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Abstract 25 

Ingestion of omega-3 fatty acids is known to exert favourable health effects on a number of 26 

biological processes such as improved immune profile, enhanced cognition, and optimised 27 

neuromuscular function. Recently, data have emerged demonstrating a positive influence of 28 

omega-3 fatty acid intake on skeletal muscle. For instance, there are reports of clinically-relevant 29 

gains in muscle size and strength in healthy older persons with omega-3 fatty acid intake as well 30 

as evidence that omega-3 fatty acid ingestion alleviates the loss of muscle mass and prevents 31 

decrements in mitochondrial respiration during periods of muscle-disuse. Cancer cachexia that is 32 

characterized by a rapid involuntary loss of lean mass may also be attenuated by omega-3 fatty 33 

acid provision. The primary means by which omega-3 fatty acids positively impact skeletal 34 

muscle mass is via incorporation of eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic 35 

acid (DHA; 22:6n-3) into membrane phospholipids of the sarcolemma and intracellular 36 

organelles. Enrichment of EPA and DHA in these membrane phospholipids is linked to enhanced 37 

rates of muscle protein synthesis, decreased expression of factors that regulate muscle protein 38 

breakdown, and improved mitochondrial respiration kinetics. However, exactly how 39 

incorporation of EPA and DHA into phospholipid membranes alters these processes remains 40 

unknown. In this review, we discuss the interaction between omega-3 fatty acid ingestion and 41 

skeletal muscle protein turnover in response to nutrient provision in younger and older adults. 42 

Additionally, we examine the role of omega-3 fatty acid supplementation in protecting muscle 43 

loss during muscle-disuse and in cancer cachexia, and critically evaluate the molecular 44 

mechanisms that underpin the phenotypic changes observed in skeletal muscle with omega-3 45 

fatty acid intake.  46 

 47 

48 
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1.0 Introduction 49 

Omega-3 (n-3) polyunsaturated fatty acids are a class of long chain fatty acids reported to 50 

have a range of beneficial effects on human health such as improved immune profile, enhanced 51 

cognition, blood lipid regulation, and optimised neuromuscular function (1-3). The beneficial 52 

impact of omega-3 fatty acid ingestion on health markers is often related to increases in the 53 

omega-3 fatty acid content of phospholipids in membranes at the expense of omega-6 fatty acids 54 

(1). This shift in the omega-3: omega-6 fatty acid ratio in cell membranes has been shown to 55 

induce changes in a multitude of biological processes including the expression of pro- and anti-56 

inflammatory lipid mediators and cytokines (1), gene expression (4), and mitochondrial 57 

respiration kinetics (5, 6). As dysregulation of these processes is closely linked with impaired 58 

metabolic health (1, 7), omega-3 fatty acid intake could be considered a viable strategy to 59 

combat metabolic dysfunction in a variety of settings.  60 

Eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid (DHA; 22:6n-3) are the 61 

most studied omega-3 fatty acids and can be found in oily fish and many dietary supplements. 62 

EPA and DHA serve as the necessary substrates for the production of anti-inflammatory and 63 

inflammation resolving mediators (resolvins, protectins, and maresins) whilst simultaneously 64 

inhibiting the transcription of pro-inflammatory genes (1, 4). Current population 65 

recommendations for EPA and DHA intake for general health vary from country to country but 66 

are typically 250-500 mg/day as a combination of both fatty acids (8). Although humans can 67 

endogenously synthesize EPA and DHA from dietary alpha linolenic acid they are considered 68 

conditionally essential as the synthesis of EPA and DHA from alpha linolenic acid is limited in 69 

humans. Indeed, the conversion of alpha linolenic acid to EPA and DHA in men is estimated to 70 

be as low as < 8 % and < 4% respectively, whilst in women it is slightly higher at 21 % and 9 % 71 
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respectively (9). Therefore, dietary or supplemental intake of preformed EPA and DHA intake is 72 

necessary to significantly enhance the EPA and DHA content of biological tissues in humans 73 

with known significant inter-individual variability (10). 74 

In recent years, there have been a number of reports in cell systems (11, 12), pre-clinical 75 

mammalian models (13-15) as well as humans (16-18) demonstrating a positive influence of 76 

EPA and DHA intake on skeletal muscle. The notion that EPA and DHA intake may affect 77 

skeletal muscle has garnered much attention not only because skeletal muscle mass and strength 78 

are important in promoting metabolic health (19) and longevity (20), but are also critical 79 

determinants of recovery from situations of accelerated muscle loss (e.g., surgery/intensive care) 80 

