 

4.2.4 - Supplement trials 

Participants completed three supplement trials in double-blind randomised order. During these 

trials, overnight fasted participants initially rested while a cannula was inserted into an antecubital 

vein. Blood samples were drawn at the following time points relative to ingestion of the 
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supplement: immediately before (PRE), immediately after (0), start of exercise (60), 90, 120, 150, 

180 minutes and after the time trial (POST; variable time ~5-10 min). Blood samples were drawn 

into K2E-EDTA tubes and were immediately placed on ice. At the end of the trial, blood samples 

were centrifuged at 3500 rpm, 4°C for 15 min and plasma was separated and stored at -70°C until 

further analysis. Following PRE blood sampling, participants consumed the test supplement in the 

form of 2 x 42g gel sachets with lemon flavouring to disguise the taste of the fish oil. The standard 

fish oil (FO-ST) and emulsified fish oil (FO-EM) supplements contained 2.5g EPA and 1.65g DHA per 

sachet, for a total dose of 5g EPA and 3.3g DHA, a dose previously shown to induce significant 

acute increases in plasma n-3 PUFA [313]. The placebo (PLA) supplement was designed not to 

induce any acute alterations in the plasma fatty acid (FA) profile of participants. As such, it 

consisted of a mix of palm and soybean oil (4:1 ratio) to represent the typical FA profile of the UK 

diet [315]. Participants were allowed to drink water with the supplement. Following ingestion of 

the supplement, participants rested until 1 hour after ingestion of the supplement, before 

commencing the pre-load cycle. The temperature in the laboratory was set to 19°C during the 

exercise trials.  

 
4.2.5 - Analytical procedures 

Whole blood on Whatman™ 903 collection cards and plasma samples were analysed by the 

Institute of Aquaculture at the University of Stirling, as previously described [183]. In short, the 

blood spots were placed into vials containing 1.25M methanol-HCl and placed in a hot block at 

70°C for 1h. They were allowed to cool to room temperature, after which 2mL distilled water and 

2mL of saturated HCl solution were added. Fatty acid methyl esters (FAME) were then extracted 

using 2 x 2 mL of isohexane. FAME were quantified by gas-liquid chromatography (GLC). 

Concentrations of individual FA are reported as a percentage of total FA, while concentrations of 

total n-3 PUFA are reported as a percentage of total PUFA (total n-3 plus n-6 PUFA).  
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4.2.6 – Data presentation and statistical analysis  

All statistical analysis was performed using R (version 4.1.0) and Rstudio (version 1.4) for windows 

10. We used Bayesian regression modelling with Stan [316] via the rstanarm package [317] to 

analyse the differences in exercise performance and efficiency parameters between supplemental 

groups. We made the reasonable assumption that each parameter was (approximately) normally 

distributed, and that the differences between supplemental trials were also (approximately) 

normally distributed. For each parameter, a linear model was created with weakly informative 

priors based on data from previous literature. Although the individual components of our exercise 

trials (i.e. submaximal pre-load and work-target time trial) matched previous research, the specific 

combined design was unique. Therefore, we opted for weakly informative priors to reflect a 

reasonable level of uncertainty in each parameter. Previous studies that have investigated the 

acute effects of nutritional interventions (e.g. β-alanine, nitrate) have observed effect sizes 

between 0-1. As the size of the effect of acute n-3 PUFA on each parameter is unknown, we used 

an effect size of 3 as a conservative estimate to inform our prior choices. The prior choices for each 

parameter are explained below. Effect sizes are expressed as Hedges’ g, which applies a correction 

for small sample size [188], [189]. We also calculated the 90% highest density interval (HDI) for 

each parameter, which describes the most credible area of a distribution [318]. As such, the HDI 

encompasses the range of values containing 90% of the probability in the density plots.  

 

Mean time trial time to completion (TT; in seconds) was compared between supplemental groups 

with a random factor for participant (id) to account for the repeated measurements:  

𝑇𝑇 = 𝑔𝑟𝑜𝑢𝑝 + (1|𝑖𝑑) 

Parameters recorded during the 2-hour pre-load (VO2, RER, HR, MAP and RPP) were modeled with 

fixed factors for time, group and their interaction, and with a random factor for participant (id) 
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using the stan_lmer function: 

𝑂𝑢𝑡𝑐𝑜𝑚𝑒 = 𝑔𝑟𝑜𝑢𝑝 ∗ 𝑡𝑖𝑚𝑒 + (1|𝑖𝑑) 

 

For TT, the intercept prior was a normal distribution centered on the mean of all data (arithmetic 

mean of all TT times), with the standard deviation (SD) set as the SD of all TT times. The slope prior 

was set as a normal distribution centered on 0, with SD set as 3 times the estimated CV (3.35% 

from previous literature [304]) times the observed mean of all trials. Adjusting the width of the 

slope prior allows us to incorporate a certain degree of uncertainty in the expected effect of 

supplementation. However, as there is no information on the expected effect size of acute n-3 

PUFA supplementation on TT, it was set to allow for uncertainty 3 times as great as the CV for 

work-target based time trial performance [304]. The prior for the residual variation (auxiliary) and 

the covariance were set as the default generated by rstanarm.   

 

 
Figure 4.1 – Graphical representation of the Bayesian model used in this study. The physiological 
parameters (TT, VO2, RER, HR, MAP and RPP) are modeled by a normal distribution with a mean for each 
group composed of the intercept and slope coefficient from a linear model (β0 + β1). β0 and β1 have 
normal priors parameterised as in the figure. The prior for the intercept (β0) is set on the mean of all 
observed data (µobs) and the standard deviation of all observed data (σobs). The prior for slope (β1) allows for 
increases or decreases in each physiological parameter, with a mean set on 0 (no difference) and a standard 
deviation 3 times the expected CV (from previous literature) times the observed mean for each parameter. 
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The priors for the residuals of the linear model were set to the default generated by rstanarm. Note these 
distributions are not to scale. The graphical representation follows the style of Kruschke 
(https://doingbayesiandataanalysis.blogspot.com/2018/02/make-model-diagrams-for-human.html) and 
were made available by R. Bååth (http://www.sumsar.net/blog/2013/10/diy-kruschke-style-diagrams/).  

 

For all parameters assessed during the 2-hour submaximal pre-load, informative priors were 

selected based on our own observations and previous literature. For VO2, RER, HR, MAP and RPP, 

the intercept priors were set as normal distributions centered on the mean of all observed data, 

with SDs as the SD of all observed data. The slope prior was set as a normal distribution centered 

on 0, with SD 3 times the observed mean times the estimated CV (from previous literature). As the 

expected effect size of acute n-3 PUFA on VO2, RER, HR, MAP and RPP is unknown, a variability 3 

times as large as the expected CV was selected as a conservative estimate. Therefore, the wide 

variability in the slope prior accounted for the uncertainty in the expected effect size of acute n-3 

PUFA supplementation on each parameter. The prior for the residual variation (auxiliary) and 

covariance were set to the default setting generated by rstanarm. 

 

RPE data was treated as ordinal and therefore analysed using the stan_polr function, using only 

supplemental group, time and their interaction as factors: 

𝑅𝑃𝐸 = 𝑔𝑟𝑜𝑢𝑝 ∗ 𝑡𝑖𝑚𝑒 

RPE is a subjective measure of how hard someone feels they are working, which is loosely based 

on heart rate [319]. As such, the 6-20 scale reflects the range of heart rates from resting (~60) to 

maximum effort (~200). However, the relationship between RPE and HR is not linear, and may 

depend on exercise intensity and duration [320]. Although RPE data was collected as numerical 

values on the 6-20 point Borg scale, they were analysed using the descriptive categories within the 

range of reported values: light (11-12), somewhat hard (13-14), hard (15-16) and very hard (17-

18). Thus, as the range between categories is not necessarily equal, but merely reflects the order 

of responses, RPE data was analysed using an ordered-logit model [321]. Using the stan_polr 
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function, the R2 prior was set as a Dirichlet distribution with jointly uniform priors (all categories 

equiprobable), and with a mean of 0.5. As such, this reflected the default setting for ordinal 

models with weakly informative priors. 

 

Following model parameterization, Markov Chain Monte Carlo (MCMC) sampling was used to 

establish posterior distributions of probable values for each parameter. Bayesian analyses require 

diagnostic checks that MCMC chains converge to the same value. The recommendations are to 

check the Rhat values and to plot the trace plots [322]. Rhat values were checked (all converged on 

1.0), and trace plots are presented in appendix 4.1. To determine whether n-3 PUFA 

supplementation elicited a worthwhile change compared to placebo, the smallest worthwhile 

change was calculated for each parameter. For each parameter, the typical error for that type of 

measurement was calculated using the following formula [309]:  

𝑇𝐸 = 𝐶𝑉 ∗ 𝜇𝑃𝐿𝐴 ÷ 100 

Change was therefore deemed ‘worthwhile’ when an improvement was seen that exceeded the TE 

of the control group (i.e. 𝜇𝑃𝐿𝐴 − 𝑇𝐸).  

 

The relative concentrations of EPA, DHA and ARA (in % of total FA), and total n-3 PUFA (in % of 

total PUFA) were also modelled via the stan_lmer function. For each type of FA, the intercept prior 

was set as a normal distribution centered on the mean of all data, with the SD set as the SD of all 

trials. As there was no prior information on the expected CV of changes in the relative 

concentration of each FA, the empirical Bayes method was applied to set the slope priors [323], 

[324]. Empirical Bayes uses the observed data to inform priors. As such, each slope prior was set as 

a normal distribution centered on 0 with the SD set as 3 times the observed mean times the 

observed SD of all trials. To determine whether FO-ST and FO-EM elicited worthwhile changes in 

EPA, DHA, ARA and total n-3 PUFA, at each time point their values were compared to the 95th 
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quantile of PLA. As such, the probability of a worthwhile change in their relative concentration was 

determined with 95% certainty.  

 

The CVs used in the selection of the slope priors and calculation of SWC were as follows:   

VO2 – 5.7% [325] 

RER – 1.5% [326] 

HR – 2.5% [327] 

MAP – 8.4% [328] 

RPP – 5.1% [328] 

EPA – σ of observed data 

DHA – σ of observed data 

Total n-3 PUFA – σ of observed data 

ARA – σ of observed data 
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4.3 - Results 
 
4.3.1- Palatability of supplements 

Two participants reported gastrointestinal distress during the placebo trial. One of these 

participants completed their trial whilst the other aborted their trial but completed it on another 

day. However, due to a blinding error, the participant consumed the wrong supplement on the 

repeat trial and no data was collected for the placebo supplement in this instance. Thus, data is 

reported for PLA (n = 6), FO-EM (n = 7) and FO-ST (n = 7).  

 

4.3.2 - Time course of n-3 PUFA bioavailability 

The time courses of appearance in plasma for EPA, DHA, total n-3 PUFA and ARA are displayed in 

figures 1-4. Baseline EPA, DHA, total n-3 PUFA and ARA were not different between trials.  

The relative concentration of EPA, DHA, total n-3 PUFA and ARA did not change during the PLA 

trial. The relative concentration of EPA increased in both FO-ST and FO-EM (figure 4.2), but this 

occurred earlier for FO-EM than FO-ST. In addition, the peak of EPA was much higher in FO-EM 

than FO-ST. DHA also increased in both n-3 PUFA conditions, but this occurred earlier and to a 

much greater degree in FO-EM (figure 4.3). Total n-3 PUFA increased in both FO-ST and FO-EM, but 

this also occurred earlier and to a greater degree in FO-EM compared to FO-ST (figure 4.4). The 

probability of a difference in the relative concentration of ARA with FO-EM or FO-ST, compared to 

PLA, was very small (figure 4.5).  

 



132 

 

 

Figure 4.2 – Time course of eicosapentaenoic acid (EPA) appearance in plasma. Values are as a % of total 
fatty acids. PLA, placebo; FO-ST, fish oil standard oil; FO-EM, fish oil emulsion.  

 

Figure 4.3 – Time course of docosahexaenoic acid (DHA) appearance in plasma. Values are as a % of total 

fatty acids.  

 

Figure 4.4 – Time course of total n-3 PUFA appearance in plasma. Values are as a % of total PUFA (n-3 + n-6).  



133 

 

 

Figure 4.5 – Time course of arachidonic acid (ARA) appearance in plasma. Values are as a % of total fatty 
acids.  

 

To determine the probability of a difference between the n-3 PUFA conditions and PLA, the 

posterior distributions of FO-EM and FO-ST were compared to the 95th quantile of PLA for each 

time point. As such, the probability of a difference between n-3 PUFA conditions and PLA was 

determined with 95% certainty (Table 4.2).  

Table 4.2 – Proportion of posterior distributions for FO-ST and FO-EM exceeding the 95th quantile of PLA at 
each time point. Plasma fatty acid concentrations were determined before supplementation (PRE), 
immediately after ingestion of the supplement (0 min), every 30 min thereafter until the end of the pre-load 
(30, 60, 90, 120) and following completion of the time trial (POST). Abbreviations: eicosapentaenoic acid 
(EPA), docosahexaenoic acid (DHA), arachidonic acid (ARA) and omega-3 polyunsaturated fatty acids (total 
n-3 PUFA) 

FO-ST PRE - 0 0 - 30 30 - 60 60 - 90 90 - 120 120 - POST 

EPA 0.02 0.04 0.04 0.11 0.52 0.93 

DHA 0.02 0.03 0.04 0.11 0.28 0.38 

ARA 0.03 0.08 0.13 0.28 0.33 0.11 

Total n-3 PUFA 0.03 0.02 0.02 0.03 0.22 0.71 

       

FO-EM PRE - 0 0 - 30 30 - 60 60 - 90 90 - 120 120 - POST 

EPA 0.09 0.33 0.97 1.00 1.00 1.00 

DHA 0.05 0.12 0.45 0.97 1.00 1.00 

ARA 0.10 0.12 0.14 0.21 0.20 0.08 

Total n-3 PUFA 0.05 0.15 0.69 1.00 1.00 1.00 
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4.3.3 - Food diaries  

To determine if participants successfully replicated their diet in the 3 days leading up to each trial, 

they were requested to complete food diaries. However, 3/7 participants were unable to provide 

complete food diaries for all trials. In total, 14/21 food diaries were returned by participants. Self-

reported mean daily caloric intake was 2496 ± 937 kcal (range: 1506 – 3474 kcal). Self-reported 

mean carbohydrate intake was 51% of total caloric intake. Some participants (n =3) reported 

consumption of caffeine-containing beverages (coffee, tea) within 24 hours of testing days. 

 

4.3.4 - Exercise performance  

The mean workload completed by participants during the time trials was 505.8 ± 71.8 kJ, at a mean 

time of 2061 ± 348 seconds. The arithmetic means of time trial completion were 2037 ± 503 s for 

PLA, 2077 ± 322 s for FO-ST and 2064 ± 261 s for FO-EM (figure 4.6). The smallest worthwhile 

change (SWC) in TT was set as a 68 s improvement from the mean of PLA (2037 s). The probability 

that the improvement in TT exceeded the SWC with FO-ST was 0.217. The effect size of the 

predicted change in TT with FO-ST was g = -0.11 (95% CI: -0.15 – -0.06). The probability that the 

improvement in TT exceeded the SWC with FO-EM was 0.249. The effect size of the predicted 

change in TT with FO-EM was g = -0.35 (95% CI: -0.39 – -0.30). 
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Figure 4.6 – posterior densities of time trial performance. The dashed line represents the smallest 
worthwhile change (SWC) in TT.  

 
  



136 

 

Table 4.3 – Posterior estimates, standard deviation and 90% highest density intervals (HDI) for exercise 

performance and efficiency parameters. The HDI describes the range of values encompassing 90% of the 

probability of the density plots. Estimates for FO-ST and FO-EM are relative to the estimate for PLA.  

Parameter Group Estimate Standard dev. 90% HDI 

TT (s) PLA 2021.7 137.3 1794.8 – 2243.8 

 FO-ST 47.5 110.9 -141.6 – 226.2 

 FO-EM 33.8 111.8 -152.3 – 219.2 

 sigma 243.1 56.5 168.4 – 350.6 

     

VO2 (mL/min) PLA 2901.5 158.9 2636.2 – 3155.2 

 FO-ST -20.6 64.3 -126.8 – 83.9 

 FO-EM -8.1 70.1 -120.5 – 108.7 

 sigma 122.7 8.1 110.2 – 136.8 

     

RER  PLA 0.925 0.020 0.893 – 0.957 

 FO-ST -0.018 0.012 -0.038 – 0.002 

 FO-EM -0.019 0.013 -0.040 – 0.002 

 sigma 0.038 0.002 0.034 – 0.042 

     

HR (bpm) PLA 130.3 4.8 122.1 - 138.0 

 FO-ST 0.202 2.25 -3.52 - 3.89 

 FO-EM -0.336 2.29 -4.03 - 3.43 

 sigma 4.91 0.30 4.45 - 5.43 

     

MAP (mmHg) PLA 97.3 3.7 91.3 – 103.5 

 FO-ST -1.6 2.9 -6.4 – 3.3 

 FO-EM -0.8 2.9 -5.6 – 4.0 

 sigma 4.8 0.5 4.1 – 5.6 

     

RPP (mmHg x bpm) PLA 19721.2 880.2 18293.2 – 21152.4 

 FO-ST -164.2 586.6 -1124.2 – 789.9 

 FO-EM 353.6 572.2 -577.1 – 1303.5 

 sigma 973.3 96.7 824.9 – 1143.1 

 

 
4.3.5 – Oxygen consumption 
 
To determine the influence of n-3 PUFA supplements on acute changes in exercise function, 

participants cycled at a mean constant workload of 197 ± 35W (48 ± 4% Wmax) for 2 hours prior to 

TT. Oxygen consumption as a percentage of pre-testing maximum (VO2peak) was 60 ± 8% in PLA, 

60 ± 7% in FO-EM and 59 ± 5% in FO-ST.  

The arithmetic means of VO2 during the pre-load were 3051 ± 460 mL/min in PLA, 2917 ± 444 in 

FO-EM and 2891 ± 410 in FO-ST (figure 4.7A). The SWC for mean VO2 was set at 2877 mL/min, a 
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reduction of 174 mL/min from the mean of PLA. The probability that the change in oxygen 

consumption exceeded the SWC with FO-ST was 0.455. The effect size of predicted change in VO2 

with FO-ST was g = 0.33 (95% CI: 0.32 – 0.35). The probability that the change in oxygen 

consumption exceeded the SWC with FO-EM was 0.334. The effect size of predicted change in VO2 

with FO-EM was g = 0.01 (95% CI: -0.00 – 0.03). There was no effect of FO-ST or FO-EM on the 

change in VO2 over time (Figure 3B).  

 

 

Figure 4.7 – A) Posterior densities of VO2. The dashed line represents the smallest worthwhile change 

(SWC). B) predicted VO2 by time, with original data points shown. Darker shaded regions represent 50% CI, 

while lighter regions represent 95% CI. Different shapes represent repeat data points from individual 

participants. 
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4.3.6 – Respiratory exchange ratio 

Mean RER during the 2-hour pre-load was 0.915 ± 0.068 in PLA, 0.891 ± 0.046 in FO-ST and 0.898 ± 

0.052 in FO-EM (figure 4.8A). The SWC for mean RER was set at 0.901, a 0.014 reduction from the 

mean of PLA. The probability that the change in RER exceeded the SWC with FO-ST was 0.630. The 

effect size of predicted change in RER with FO-ST was g = 0.92 (95% CI: 0.90 – 0.94). The 

probability that the change in RER exceeded the SWC with FO-EM was 0.546. The effect size of 

predicted change in RER with FO-EM was g = 0.74 (95% CI: 0.72 – 0.75).  

 

Figure 4.8 - A) Posterior densities of RER. The dashed line represents the smallest worthwhile change 
(SWC). B) predicted RER by time, with original data points shown. Darker shaded regions represent 50% CI, 
while lighter regions represent 95% CI. Different shapes represent repeat data points from individual 
participants. 
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4.3.6 - Heart rate 
 
Mean heart rate during the 2-hour preload was 133 ± 11 bpm in PLA, 136 ± 14 bpm in FO-ST and 

136 ± 15 bpm in FO-EM (figure 4.9A). The SWC for HR was set at 129 bpm, a 4 bpm reduction from 

the mean of PLA. The probability that the decrease in HR exceeded the SWC in FO-ST was 0.117. 