(21). Yet, the underlying mechanisms by which EPA and DHA intake confer a positive effect on 81 

skeletal muscle remain unclear. In this review, we address data related to the interaction between 82 

omega-3 fatty acid ingestion and skeletal muscle anabolism with a specific emphasis on muscle 83 

protein turnover kinetics and translational control. Additionally, we examine the potential 84 

efficacy of omega-3 fatty acid supplementation to counteract muscle loss during periods of 85 

muscle-disuse, cancer cachexia, as well as the relevance of inflammatory signalling events. 86 

Given the focused nature of this review we apologize in advance to respected colleagues whose 87 

work we were unable to address and instead refer the interested reader to excellent commentaries 88 

on this topic (22-24).  89 

 90 

1.1 Regulation of skeletal muscle mass 91 

In healthy, normal-weight individuals, skeletal muscle comprises ~45% of body mass and 92 

plays a fundamental role in locomotion, respiration, amino acid storage, glycemic control, and 93 

the ability to sustain independent living with aging (19). Understanding the factors that regulate 94 
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skeletal muscle mass is therefore critical for the development of strategies to support optimal 95 

health across the lifespan. The size and composition of skeletal muscle is determined by changes 96 

in rates of muscle protein synthesis (MPS) relative to those of muscle protein breakdown. In the 97 

rested, fasted-state, the rate of MPS is lower than that of muscle protein breakdown resulting in a 98 

negative state of protein balance (25). The ingestion of high-quality protein, rich in essential 99 

amino acids stimulates a transient increase in the rate of MPS resulting in a positive state of 100 

muscle protein balance (26, 27). It is also known that a single bout of resistance exercise 101 

performed in the fasted-state will induce a rise in both MPS and breakdown; however, the rate of 102 

MPS is elevated 48 h post-exercise whereas the rate of breakdown is returned to baseline at 48 h 103 

post-exercise (28). Critically, protein feeding and resistance exercise impart additive effects on 104 

MPS and net protein balance (26, 29) so when repeated bouts of resistance exercise are coupled 105 

with adequate protein feeding there is a protracted state of positive muscle protein balance 106 

leading to a gradual increase in skeletal muscle size (30). 107 

 108 

1.2 Omega-3 fatty acids and skeletal muscle lipid profiles 109 

Omega-3 fatty acid status is often assessed using either venous or fingerpick blood 110 

samples followed by analysis for fatty acid content of membrane phospholipids with a number of 111 

basic mathematical calculations based on the relative abundance of omega-3 fatty acids to other 112 

fatty acids employed to determine risk of either disease or deficiency (31, 32). Changes in the 113 

omega-3 fatty acid composition of human blood membrane phospholipids with omega-3 fatty 114 

acid intake occurs rapidly (days) in a dose-dependent manner (33, 34) with washout kinetics 115 

exhibiting comparable declines following the cessation of intake (35). Due to slower turnover 116 

rates compared to blood, changes in omega-3 fatty acid composition of whole skeletal muscle 117 
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phospholipid profiles even with high doses of omega-3 fatty acid intake (~3 g/d EPA and ~2 g/d 118 

DHA) require at least 2 weeks of supplementation in young men before detectable changes are 119 

observed (33). Recent work in young women using a similar dose of EPA + DHA has also 120 

demonstrated increases in the omega-3 content of skeletal muscle phospholipids that plateaued 121 

somewhere between 6 and 8 weeks of supplementation (36). Interestingly, work in human blood 122 

has shown that there are sex-dependent effects in the change in the ratio of EPA:DHA with 123 

omega-3 fatty acid supplementation (35); however, no study has directly compared changes in 124 

omega-3 fatty acid skeletal muscle phospholipid profiles between men and women with omega-3 125 

fatty acid intake. Moreover, unlike blood (35) , no study has established a dose-response and 126 

washout of skeletal muscle phospholipid omega-3 fatty acid content with omega-3 fatty acid 127 

supplementation. Another important consideration is that the rate of incorporation of omega-3 128 

fatty acids into skeletal muscle phospholipid membranes may differ depending on the fraction 129 

assessed (e.g., whole muscle vs. sarcolemmal vs., mitochondrial) (37). As both the sarcolemmal 130 

and mitochondrial membranes serve as major sites of protein interactions and substrate transport, 131 

understanding how omega-3 fatty acid intake alters the lipid composition of distinct cellular 132 

organelles would provide key insights into the impact of compartmental lipid shifts on skeletal 133 

muscle physiology. 134 

 135 

2.0 Omega 3 fatty acids and muscle protein turnover 136 

One of the first reports suggesting that omega-3 fatty acid intake alters muscle protein 137 

turnover in vivo was conducted in growing steers. In that study, Gingras et al. (38) examined the 138 

impact of omega-3 fatty acid-enriched menhaden oil infusion (13.5% EPA and 14.4% DHA) on 139 

whole-body protein kinetics using isotopically-labelled phenylalanine coupled with infusion of 140 
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amino acids and insulin. The primary finding was that following omega-3 fatty acid provision, 141 