The effect size of the predicted change in HR with FO-ST was g = -0.03 (95% CI: -0.05 – 0.02). The 

probability that the decrease in HR exceeded the SWC in FO-EM was 0.123. The effect size of the 

predicted change in HR with FO-EM was g = -0.14 (95% CI: -0.16 – 0.13). There was no effect of FO-

ST or FO-EM on the change in HR over time (figure 4.9B). 

 

 
Figure 4.9 – A) Posterior densities of heart rate. The dashed line represents the smallest worthwhile change 
(SWC). B) predicted heart rate values by time, with original data points shown. Darker shaded regions 
represent 50% CI, while lighter regions represent 95% CI. Different shapes represent repeat data points 
from individual participants. 
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4.3.7 – Rate of perceived exertion 
 
Mean RPE during the 2-hour pre-load was 13 ± 1 in PLA, 14 ± 2 in FO-ST and 14 ± 1 in FO-EM. 

Observed RPE values (11-18) were divided into categories light (11-12), somewhat hard (13-14), hard 

(15-16) and very hard (17-18), in line with Borg scale classifications. Over the duration of the pre-

load, the probability of reporting a light RPE was no different between groups (figure 4.10).  

 

 
Figure 4.10 – Posterior densities of RPE. The x-axis represents the ordinal model coefficients. The dashed lines 
represent the model estimate of the transition boundary between different RPE categories.  

 

Figure 4.11 displays the probabilities of participants reporting RPE values in light, somewhat hard, 

hard or very hard categories. During the initial stages of the pre-load cycle, the probability of 

participants reporting light or somewhat hard is high in all groups. The changes over time in the 

probability of reporting different RPE categories was similar between PLA and FO-EM. That is, the 

reduction in the probability of reporting light, the lack of change in somewhat hard, the increase in 

somewhat hard and the minor increase in very hard are all approximately equal and occur at the 

same time points in PLA and FO-EM. However, the probability of reporting higher RPE categories 

increases at earlier time points in FO-ST, compared to PLA and FO-EM. As such, the probability of 

reporting light or somewhat hard decreases at earlier time points, with concomitant increases in 

the probability of hard or very hard.  
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Figure 4.11 – Probability of participants reporting each RPE category during the 2-hour pre-load.  
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4.3.8 – Mean arterial pressure  

Mean MAP was 98.8 ± 9.6 mmHg during PLA, 94.7 ± 8.6 during FO-ST and 95.0 ± 8.3 during FO-EM 

(figure 4.12A). The SWC for mean MAP was set at 90.7 mmHg, an 8.1 mmHg reduction from the 

mean of PLA. The probability that the decrease in MAP exceeded the SWC with FO-ST was 0.08. 

The effect size for the predicted change in MAP with FO-ST was g = 0.51 (95% CI: 0.49 – 0.54). The 

probability that the decrease in MAP exceeded the SWC with FO-EM was 0.10. The effect size for 

the predicted change in MAP with FO-EM was g = 0.58 (95% CI: 0.56 – 0.60).  

 

Figure 4.12 – A) posterior densities of mean arterial pressure (MAP). B) predicted MAP values by time, with 
original data points shown. Darker shaded regions represent 50% CI, while lighter regions represent 95% CI. 
Different shapes represent repeat data points from individual participants. 

 

  



143 

 

4.3.9 – Rate pressure product  

Mean RPP was 20180 ± 1925 during PLA, 20125 ± 2446 during FO-ST and 20024 ± 2172 during FO-

EM (figure 4.13A). The SWC for RPP was set at 19353, a 1029 reduction from PLA. The probability 

that the decrease in RPP exceeded the SWC with FO-ST was 0.176. The effect size for the predicted 

change in RPP with FO-ST was g = -0.19 (-0.21 – 0.17). The probability that the decrease in RPP 

exceeded the SWC with FO-EM was 0.131. The effect size for the predicted change in RPP with FO-

EM was g = -0.16 (-0.17 – 0.14).  

 

Figure 4.13 – A) posterior densities of rate pressure product (RPP). B) predicted RPP values by time, with 
original data points shown. Darker shaded regions represent 50% CI, while lighter regions represent 95% CI. 
Different shapes represent repeat data points from individual participants.  
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4.4 – Discussion 

The primary aim of this study was to investigate the acute influence of n-3 PUFA supplements on 

exercise performance in trained cyclists. Baseline n-3 PUFA status was low, as indicated by relative 

whole-blood concentrations of EPA, DHA and total n-3 PUFA, and a mean ARA:EPA of 17:1 [124]. 

During the exercise trials, FO-ST and FO-EM increased the relative concentrations of plasma EPA, 

DHA and total n-3 PUFA, with no change in ARA. Despite higher bioavailability of the emulsified 

omega-3 supplement (FO-EM), neither FO-EM nor FO-ST elicited improvements in TT performance 

compared to PLA. Furthermore, n-3 PUFA supplements did not acutely influence HR, VO2, RPE, 

MAP or RPP during submaximal cycling at ~60% of VO2max / 48% of Wmax. Both n-3 PUFA 

supplements lowered RER, indicating a potential increase in fat oxidation or carbohydrate-sparing. 

Using a Bayesian statistical approach, we determined there was a very low probability of a positive 

effect of acute n-3 PUFA supplementation, ingested 1-hour before the start of exercise (3-hours 

before TT), on exercise function and performance in our cohort of trained male cyclists.  

 

Ingestion of n-3 PUFA supplements shortly before exercise did not improve time trial performance 

in trained male cyclists with low baseline n-3 PUFA status. Completion of the work target-based 

time trial was achievable in 30 minutes if participants cycled at 70% of their Wmax. However, mean 

TT completion was ~14% higher than this threshold, indicating a substantial level of fatigue in 

participants following the 2-hour submaximal cycle. The lack of improvement in TT performance 

with acute n-3 PUFA supplementation agrees with previous research using chronic n-3 PUFA 

supplementation, which has consistently failed to observe improvements in performance [82]–

[85], [111], [114], [115], [120], [122], [302], [329]. Only one previous study investigated the acute 

influence of n-3 PUFA on exercise performance [126]. During a maximal ramp test, n-3 PUFA 

reduced maximal HR and power output following a 3-hour infusion of n-3 PUFA emulsion at 0.6 

g/kg body weight. An individual weighing 80 kg, the mean baseline weight of participants in our 
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study, therefore would have received a dose of 48g n-3 PUFA emulsion, of which 20.1% EPA and 

18.4% DHA. This is equivalent to 10g EPA and 8.8g DHA, more than double the dose participants 

received in our study. The study by Delodder et al (2015) did not include a control condition 

however, and thus it is unclear if the reduction in power output was due to the large amount of fat 

delivered into the circulation rather than n-3 PUFA per se. Interestingly, the reduction in maximal 

HR and power output was also observed following oral consumption of the same dose of n-3 PUFA 

over 3 days. The authors suggest binding of n-3 PUFA to G-protein coupled receptor 120 (GPR120), 

and influence of n-3 PUFA on lipid rafts and mitochondrial membranes as potential mechanisms 

for the observed effects on exercise function. Interestingly, the study by Delodder et al (2015) also 

observed reduced lactate concentrations at exhaustion following both infusion and 3-day oral n-3 

PUFA supplementation. Other studies with chronic supplementation have also observed reductions 

in lactate immediately after exercise [302], [330], although others also report no difference[85]. 

Reduced lactate concentrations in plasma may indicate reductions in its production or improved 

clearance. Unfortunately, we did not measure lactate concentrations during the experimental 

trials. However, the lowering of RER in both n-3 PUFA conditions indicates a shift towards higher 

fat oxidation and lower carbohydrate oxidation, and therefore may also suggest alterations in 

lactate production in our study. Nevertheless, the lack of an effect of n-3 PUFA on exercise 

performance in our study, combined with the observation that a higher dose infusion may be 

detrimental, suggests the supposed performance-enhancing effects of n-3 PUFA do not manifest 

acutely following their appearance in circulation.  

 

Previous studies with chronic supplementation of n-3 PUFA have also been unable to detect 

improvements in exercise performance. The mechanisms responsible for potential alterations in 

exercise function with chronic n-3 PUFA have been suggested to be primarily related to the 

incorporation of DHA into working tissue [114], [331]. As such, a diet rich in DHA may reduce 
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muscle fatigue, potentially through improvements in efficiency of oxygen use or improvements in 

calcium cycling [112]. However, even studies that have supplemented participants with high-dose 

DHA have failed to show improvements in exercise performance, both in real-world and lab-based 

settings. That is, supplementation with 3.04g/d n-3 PUFA for 10 weeks in trained football players 

did not improve running TTE during an incremental workload test [115]. Trained cyclists, 

supplemented with 0.8g/d EPA and 2.4g/d DHA for 8 weeks, did not experience an increase in 

cycling TTE at 55% Wmax [111]. Australian rules footballers also experienced no improvement in 

treadmill run TTE with 0.36g/d EPA and 1.56g/d DHA for 5 weeks [117]. In amateur cyclists, 120 

mg/d EPA and 975mg/d DHA for 4 weeks did not improve TTE during an incremental workload test 

[302]. However, as all these trials used TTE protocols, which hold limited validity and reliability 

[303], [304], the likelihood of these studies reliably detecting potential improvements in 

endurance performance was low. The effect size of nutritional interventions on exercise 

performance is typically low (Cohen’s d < 0.5), meaning the reliability of the test used is crucial if 

an effect is to rise above the ’noise’ of variation in repeat measurements [308]. There are also 

indications that the effect size of nutritional supplementation during open-ended tests such as TTE 

may differ from fixed endpoint tests such as a race or TT [332], [333]. Thus, it is important that the 

tests used to measure the effects of nutritional supplements on performance match a real-world 

performance setting.  

 

Others who have studied race time or TT, which are more reliable measurements of performance 

[304], [334], also observe no influence of chronic n-3 PUFA supplementation. In male marathon 

runners, 3.6 g/d n-3 PUFA for 6 weeks did not improve race time [83]. In trained cyclists, 140 mg/d 

EPA and 560 mg/d DHA for 8 weeks did not improve 5-min TT performance after a fatiguing 

protocol [114]. In male athletes, 375 mg/d EPA, 510 mg/d DHA and 230 mg/d DPA for 3 weeks, did 

not improve 250 kJ TT performance [120]. One study in trained cyclists, supplemented with 2g/d 
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EPA and 0.4g/d DHA, and using an exercise protocol close to ours in design, also observed no 

improvement in 10-km TT performance, at the end of a 3-hour submaximal cycle at ~57% Wmax 

[82]. Another study in trained male cyclists using a work-target based time trial protocol, like in our 

study, also observed no improvement with 1.06g/d EPA and 0.75g/d DHA for 3 weeks [85]. Further, 

240 mg/d EPA and 120 mg/d DHA for 6 weeks did not improve work target-based TT performance 

(designed to last ~60 min) in males and females [84]. Finally, 601 mg/d EPA and 253 mg/d DHA for 

4 weeks did not affect 15 min TT work output in trained male cyclists[122]. Thus, it appears that 

our finding, that n-3 PUFA supplements do not improve exercise performance within hours after 

their consumption, agrees with results from chronic n-3 PUFA supplementation studies varying in 

dosage and duration.  

 

Contrary to chronic supplementation, we hypothesised n-3 PUFA ingested shortly before exercise 

would acutely affect exercise function through mechanisms unrelated to their incorporation into 

muscle phospholipid membranes. N-3 PUFA, and particularly EPA, can be incorporated into 

phospholipid membranes of leukocytes and platelets within 60 min of their infusion, although the 

acute time course for other types of tissue such as muscle is unknown [125], [126]. Nevertheless, 

acute metabolic effects of n-3 PUFA have been suggested to be mediated by direct action of PUFA 

and eicosanoids [126]. By binding to G-protein coupled receptors (GPCR), which are expressed in 

macrophages and other immune cells, n-3 PUFA may influence production of (inflammatory) 

cytokines [27], [28]. These cytokines act as signalling agents to mediate tissue responses during 

and after metabolically stressful situations such as exercise [89]. Additionally, PUFA-derived 

eicosanoids contribute to regulation of cardiovascular responses during (exercise-induced) 

oxidative stress [57], [76], [297]. Production of specific eicosanoids has been shown to increase 

during exercise, potentially as a mechanism to regulate vascular function [66], [73]. We therefore 

hypothesised that increasing the availability of n-3 PUFA during exercise would alter eicosanoid 
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production, which in turn would result in improved vascular function and ultimately performance. 

The lack of change in MAP and RPP in our study suggests such an effect did not occur. One 

explanation for the lack of an effect may be the reduction in RER we observed, which indicates fat 

oxidation was increased. As such, this may have limited the availability of n-3 PUFA for formation 

of eicosanoids, and any consequent beneficial effects on vascular function these may have had. 

Future research which combines measurement of eicosanoid concentrations with functional 

outcomes during exercise may provide further insight.  

 

In our study, both FO-EM and FO-ST successfully increased relative concentrations of plasma EPA, 

DHA and total n-3 PUFA. As pilot testing and previous literature [313] suggested peak n-3 PUFA 

levels occurred ~2-3 hours following ingestion, participants consumed the supplements 1 hour 

prior to the start of exercise. As such, in FO-EM, peak plasma levels of n-3 PUFA were reached 

during the latter stages of the submaximal pre-load and the performance task (Figure 1). Thus, if n-

3 PUFA were able to influence exercise function and performance in this way, we would expect to 

have had a good chance to observe changes in these parameters. Knowledge on the mechanisms 

responsible for eicosanoid production, and therefore also the time course of their production, is 

however limited. Assuming n-3 PUFA influence exercise function through changes in eicosanoids 

(or other regulators such as nitric oxide), it may be the case that a longer period is needed 

between elevated plasma levels and purported effects of eicosanoid activity. In studies where 

(non-emulsified) n-3 PUFA were consumed as part of a high-fat meal, improvements in vascular 

function were typically observed after ~4-5 hours [283], [285], although others that observed 

earlier timeframes (0-2 hours) also noted improvements [284]. As a previous study demonstrated 

increased peak and total concentrations of plasma n-3 PUFA with pre-emulsified oil, we 

hypothesised FO-EM would have improved uptake and n-3 PUFA would appear in plasma earlier 

and with a higher peak [313]. This proved successful, with the increases in EPA, DHA and total n-3 
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PUFA occurring at earlier time points during exercise, and with a greater peak. It is possible that 

plasma levels of n-3 PUFA continued to rise post-TT in FO-ST, ultimately resulting in a similar 

bioactivity as FO-EM. However, the study by Garaiova, et al. (2007) suggests this is unlikely, as 

although they observed peak values in the oil condition after 6 hours, this peak was much lower 

than the peak of the emulsion condition. Regardless, as peak plasma n-3 PUFA levels were reached 

during the most intense period of exercise with FO-EM, we would have expected to observe its 

effects on parameters of exercise function and TT performance, if there were any.  

 

As ingestion of n-3 PUFA influences vascular function acutely [283]–[285], generally indicated by 

reductions in markers of vasoconstriction, we expected to observe reductions in related 

parameters. Nevertheless, MAP and RPP were unaffected by n-3 PUFA in our study. One previous 

study, in which participants consumed EPA or DHA rich meals, observed reductions in systemic 

vascular resistance (SVR), diastolic blood pressure (DBP) and mean arterial pressure (MAP) during 

light exercise (25W + 25W/3min for 12 min) at 5h post-DHA meal. One previous study with chronic 

n-3 PUFA supplementation observed maintenance of increased plasma levels of n-3 PUFA following 

an overnight fast [82]. As such, it may be that changes in DBP [117] and RPP [111] during 

submaximal exercise following chronic supplementation, but with an overnight fast or standard (n-

3 PUFA free) meal before the exercise trial, were due to effects of n-3 PUFA in plasma. Although we 

did not observe any effects of increased plasma n-3 PUFA on vascular function, previous 

observations appear in line with the suggested effects of long-term supplementation on general 

cardiovascular health. That is, n-3 PUFA is believed to create a less inflammatory, less thrombotic 

state, which is associated with reductions in plasma triglycerides (TG), atherosclerosis and cardiac 

events [5], [206], [280], [335]. The TG-lowering effect of n-3 PUFA has been suggested to be 

mediated by reductions in lipogenesis, but also increased fat uptake and oxidation [167]. This 

would appear consistent with the observed reduction in RER during exercise in our study. As such, 
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the direction of substrate metabolism towards higher fat oxidation may indicate consistency with 

the reductions in TG observed with chronic supplementation. Regardless of changes in the 

concentration of lipids in circulation, acute improvements in vascular function with n-3 PUFA may 

improve delivery to and clearance of substrates from working tissue [287]. Therefore, future 

studies may wish to investigate acute influences of n-3 PUFA on vascular function during exercise 

further.  

 

Despite increased plasma levels of n-3 PUFA, HR during submaximal cycling was unaffected by 

acute n-3 PUFA supplementation. This is in contrast with the study by Delodder, et al. (2015), 

mentioned earlier, which observed a reduction in maximal HR following a 3h infusion of high dose 

n-3 PUFA. It is also in contrast with some chronic supplementation studies, that have observed 

reductions in HR at rest [134], during submaximal [111], [117], [336] and maximal exercise [81]. 

However, there are also studies that observed no effect of n-3 PUFA supplementation on 

submaximal or maximal HR [113], [122], [337], [338]. Thus, the effects of n-3 PUFA on HR during 

exercise remain ambiguous and may depend on dose, delivery method and population 

characteristics. Less ambiguous appears to be the effect of chronic n-3 PUFA on heart rate recovery 

following exercise, with consistent reporting of improvements [118], [119], [338], [339]. 

Unfortunately, we did not collect HR data following the time trial, and therefore it remains unclear 

if HR recovery may be improved with acute n-3 PUFA supplementation.  

 

We did not observe an acute effect of n-3 PUFA on VO2 during the submaximal cycle, despite 

previous reports that n-3 PUFA lowers oxygen consumption in this context, albeit with chronic 

supplementation. The study by Peoples, et al. (2008), reports reductions in whole-body oxygen 

consumption following 8 weeks of n-3 PUFA supplementation. Another study in trained cyclists 

supplemented with n-3 PUFA for 8 weeks also observed a reduction in oxygen consumption during 
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a 5 min TT [114]. In recreationally active males, n-3 PUFA for 8 weeks tended to lower oxygen 

consumption during submaximal cycling [113]. In this study, the pre-post supplementation change 

in VO2 was significantly correlated with the change in erythrocyte EPA incorporation. Incorporation 

of EPA and DHA into erythrocytes is often used as a proxy for muscle incorporation, as these 

metrics are thought to be well correlated [15], [340]. The lack of an acute effect of n-3 PUFA in our 

study suggests lowering of oxygen consumption may be related primarily to incorporation of n-3 

PUFA into muscle, as others have suggested [111], [112], [114], [341]. As we did not observe any 

changes in vascular function (HR, MAP, RPP), it remains to be seen if n-3 PUFA-induced 

improvements in these parameters may be able to improve oxygen kinetics by improving delivery 

of O2 and clearance of CO2. It also remains to be investigated if acute n-3 PUFA may influence 

maximal O2 uptake. Several previous studies have suggested chronic n-3 PUFA consumption may 

improve maximal aerobic capacity (i.e. VO2max), although reports are inconsistent [81], [85], [113], 

[115], [342]. Further research is required to determine if n-3 PUFA may alter oxygen consumption, 

at varying levels of exercise intensity, through acute mechanisms.  

 

As it has been suggested the effects of n-3 PUFA may be more pronounced during oxygen-limited 

exercise [114], participants in our study completed a 2-hour fatiguing pre-load before completing 

the performance task. We did not observe differences in VO2 with FO-EM or FO-ST, even during the 

latter stages of the pre-load when participants were fatigued. Interestingly, RER values drifted 

downward over the 2-hour window in all trials, which may indicate diminishing of carbohydrate 

stores. As such, although RER over the duration of the pre-load was lower in FO-EM and FO-ST, 

compared to PLA, there was no difference in the change over time. This suggests that the 

reduction in mean RER with n-3 PUFA was mainly driven by an increase in fat oxidation, rather than 

a decrease in CHO oxidation. Hingley et al (2017), similarly did not observe reductions in oxygen 

consumption during fatigue-inducing pre-load exercises, while it was reduced during the 
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subsequent time trial task. Time trials require exercising at near-maximal effort for prolonged 

periods, and therefore may be better suited for observing changes in mechanisms that are active 

during oxygen-limited exercise. As we did not collect data during the time trial other than 

completion time, it is unclear if n-3 PUFA may have influenced oxygen consumption during TT. 