there was a doubling in the amount of amino acids required to prevent a state of hypo-142 

aminoacidemia during a hyper-insulinemic clamp; indicative of increased whole-body protein 143 

anabolism. The authors speculated that the increased rate of amino acid clearance from the 144 

systemic circulation following omega-3 fatty acid provision was likely a function of either 145 

greater amino acid uptake into peripheral tissues, increased amino acid oxidation, and/or a 146 

reduction in the rate of protein breakdown. As neither direct rates of protein synthesis nor protein 147 

breakdown were measured it was not possible to delineate the relative contribution of protein 148 

synthesis vs. breakdown to the whole-body response. Moreover, tissue-specific (i.e., skeletal 149 

muscle vs. gut) turnover rates were not measured. This point is particularly relevant as the rate of 150 

gut protein turnover can be significantly higher than that of skeletal muscle (39) rendering it 151 

difficult to draw any conclusions as to whether the altered whole-body protein kinetics were a 152 

function of changes in amino acid handling at the level of skeletal muscle. What the authors did 153 

show was that omega-3 fatty acid supplementation increased the omega-3 fatty acid composition 154 

of skeletal muscle membrane phospholipids that coincided with enhanced phosphorylation of 155 

mechanistic target of rapamycin (mTOR)Ser2448 and ribosomal protein of 70 kDa S6 156 

(p70S6K1)Thr389, two key proteins known to regulate skeletal MPS (40).  157 

Building on the early work of Gingras et al. (38) Smith and colleagues conducted two 158 

studies in younger (17) and older (41) human adults that assessed the influence of 8 weeks of 159 

omega-3 fatty acid supplementation (1.86 g/d of EPA and 1.50 g/d DHA) on rates of mixed 160 

skeletal MPS in the fasted-state, and in response to a hyper-aminoacidemic-hyper-insulinemic 161 

infusion. These studies (17, 41) demonstrated that whilst EPA and DHA supplementation and 162 

subsequent incorporation into membrane phospholipids had no impact on fasted rates of mixed 163 
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MPS, in response to the hyper-aminoacidemic-hyper-insulinemic infusion, there was a 164 

potentiation of mixed MPS compared to before supplementation. Additionally, the potentiation 165 

of mixed MPS by EPA and DHA feeding was associated with enhanced mTORSer2448 and 166 

p70S6K1Thr389 phosphorylation in skeletal muscle, corroborating the previous observations of 167 

Gingras et al. (38). A separate study (18), showed that 6 months of 1.86 g/d of EPA and 1.50 g/d 168 

DHA supplementation lead to a significant increase in lean mass and clinically-relevant gains in 169 

muscle volume and muscle strength in older adults in a free-living environment. When taken 170 

together with the animal work of Gingras et al. (38), these human studies (17, 41) indicated that 171 

omega-3 fatty acid intake increased the omega-3 composition of skeletal muscle phospholipids 172 

that is linked to enhanced rates of mixed MPS supporting gains in skeletal muscle mass and size 173 

over time (18). Given that the age-related loss of skeletal muscle mass and strength with 174 

advancing age, termed sarcopenia, is now recognized as an independent condition (International 175 

Classification of Disease, ICD-10-CM) (42), the use of omega-3 fatty acids to promote skeletal 176 

muscle anabolism may soon prove to have important utility in geriatric populations. 177 

 Since the seminal investigations of Gingras et al (38) and Smith et al. (17, 18, 41) there 178 

have been other studies examining the role of omega-3 fatty acids on skeletal muscle protein 179 

metabolism. For instance, omega-3 fatty acids have been shown to alter protein turnover in C2C12 180 

cells (11, 12), as well as augmenting anabolic signalling in skeletal muscle of both rodents (15) 181 

and humans (33). There are also reports that supplementation with omega-3 fatty acids enhances 182 

resistance exercise-induced gains in skeletal muscle strength (43), an effect that appears to be 183 

particularly potent in older women (44). However, not all studies support the notion that omega-184 

3 fatty acids enhance muscle anabolism. One study by McGlory et al. (45) failed to show any 185 

measurable effect of 8 weeks of 5 g/d EPA and DHA feeding on changes in myofibrillar MPS 186 
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following either ingestion of 30 g protein or when protein feeding was combined with a bout of 187 

unilateral resistance exercise in young men. Additionally, Da Boit et al. (44) failed to 188 

demonstrate any effect of 2.1 g EPA/d and 0.6 g DHA/d supplementation on integrated rates of 189 

myofibrillar MPS or muscle size in older adults undergoing 18 weeks of resistance exercise 190 

training.  191 

The conflicting reports regarding the efficacy of omega-3 fatty acid supplementation on 192 