Therefore, it also remains unclear if the oxygen consumption-lowering effect of n-3 PUFA is indeed 

mediated by incorporation of DHA into muscle, as has previously been suggested, or includes 

acute mechanisms. The observed reduction in RER during exercise in our study is in contrast with 

some studies, that observed no acute changes with n-3 PUFA as part of a meal [343], or with 

chronic supplementation [111]. However, others did observe reductions in RER following chronic 

supplementation, during exercise [343] and at rest [144], [171]. Therefore, the acute effects of n-3 

PUFA on substrate metabolism, like its chronic effects, remain unclear and require further 

investigation.  

 

Although this study employed a relatively strong exercise protocol to determine changes in 

performance and parameters of efficiency, it is limited by several factors. Firstly, the sample size of 

7 was very low. Unfortunately, the lack of data for PLA in one participant limited the ability to 

account for repeat measurement in that case. Although we used statistical methods to account for 

small sample size, the results from this study should still be treated with caution. Previous studies, 

that observed changes in HR and VO2 with n-3 PUFA, included a larger sample size (~16-30). 

Although we based our Bayesian prior selection on previous studies that have established 

coefficients of variation for the same parameters of exercise function, differences in study 

population, dosage and exercise protocol imposed a limit on the level of certainty in expected 

values. The strength in Bayesian statistics comes from incorporating prior knowledge, which allows 

us to update our expectations when new information becomes available. As we did not have much 

prior knowledge on the expected acute effects of n-3 PUFA on these parameters, we elected for 
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weakly informative priors. To improve our estimates, and therefore the level of certainty in our 

predicted probabilities, repetition of the trial would be necessary. In a general sense, this also 

applies to the wider field of sports science. For each given intervention effect, there are likely to 

exist conflicting reports, as we noted several times. Nutritional interventions are highly influenced 

by individual differences, and therefore treating intervention group outcomes as a range of 

possible values using confidence intervals or Bayesian posterior distributions, rather than relying 

on mean differences, is desirable [309], [344].  

 

Although differences in other functional outcomes were minor (at most), the increase in RPE with 

FO-ST suggests there may have been a role of differences in FA structure on the ability to perform 

the required workloads. That is, FO-EM contained long-chain FA which were pre-emulsified, which 

aided their uptake and potential ability to be used as a fuel source. PLA contained a mix of palm 

and soybean oil, and therefore a larger proportion of short and medium chain triglycerides. The 

increased proportion of these shorter chain FA in PLA may therefore have improved their uptake in 

the digestive tract compared to FO-ST. The FA in FO-ST were largely non-emulsified n-3 PUFA, and 

therefore their uptake would have been strained compared to both PLA and FO-EM. Therefore, the 

uptake of different FA chain structures may have played a role on their ability to influence 

functional outcomes. Additionally, the droplet size of emulsified oils impacts their uptake in the 

digestive tract [345]. The increases in plasma n-3 PUFA levels suggest significant improvements in 

uptake of FO-EM compared to FO-ST, but further improvement may be possible with optimisation 

of droplet size.  

 

Participants had a relatively high mean training status, as indicated by their pre-testing VO2peak 

(62.0 ± 5.4). However, this parameter also contained considerable variability (range: 54-71 

ml/min/kg). Participants with lower pre-testing VO2peak had longer time trial times. A more 
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homogenous group of trained cyclists may have prevented the relatively large degree of variability 

in observations. Furthermore, although participants were requested not to undertake strenuous 

exercise in the 2 days leading up to each trial, this was only checked verbally as no training diaries 

were kept. The quality of food diaries was also low, for the most part. As such, we were unable to 

clearly determine if participants successfully replicated their diets before each trial. Some 

participants also reported consumption of caffeine on days prior to the trials, although this was 

consistent for each trial. Nevertheless, recommendations suggest that caffeine consumption 

should be avoided in the 48h before exercise testing, and it is unclear if caffeine may interact with 

the purported acute effects of n-3 PUFA. Therefore, differences in the lead-up to trial days may 

have obscured our ability to observe an intervention effect.  

 

Consumption of 5g EPA and 3.3g DHA, shortly before exercise, did not improve exercise function 

and performance in trained cyclists with low omega-3 status. Despite higher bioavailability of 

emulsified fish oil supplements, FO-EM, like FO-ST, did not induce improvements in time trial 

performance. A Bayesian statistical approach was used to determine the probability of differences 

in functional outcomes with n-3 PUFA supplementation. As such, we observed that the probability 

of improvements beyond the smallest worthwhile change for HR, VO2, RPE, RPP and MAP was low 

to very low. There was a moderate probability of a decrease in RER with both n-3 PUFA 

supplements, suggesting potential improvements in fat oxidation. However, the lack of 

improvement in other parameters of exercise function suggests these effects, which have 

previously been observed with chronic supplementation, may involve mechanisms related to their 

incorporation into muscle as others have suggested. Despite robust statistical methodology, the 

study had a low sample size, and further research is required to validate these findings.  
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Chapter 5 - General discussion 

5.1 – Overview, aims and synthesis of findings 

Researchers have been investigating the health modulatory effects of n-3 PUFA for decades. Initial 

interest stems from a 1971 report by Bang, Dyerberg and Nielsen that Inuit populations with high 

fish consumption had lower plasma lipid concentrations compared to Danish controls, which was 

suggested as a potential reason for low observed rates of cardiovascular disease and diabetes [42]. 

Although the notion that this population experienced lower rates of cardiovascular disease may 

not have been valid [346], a plethora of research has since attempted to elucidate this relationship 

and its associated mechanisms. In this time, considerable progress has been made to establish 

potential mechanisms of health modulatory effects of n-3 PUFA, even beyond the cardiovascular 

system. We now understand that n-3 PUFA and their oxidised products, eicosanoids, directly and 

indirectly influence the full scale of cellular functioning, from gene expression to macro-scale 

cellular structure and interactions [18], [347]. Largely, n-3 PUFA are studied for their potential to 

ameliorate or prevent aging or disease-induced perturbations such as excessive inflammation, 

impairments in metabolic control or loss of functional capacity.  

However, from these decades of research also come suggestions that n-3 PUFA may be beneficial 

for ‘healthy’ people. As such, governing bodies for health around the world recommend 

consumption of oily fish at least once weekly, or regular supplementation with n-3 PUFA [124], 

[348]. Typically, these recommendations are based on their supposed protective effects on 

cardiovascular health, although evidence for this is still equivocal [349]. N-3 PUFA, and their 

proportion to other types of FA (saturated, monounsaturated and n-6 PUFA) influences cellular 

function through various pathways, which were set out in detail in Chapter 1. In summary, the 

availability of specific types of PUFA influences: 1) formation of eicosanoids, which act as signalling 

molecules; 2) intracellular signalling, through direct or indirect binding to G-protein coupled 
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receptors; 3) gene expression, through direct or indirect binding to nuclear receptors and 

transcription factors; 4) cellular membrane properties and function, as components of 

phospholipids and lipid rafts; 5) organelle membrane properties and function (e.g. mitochondria).  

Many of the purported effects of n-3 PUFA have been demonstrated in isolated cell models, animal 

models and clinical human populations. However, there is a limited amount of information on the 

potential modulatory effects of n-3 PUFA on physiological responses to acute and chronic stressors 

in healthy human adults. As such, the overall aim of this thesis was to characterise the modulatory 

effects of increased n-3 PUFA levels, achieved through supplementation, on the response to acute 

and chronic metabolic stressors in healthy individuals. Building on previously available literature, 

which was reviewed in the general introduction (Chapter 1), we established the following thesis 

aims:   

1. Investigate the potential for n-3 PUFA supplementation to reduce loss of lean mass during 

metabolic stress, in this case induced by diet-induced energy restriction, in healthy active 

young individuals. 

2. Investigate the potential for n-3 PUFA supplementation to preserve metabolic and 

functional health outcomes during ER. 

3. Investigate the influence of n-3 PUFA on muscle anabolic signalling and gene expression 

during ER.  

4. Investigate the influence of ex vivo n-3 PUFA-rich human serum on in vitro muscle 

developmental gene expression and insulin sensitivity.  

5. Investigate the time course of appearance in plasma of n-3 PUFA, with standard and 

emulsified supplements consumed 1 hour before exercise.  
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6. Investigate the acute influence of n-3 PUFA on whole-body metabolic responses to acute 

stress, induced by exercise. 

7. Investigate the acute influence of n-3 PUFA on time trial performance following a fatiguing 

submaximal pre-load, in trained cyclists.  

8. Investigate the difference in appearance of EPA, DHA and n-3 PUFA in plasma following 

acute ingestion of standard fish oil or emulsified fish oil supplements, during exercise.   

These investigations were discussed in detail in the respective chapters, and their results are 

summarised here:  

1. N-3 PUFA, consumed at 4g/d for 4 weeks prior to, and during a 2-week period of severe 

energy restriction (40%), did not influence changes in lean, fat and total body mass during 

ER in healthy, active males. (Chapter 2) 

2. N-3 PUFA did not influence changes in whole-body resting metabolism and muscle function 

during ER. (Chapter 2) 

3. N-3 PUFA potentiated muscle anabolic signalling responses to anabolic stimulation through 

resistance exercise and protein consumption, during ER. N-3 PUFA did not influence the 

loss of basal anabolic signalling during ER. N-3 PUFA induced small, but non-significant 

changes in expression of genes related to muscle development, during ER. (Chapter 3) 

4. N-3 PUFA appeared to increase insulin-mediated glucose uptake in cultured skeletal muscle 

cells. In addition, although not statistically analysed due to limited sample size, n-3 PUFA 

appeared to induce minor changes in expression of genes related to muscle development 

and autophagy. (Chapter 3) 
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5. N-3 PUFA, consumed shortly before exercise, did not influence aspects of vascular function 

and exercise function during submaximal exercise in trained cyclists. (Chapter 4) 

6. N-3 PUFA, consumed 3 hours before a cycling time trial at the end of a fatiguing 2-hour pre-

load, did not influence exercise performance in trained cyclists. (Chapter 4) 

7. The appearance in plasma of EPA, DHA and n-3 PUFA during exercise was quicker and had a 

higher peak with emulsified n-3 PUFA supplements, compared to standard oil. (Chapter 4) 

 

5.2 – The influence of n-3 PUFA on loss of lean mass during energy restriction 

There has been considerable interest from researchers into the potential for n-3 PUFA to modulate 

total body mass and fat mass, particularly in the context of obesity, which is reflected in the 

number of studies on these topics [128]–[130]. However, lean mass (or fat free mass), which also 

has an important metabolic role, is not reported in the majority of these studies. As discussed in 

Chapter 2, preservation of muscle mass is crucial for the maintenance of metabolic and functional 

capacity during catabolic states, such as anabolic resistance with aging, energy restriction, muscle 

disuse, disease, and weightlessness. Further, maintenance and optimisation of functional capacity 

is important for physical performance in athletes and military personnel. Therefore, we 

investigated the influence of n-3 PUFA supplementation on lean mass changes during a period of 

metabolic stress, in this case induced by negative energy balance, in healthy adult males. 

Participants achieved negative energy balance through maintenance of habitual training, and 

consumption of a 2-week, 60% energy diet relative to energy balance. This study was the first of its 

kind, as no others had investigated the influence of n-3 PUFA supplementation on lean mass 

changes during ER in healthy adults. Despite previous research which suggests n-3 PUFA may 

reduce muscle atrophy in different catabolic situations, we did not detect an influence of 4g/d n-3 
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PUFA supplementation on whole-body or site-specific changes in lean mass during ER. As such, the 

loss of lean mass (~1.1 kg) during ER in both groups mirrored the typical loss of lean mass in ER 

studies of this magnitude [147], [151]. Thus, in healthy individuals, who regularly exercise, and 

consume normal (recommended) amounts of protein, n-3 PUFA does not appear to provide any 

benefit to preservation of lean mass during ER. In our study, exercise during ER was not monitored. 

Future studies may wish to investigate interactions between n-3 PUFA supplementation and 

controlled exercise programmes and/or high-protein diets during ER. In older adults, provision of 

n-3 PUFA in addition to exercise training leads to bigger improvements in muscle mass and 

function [153]. In addition, the modulatory effects of n-3 PUFA on muscle mass and function 

appear to be greater in females compared to males [47], [106]. As we only studied males, the 

interaction between n-3 PUFA and lean mass loss during ER in females warrants investigation.  

Nevertheless, other researchers have observed considerable ambiguity in the response of lean 

mass, fat mass and energy metabolism to increased n-3 PUFA intake. As such, although the 

changes in body composition and metabolism may be clinically relevant, their (limited) magnitude 

may prevent reliable detection using current study designs. Certainly, the lack of measures to 

control exercise training (other than verbal instruction) and diet (other than provision of all food 

and drink and verbal instructions) may have limited our ability to detect the (likely small) effects of 

n-3 PUFA, if there were any. The ambiguity of results regarding the influence of n-3 PUFA on 

whole-body energy metabolism and body composition reflects a complex system of metabolic 

regulation. That is, n-3 PUFA and n-3 PUFA-derived eicosanoids influence gene expression and 

cellular signalling and thereby may alter regulation of a wide variety of processes, likely in varying 

ways depending on cell type and location. Whole-body composition and energy metabolism reflect 

the total sum of all these processes. Therefore, the lack of conformity with molecular studies 

showing specific directional effects of n-3 PUFA may reflect this divergent nature.  
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Finally, we used a relatively severe weight loss model, which does not reflect current 

recommendations for healthy weight loss. In a general sense, the rate of weight loss has been 

found to be correlated with later weight re-gain [350]. Recent recommendations for weight loss in 

athletes suggest gradual weight loss, combined with resistance training, and high protein intakes of 

1.6-2.4g/kg/day, are optimal for the preservation of lean mass and functional capacity[351]. 

Therefore, future studies may wish to investigate the influence of n-3 PUFA during ER on lean mass 

and exercise function using a study design that more closely resembles recent recommendations 

for healthy weight loss.  
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5.3 – The influence of n-3 PUFA on molecular pathways regulating muscle development  

As changes in lean mass during diet-induced ER are believed to be largely determined by changes 

in muscle protein synthesis (MPS), in Chapter 3, we investigated the influence of n-3 PUFA on 

muscle anabolic signalling during ER. Here, the phosphorylation status of anabolic signalling 

proteins was intended to be read as a proxy for MPS. As such, we measured the phosphorylation 

status of anabolic signalling proteins mTOR and rpS6 in muscle collected during EB (pre-weight 

loss, but following 4 weeks of supplementation) and ER (post-weight loss, following 6 weeks of 

supplementation). We observed an augmentation of anabolic signalling (as phosphorylated:total 

protein of mTOR and rpS6) in response to anabolic stimulation with n-3 PUFA compared to PLA. 

This was in line with some (but not all) previous research, that also found amplification of anabolic 

signalling and MPS in response to anabolic stimulation with n-3 PUFA supplementation (Chapter 1 

– Table 1.1). Certainly, an amplification of mTOR and p70s6k signalling, during ER, would seem 

beneficial during ER, when anabolic stimulation is sparse. Nevertheless, despite a potential 

improvement in anabolic signalling observed in Chapter 3, n-3 PUFA supplementation, presumably 

enough to achieve incorporation into muscle, did not affect the overall rate of muscle loss, as 

observed in Chapter 2.  

 

Phosphorylation versus activity 

Our initial aim was to build on knowledge from a previous study by McGlory et al. (2016), which 

had found reductions in activity of anabolic signalling proteins with minor but insignificant 

increases in MPS. The authors therefore suggested they may have observed an improved efficiency 

of signalling so that less activity was required for the same rates of MPS. However, MPS rates may 

have been maximally stimulated by resistance exercise and consumption of 30g high-quality 

protein. In our study, we therefore wished to investigate the interaction between n-3 PUFA and a 
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‘suboptimal’ dose of anabolic stimulation, in the form of resistance exercise and 10g protein 

(without ER). However, as we encountered methodological difficulties with Western Blotting, 

further limiting our already small sample size, we opted not to pursue this question. We therefore 

limited ourselves to answering only two key questions: 1) does n-3 PUFA preserve basal anabolic 

signalling during ER; and 2) does n-3 PUFA potentiate anabolic signalling in response to anabolic 

stimulation, during ER?  

In addition, we were unable to make direct comparisons with the study by McGlory et al., as they 

had measured activity of anabolic signalling proteins directly, using the ATP Kinase assay [251]. We 

measured mTOR phosphorylation at Ser2448, which was intended as a proxy for mTOR activity. 

However, it has been suggested Ser2448 phosphorylation does not actually reflect mTOR activity, 

but rather is the target of p70S6k in a negative feedback loop [352]. In addition, we quantified rpS6 

phosphorylation at Ser235/236, which was intended as a readout of upstream p70S6k activity. We 

had also aimed to quantify p70s6k phosphorylation at Thr389, and 4EBP1 phosphorylation at 

Thr37/46, but were unable to do so due to methodological issues. Nevertheless, quantitative 

analysis of mTOR and rpS6 signalling suggested an ameliorating effect of n-3 PUFA. However, 

treating phosphorylation status (relative to total protein), acquired via Western Blotting, as a 

quantitative measure of protein activity, may not have been wholly appropriate. As highlighted by 

McGlory, et al. (2014), Western Blots inherently possess a limited dynamic range, and may 

therefore be unable to detect the large fold changes in phosphorylation status. Additionally, 

p70s6k at Thr389 is known to have low baseline phosphorylation, and the large fold change 

following stimulation does not necessarily reflect a large change in activity. Others have suggested 

p70s6k only becomes phosphorylated at Thr389 once other parts of the protein are already highly 

phosphorylated [99], [252]. It has further been suggested that the phosphorylation of these 

residues operates under a ‘threshold’ concept, such that only a certain level of phosphorylation is 
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required for activation. From a mechanistic perspective, in which protein activity is dependent on 

location and association with other proteins, this certainly would make sense. For example, 

phosphorylation of 4EBP1 leads to its disassociation from eIF4E, which allows formation of the 

eIF4F complex and subsequent translation initiation [353]. In this context, it seems plausible that 

dissociation is triggered upon reaching a certain phosphorylation threshold. Any further 

phosphorylation beyond this threshold may only be relevant if it were to influence the duration of 

action. Thus, although measurement of phosphorylation of specific serine and threonine residues 

may give us some insight of upstream activity, quantitative interpretation may not be appropriate. 

This was further demonstrated by Greenhaff, et al. (2008), who observed a disconnect between 

signalling activity and MPS [249]. The mTOR signalling pathway reflects a complex cascade with 

several dynamic points of regulation, and it has been suggested that optimisation steps (e.g. 

determination of dynamic range, optimisation of protein loading) are required for reliable 

quantification by Western blotting [282].  

 

Measurement 

It should also be considered that measurements of protein status represent ‘snapshots-in-time’, 

and therefore may not fully reflect the total sum of activity. In our study (Chapter 3), we sampled 

muscle immediately after (“0 min”, but was actually a few minutes after as they had to walk 

between laboratories), and 90 minutes after resistance exercise and 10g protein. As such, we 

aimed to determine the influence of n-3 PUFA on the change in anabolic signalling, from a basal to 

an anabolically stimulated state. The 90-minute time point was based on previous observations of 

peak insulin, EAA and MPS rates during the 60–90-minute timeframe following oral ingestion of 

protein [354], [355]. We did not have a true baseline of signalling activity, as we did not sample 

muscle before the resistance exercise bout. Therefore, some activity may have occurred acutely 
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following exercise, which may have had an influence on the phosphorylation status of proteins 

measured at the 0-minute time point.  

Other models of assessing protein metabolism exist, which may be more suitable for assessing the 

effects of n-3 PUFA on muscle anabolism. Researchers have recently used deuterium oxide (D2O) to 

measure rates of MPS over a duration of days-weeks [106], [356], [357]. Both MPS and MPB are 

dynamic processes, that fluctuate throughout the day in response to various stimuli. Different 

signalling pathways determine the overall muscle protein synthetic and breakdown responses, 

which may include feedback loops (e.g. myostatin) to regulate sustainment of these processes 

[358]. As such, a method which captures the total sum of these processes, and not just a snapshot 

at one time point, may provide better understanding of the mechanistic effects of n-3 PUFA 

supplementation. One study, that used the D2O technique, was able to demonstrate preservation 

of MPS with n-3 PUFA, during a situation of muscle disuse [106]. Therefore, further research may 

wish to investigate the influence of n-3 PUFA on the overall muscle protein synthetic response over 

time during free-living ER conditions.  

 

5.4 – Modulating periods of acute metabolic stress 

The majority of research, particularly in exercise science, on potential health modulatory effects of 

n-3 PUFA, has focused on mechanisms related to the long-term incorporation of EPA and DHA into 

phospholipid membranes of working tissue (i.e. muscle). However, as was established in Chapters 

1 & 4, n-3 PUFA may also have modulatory actions on aspects of physiological functioning in the 

immediate timeframe following their uptake. N-3 PUFA and n-3 PUFA-derived eicosanoids bind to 

G-protein coupled receptors (GPCR), transmembrane domains that bind extracellular molecules 

and regulate intracellular signalling pathways [27], [359]. Through binding to GPCR on leukocytes 

(of which macrophages have been studied in particular), n-3 PUFA may influence the acute 
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inflammatory response to oxidative stress [24], [27]. The ability for n-3 PUFA to acutely (within 

hours) influence local function was previously shown in haemodynamic responses to acute 

stressors [283], [284], [292]. These acute effects have been linked to endothelium-dependent (i.e. 

nitric oxide and prostacyclin (PGI2), which act as vasodilators) and endothelium-independent 

mechanisms [283], [284], [360]. Eicosanoids are further suggested to influence respiratory 

function, potentially through changes in bronchial tone [18], [301], [359]. Through acute changes 

in the eicosanoid profile, it was therefore hypothesised that n-3 PUFA consumption shortly before 

exercise may improve exercise function. In Chapter 4, we attempted to investigate whether this 

acute response to n-3 PUFA ingestion may result in detectable changes in whole-body parameters 

of exercise function. Using a Bayesian statistical approach, we determined the probability of 

physiologically relevant improvements in parameters of exercise function was low-to-very low. By 

consuming n-3 PUFA supplements 1 hour before starting the cycling trial, EPA, DHA and total n-3 

PUFA concentrations rose steeply and appeared to reach peak values during the TT task (3 hours 

following ingestion), particularly with the emulsified fish oil supplements. However, despite these 

large increases in plasma n-3 PUFA status, performance was not improved by n-3 PUFA. We did not 

measure eicosanoids or inflammatory markers. However, assuming our acute dose of n-3 PUFA 

was able to induce changes in the eicosanoid profile, this was not enough to provide an acute 

benefit to exercise function and performance on a whole-body scale. Future studies may wish to 

combine direct measurement of specific eicosanoids during exercise following acute ingestion of n-

3 PUFA, with measurement of vascular function, to determine whether acute alterations in the 

profile of eicosanoids may improve exercise function.  
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Recovery, inflammation and oxidative stress 

Several studies suggest n-3 PUFA may improve recovery from intense or damaging exercise, with 

reductions in subjective muscle soreness, muscle volume, and maintenance of range of motion 

[361]. Some studies have combined these observations of muscle damage with measurement of 

inflammatory (i.e. cytokines) and muscle damage (i.e. C-reactive protein, creatine kinase) markers 

[53], [362], [363]. As such, some have shown chronic n-3 PUFA supplementation inhibits the 

increase in, for example, creatine kinase, TNF-α and IL-6 concentrations following eccentric, 

damaging exercise [363]–[365]. However, others have also failed to show effects on these, and 

other markers [337], [365]–[367]. The discrepancies in these observations may stem from issues 

with the design of studies to assess muscle health after eccentric exercise, which are suggested to 

include a high risk of bias [53]. In addition, differences in the timing of measurement in relation to 

exercise, dose of supplementation, and heterogeneity in study populations, may also obscure our 

understanding around the effects of n-3 PUFA on recovery from exercise. Furthermore, some 

studies have attempted to measure changes in oxidative stress with n-3 PUFA supplementation 

using the thiobarbituric acid-reactive substance (TBARS) assay to assess lipid peroxidation. As such, 

some showed no change [84], or a reduction [367] in TBARS with n-3 PUFA. However, the TBARS 

assay as a method to quantify lipid peroxidation has been criticised due to its non-specificity [368]. 

Thus, generally, methodological issues may underpin the observed ambiguity of changes in 

markers of oxidative stress and inflammation with n-3 PUFA supplementation.  

 

No pain, no gain? 

While there are suggestions that n-3 PUFA may improve recovery from (damaging) exercise, the 

associated changes in inflammation may not necessarily be desirable at all times. As noted in 

Chapter 1, the production of reactive (oxygen/nitrogen) species contributes to force production 
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during exercise. In addition, the state of oxidative stress produced by exercise initiates an 

inflammatory response which mediates recovery from potential damage, but also adaptation for 

improved efficiency and function in the future [62], [65]. It remains to be determined whether 

supplementation with n-3 PUFA may inhibit training adaptation. That is, as n-3 PUFA and their 

derived eicosanoids are suggested to reduce the overall state of inflammation, could it be that they 

also impair training adaptation? In the context of NSAIDs, it has been suggested that their use may 

indeed do so [77], [78]. As NSAIDs inhibit the action of COX enzymes, which facilitate oxidation of 

PUFA, alterations in the n-3:n-6 ratio also may play an important role in balancing inflammation, 

resolution, and improvements in functional capacity of muscle [66]. Interestingly, studies 

investigating the effects of n-3 PUFA on various physiological parameters often include vitamin E 

(α-tocopherol) in the supplementation. As vitamin E is an antioxidant, it therefore may limit the 

oxidation of n-3 PUFA while it is being transported in the circulation, and thereby increase their 

chances to reach tissues. However, the increase in antioxidants may also limit their oxidation into 

eicosanoids during periods of oxidative stress. Therefore, it also remains to be determined if co-

ingestion of antioxidants may impair the potential actions of n-3 PUFA by limiting eicosanoid 

formation.  

 

Improvement?  

The idea that n-3 PUFA improves exercise function, and therefore may also improve performance, 

in part comes from observations of reductions in oxygen consumption and heart rate during 

submaximal workloads. As such, it can be posited that a lower demand placed on cardiovascular 

and respiratory systems to perform the same amount of work is beneficial for fatigue resistance. 

Nevertheless, most studies that did find improvements in parameters of exercise function such as 

HR, VO2 and RPE either did not measure exercise performance [111], [113], observed no 
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improvement [114], [117] or observed a detriment [126]. Thus, it appears unlikely that reductions 

in oxygen consumption or heart rate by n-3 PUFA supplementation can translate into performance 

improvements, and in fact none have been observed. N-3 PUFA are often suggested to be anti-

inflammatory, likely because they compete with n-6 PUFA for production of eicosanoids, which act 

as inflammatory mediators [18]. However, at this point, it remains relatively unclear how 

alterations in eicosanoids and other inflammation-related signalling molecules influence smooth 

and skeletal muscle function. Although disease states are associated with increased levels of 

inflammatory cytokines, reductions in inflammation may not necessarily be desired in healthy 

individuals or in the context of exercise. Inflammation plays a crucial role in mediating responses to 

metabolic stress, thereby influencing gene expression and signalling networks related to repair of 

and adaptation to damage. Individuals who are unaccustomed to exercise, or those who undergo 

strenuous, damaging exercise, typically experience higher levels of muscle damage, and therefore 

soreness [369]. There is evidence that n-3 PUFA supplementation may reduce inflammation and 

muscle soreness, and it has therefore been suggested that n-3 PUFA may improve recovery from 

exercise [53]. However, at the same time, it has been suggested that maximising metabolic stress is 

beneficial for adaptation to endurance training, such as mitochondrial biogenesis and aerobic 

capacity [62]. Similarly, changes in type and size of muscle fibres may be influenced by the effects 

of n-3 PUFA on inflammatory processes [78], [370]. In rats, a n-3 PUFA-rich diet was demonstrated 

to inhibit recovery from muscle disuse atrophy, which was associated with reductions in Akt-

p70s6k (muscle anabolic) signalling [371]. Similarly, improvements in adaptation associated with 

changes in the ratio of n-3:n-6 PUFA may be secondary to overall increases in PUFA available to 

cells, as ARA (20:4n-6) has been observed to increase eicosanoid-dependent muscle cell growth 

[372], just as EPA and DHA have [91], [92]. Thus, while n-3 PUFA may be advantageous for exercise 

recovery, and thereby performance during periods of intensified training or competition, the 

associated reductions in inflammation may actually limit positive aspects of muscle functioning.   
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5.5 – Studies in exercise science 

Within exercise science, there naturally is a lot of interest in strategies to improve physiological 

functioning for performance. As discussed in Chapter 4, the results of scientific studies have 

traditionally been assessed using Null Hypothesis Significance Testing (NHST). However, NHST, and 

associated p-values were not meant to be interpreted the way they often are [310]. That is, 

although incorrect, researchers often interpret significant p-values as there being an effect of the 

intervention. Over the last two decades, within exercise science, efforts have been made to 

improve statistical methods to better evaluate intervention effects. As such, magnitude-based 

inference (MBI) was created and adopted by some, even though it was never published in a 

statistical journal, and its workings not shown [210], [373]. MBI is only available on the creators’ 

own website, and is not accepted by many journals. After being challenged on their methodology 

[211], the authors also claimed that MBI is a Bayesian approach, although it is not [210]. 

Nevertheless, although MBI is not the answer, the intent to improve thinking around statistical 

approaches in exercise science was justified. Instead, researchers in exercise science are now 

advocating for the use of Bayesian statistics [311]. As we showed in Chapter 4, Bayesian analysis 

can effectively be applied to statistical evaluation of different types of data (e.g. linear models and 

ordinal models). As such, we evaluated the probability of an effect of n-3 PUFA compared to the 

smallest worthwhile change (SWC) for different functional outcomes during exercise. Several other 

researcher groups in physiology and exercise science have also recently published papers using 

Bayesian statistical approaches to assess, for example, the effects of peer pressure on ratings of 

perceived exertion, the effect of sleep deprivation on physical and cognitive performance, or the 

effect of acute glutamine supplementation on cycling performance [374]–[376].  

In addition to changes in statistical approaches, improvements in study design and methodology 

are also required. Meta-analyses regarding the effects of n-3 PUFA on different physiological 
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parameters often conclude there is insufficient, or not enough high-quality evidence to support an 

effect (as discussed in Chapter 1.10). In addition, it was suggested by different authors that studies 

that did observe significant effects of n-3 PUFA were at higher risk of bias. As has been discussed 

throughout, there are many contexts where specific directional effects of n-3 PUFA failed to 

translate from in vitro or animal studies to human contexts. As Cunningham (2002) aptly stated: “a 

mouse is not a rat is not a human.”[377] That is, while many metabolic mechanisms may act in 

similar ways in different organisms, there are many confounders to translating animal studies to 

human contexts. The causes of discrepancies between in vitro and animal, and human studies, and 

between different human studies, were elegantly laid out by Lalia and Lanza (2016) [21]. As table 

5.1 shows, there are many possible factors that have introduced heterogeneity between different 

studies on the effects of n-3 PUFA, and they all contribute to our ability to make recommendations 

in a wide context. Therefore, it is important to consider the context in which findings were made.  

Table 5.1 – Confounding factors in n-3 PUFA research. Figure adapted from Lalia and Lanza (2016) [21]. 

Causes for discrepancies in studies of n-3 PUFA action 

1 Dosage of n-3 PUFA 

2 Ratio of EPA:DHA 

3 Source of fish oil 

4 Absorption and Bioavailability 

5 Duration of intervention 

6 Type of placebo 

7 n-6:n-3 ratio 

8  

Type of cohort (age, weight, race, inflammatory status, metabolic status, comorbidities, usual  
dietary habits, lifestyle, physical activity levels) 

9 Method of assessment 

10 Preventive study or therapeutic 

11 Size and power of study 

 

The same is true for this thesis. Here, we evaluated the effects of n-3 PUFA on physiological 

outcomes exclusively in male participants. The aim of this was to reduce the heterogeneity of the 

population sampled in our studies. However, within exercise science, and science in general, 

women are historically under-represented [378], [379]. As was discussed in Chapters 2 and 3, 
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previous research on n-3 PUFA suggests their effects may differ depending on sex, with indications 

that they may be more pronounced in females. Therefore, it is entirely possible that we would 

have made different observations if we had included females in our studies.  

Furthermore, to accurately assess the independent effects of n-3 PUFA, control of external 

conditions and participant behaviour in the lead up to measurement is crucial. Therefore, 

participants are typically asked to come to testing sessions in an overnight fasted state, having not 

done any exercise in the 1-2 days before, and refrain from consuming foods and drinks that are 

understood to interfere. In addition, the testing laboratory is set up in a standardized way, with 

controlled temperature and humidity. However, other factors, such as sleep duration and quality, 

psychological well-being, and hydration status also impact performance [374], [380], [381]. It is 

impossible to control for all of these, and other perhaps unknown factors. Controlling as many as 

possible improves the reliability of observations. However, it may never be possible to observe 

purely the effects of our intervention. Therefore, repeating of studies, and thereby constantly 

refining our expectations based on newly available knowledge, is crucial. This is yet another reason 

why Bayesian statistics is optimally suited for exercise science. It allows us to do exactly this, by 

constantly improving our models with newly generated data.  

 

5.6 – Future directions and conclusions 

Taken together, the work detailed in this thesis does not appear to support the use of n-3 PUFA as 

a supplemental aid for whole-body improvements in body composition and function in healthy 

young males. However, we did observe indications that n-3 PUFA may benefit metabolic processes 

on a smaller scale. It remains to be seen whether these potential minor changes may provide 

worthwhile benefits. In a general sense, individuals with the available knowledge and resources to 

increase their consumption of fish or n-3 PUFA, are more likely to already possess satisfactory 
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management of metabolic stress due to other lifestyle factors (e.g. diet and physical activity). At 

the same time, it is possible that n-3 PUFA does elicit worthwhile improvements in whole-body 

physiology, despite our failure to observe them. In future research, it is likely that optimisation of 

study design is required, with particular emphasis on a longer duration of supplementation and 

number of participants.  
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Finally, we are left with several key questions, that future research may wish to address: 

i) Can n-3 PUFA preserve muscle mass in situations of weight loss which follow recent 

recommendations, i.e. gradual, controlled and longer-term, with increased protein 

intake? 

ii) Can n-3 PUFA improve/maintain muscle metabolic health during catabolic situations? 

That is, does n-3 PUFA promote healthy turnover of proteins and maintenance of 

function, besides overall changes in mass? 

iii) Does n-3 PUFA influence muscle protein turnover (MPS and MPB) during ER, on a 

worthwhile, whole-body scale? 

iv) Does n-3 PUFA supplementation acutely influence formation of eicosanoids during 

exercise, and does this influence exercise function? 
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Appendices 
 

A3.1 – Gene expression in skeletal muscle cells 
 
Table A3.1 – Gene expression in skeletal muscle cells conditioned with ex vivo human serum (Chapter 3.3.3). 
Cells were conditioned with serum collected during fasting, resting conditions, and 90 minutes following 
resistance exercise and 10g protein consumption, at pre- and post-ER. Lower and upper confidence limits of 
95% confidence interval are displayed. Mean differences are between FO and PLA.  
* Indicates no standard deviation / standard error calculation possible due to only 1 observation. 
 

Gene Time State Mean Diff SEM LCI UCI 

FBXO32 Pre Rested 0.0026 0.0073 -0.0118 0.0170 

 Pre Exercised -0.0173 0.0070 -0.0310 -0.0036 

 Post Rested -0.0179 0.0053 -0.0283 -0.0075 

 Post Exercised 0.0102 0.0075 -0.0045 0.0249 

NFKB Pre Rested -0.0084 0.0034 -0.0150 -0.0018 

 Pre Exercised -0.0144 0.0037 -0.0217 -0.0071 

 Post Rested -0.0281 0.0105 -0.0487 -0.0075 

 Post Exercised -0.0027 0.0020 -0.0066 0.0011 

PIK3C3 Pre Rested -0.0011 0.0025 -0.0061 0.0038 

 Pre Exercised -0.0172 0.0018 -0.0208 -0.0136 

 Post Rested -0.0198 0.0138 -0.0469 0.0072 

 Post Exercised 0.0034 0.0053 -0.0070 0.0137 

MYOG Pre Rested -0.1241 0.0160 -0.1555 -0.0928 

 Pre Exercised -0.0943 0.0124 -0.1186 -0.0699 

 Post Rested 0.1806 0.0243 0.1330 0.2282 

 Post Exercised 0.0235 0.0223 -0.0202 0.0672 

MYOD Pre Rested -0.0013 0.0006 -0.0025 -0.0001 

 Pre Exercised 0.0002 0.0003 -0.0005 0.0009 

 Post Rested 0.0099 0.0050 0.0001 0.0197 

 Post Exercised 0.0004 0.0002 0.0000 0.0008 

PTGS2 Pre Rested 0.0119 0.0032 0.0056 0.0181 

 Pre Exercised 0.0004 0.0007 -0.0009 0.0017 

 Post Rested 0.0001 0.0019 -0.0036 0.0038 

 Post Exercised 0.0084 0.0053 -0.0020 0.0189 

BECN1 Pre Rested 0.0194 0.0086 0.0026 0.0362 

 Pre Exercised -0.0579 0.0072 -0.0720 -0.0439 

 Post Rested -0.0298 0.0156 -0.0604 0.0008 

 Post Exercised -0.0055 0.0160 -0.0369 0.0259 

BNIP3 Pre Rested 0.0360 0.0249 -0.0128 0.0849 

 Pre Exercised -0.0603 0.0052 -0.0704 -0.0502 

 Post Rested -0.0677 * * * 

 Post Exercised 0.0233 0.0285 -0.0325 0.0791 

BNIP3L Pre Rested 0.4393 * * * 

 Pre Exercised -0.0990 0.0049 -0.1087 -0.0893 

 Post Rested -0.0708 0.0088 -0.0881 -0.0535 

 Post Exercised -0.0615 0.0173 -0.0955 -0.0276 

GABARAPL1 Pre Rested 0.0115 0.0023 0.0070 0.0159 

 Pre Exercised -0.0032 0.0026 -0.0082 0.0018 

 Post Rested 0.0112 0.0030 0.0054 0.0170 
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 Post Exercised 0.0081 0.0020 0.0042 0.0121 

MAP1LC3B Pre Rested 0.0174 0.0397 -0.0604 0.0952 

 Pre Exercised -0.1018 0.0277 -0.1560 -0.0475 

 Post Rested -0.0529 0.0130 -0.0783 -0.0275 

 Post Exercised 0.0055 0.0196 -0.0328 0.0439 
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A4.1 – MCMC trace plots for each model in Chapter 4 
 
For each model, Markov Chain Monte Carlo sampling was used. Each of the 4 chains consisted of 
2000 iterations, of which the first 1000 were discarded as warmup (default settings).  
 

 
Figure A4.1.1 – MCMC trace plots of the Bayesian model for time trial performance (TT). The formula for 
the linear model of TT was: TT ~ supp + (1|id). 

 

 
Figure A4.1.2 – MCMC trace plots of the Bayesian model for oxygen consumption (VO2). The formula for the 
linear model of VO2 was: VO2 ~ supp*time + (1|id). 
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Figure A4.1.3 – MCMC trace plots of the Bayesian model for respiratory exchange ratio (RER). The formula 
for the linear model of RER was: RER ~ supp*time + (1|id). 

 

 
Figure A4.1.4 – MCMC trace plots of the Bayesian model for heart rate (HR). The formula for the linear 
model of HR was: HR ~ supp*time + (1|id). 
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Figure A4.1.5 – MCMC trace plots of the ordered-logit Bayesian model for rate of perceived 
exertion (RPE). The formula for the ordinal-logistic model of RPE was: RPE Category ~ supp*time.  
 

 
Figure A4.1.6 – MCMC trace plots of the Bayesian model for mean arterial pressure (MAP). The formula for 
the linear model of MAP was: MAP ~ supp*time + (1|id). 
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Figure A4.1.7 – MCMC trace plots of the Bayesian model for rate pressure product (RPP). The formula for 
the linear model of RPP was: RPP ~ supp*time + (1|id). 
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Figure A4.1.8 – MCMC trace plots of the Bayesian model for eicosapentaenoic acid (EPA). The formula for 
the linear model of EPA was: EPA ~ supp*time + (1|id). 

 
 

 
Figure A4.1.9 – MCMC trace plots of the Bayesian model for docosahexaenoic acid (DHA). The formula for 
the linear model of DHA was: DHA ~ supp*time + (1|id). 
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Figure A4.1.10 – MCMC trace plots of the Bayesian model for total n-3 PUFA. The formula for the linear 
model of total n-3 PUFA was: total n-3 PUFA ~ supp*time + (1|id). 

 

 
Figure A4.1.11 – MCMC trace plots of the Bayesian model for arachidonic acid (ARA). The formula for the 
linear model of ARA was: ARA ~ supp*time + (1|id). 

 