MPS in humans could be underpinned by a number of factors, not least differences in 193 

experimental design. Unlike the repeated measures design of Smith et al. (17, 41) there was no 194 

pre-post supplementation measurement of myofibrillar MPS in the work of Da Boit et al. (44) 195 

and McGlory et al. (45) thus reducing statistical power. Furthermore, the 30 g dose of protein 196 

used by McGlory et al. (45) is a dose known to maximize rates of myofibrillar MPS in younger 197 

persons (46), whereas in the studies of Smith et al. (17, 41) amino acids were infused at a rate to 198 

elicit a state of aminoacidemia that is suboptimal for the stimulation of myofibrillar MPS. Thus, 199 

it is entirely possible that in the study of McGlory et al. (45) maximal rates of myofibrillar MPS 200 

had already been achieved and leaving no further capacity for omega-3 fatty acids to confer 201 

anabolic influence. As older adults require a greater relative per dose of protein to optimally 202 

stimulate rates of myofibrillar MPS than younger adults (0.40 vs. 0.24 g/kg body mass) (46), this 203 

contention may explain the greater relative increase in rates of mixed MPS in response to 204 

aminoacidemia in older compared to younger adults following omega-3 fatty acid feeding (17, 205 

41). It could also provide some explanation as to the marked gains in muscle size with omega-3 206 

fatty acid feeding in older adults in a free-living setting (18) during which dietary intake was not 207 

controlled and protein consumption likely suboptimal. Conversely, older adults who are already 208 
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consuming adequate dietary protein may not receive the same benefit with omega-3 fatty acid 209 

supplementation compared to those who do not, at least with respect to changes in rates of MPS.  210 

 211 

3.0 Counteracting skeletal muscle loss with omega-3 fatty acids 212 

3.1 Skeletal muscle-disuse atrophy 213 

Although resistance exercise enhances rates of MPS in response to amino acid ingestion 214 

(29), periods of muscle-disuse (i.e., immobilization) result in decreased rates of MPS in both the 215 

fed and fasted state (47, 48). This reduction induces an aggregate negative state of protein 216 

balance leading to a decline in muscle mass and size over time (36). Physically active younger 217 

women also appear to be more susceptible to periods of muscle-disuse as they are ~3 times more 218 

likely to sustain anterior cruciate ligament tears in select sporting activities requiring surgical 219 

intervention compared to their male counterparts (49). Whilst younger adults recover muscle 220 

mass and size from such periods, older adults display an impaired regenerative capacity in 221 

response to episodes of muscle-disuse (50, 51). When superimposed onto the natural biological 222 

decline in muscle mass with advancing age, these periods of muscle-disuse in older adults give 223 

rise to the ‘catabolic crisis model’ of accelerated muscle loss, rendering older persons at greater 224 

risk of premature entry to a state of functional disability (52). Strategies such as resistance 225 

exercise (53) and neuromuscular electrical stimulation (54) are effective means to attenuate 226 

muscle-disuse atrophy. However, in situations in which patients are immobilized due to 227 

surgery/injury, resistance exercise and neuromuscular electrical stimulation may not be the most 228 

practical approaches due to associated contraindications (e.g., pain/inflammation) as well as the 229 

necessity for qualified supervision, particularly in an institutionalized setting.  230 
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 Given that omega-3 fatty acid supplementation enhances amino acid and insulin-231 

mediated increases in rates of MPS (17, 41), it is possible that omega-3 fatty acid intake may 232 

serve to attenuate disuse-induced declines in MPS and thus attenuate muscle loss. 233 

Supplementation of rodents undergoing hindlimb suspension with fish oils rich in omega-3 fatty 234 

acids has been shown to alleviate soleus atrophy, which was associated with partial preservation 235 

of myosin heavy chain content and p70S6K1Thr389 phosphorylation (55). Moreover, others 236 

recently demonstrated that 6-weeks of ~3 g/d EPA and ~2 g/d DHA attenuated declines in 237 

muscle volume and muscle mass during 2-weeks of unilateral leg immobilization in young 238 

women (36). A key finding of this work (36) was that following 2-weeks of free-living recovery 239 

participants in the omega-3 fatty acid group recovered the losses in muscle volume whereas 240 

those in the control group did not. Importantly, the attenuation of muscle-disuse atrophy by 241 

omega-3 fatty acids also coincided with increased daily rates of integrated myofibrillar MPS. 242 

These findings (36) complement previous reports using amino acid and insulin infusions (17, 41) 243 

and highlight the efficacy of omega-3 fatty acid feeding to protect the loss of skeletal muscle in 244 

response to, and recovery from, periods of muscle-disuse in young women. It is important to note 245 

that this study (36) was conducted in the context of simple muscle-disuse atrophy and in the 246 

absence of factors that likely accompany injury/recovery from surgery such as excessive 247 

inflammation/hypercortisolemia. It is also unknown whether omega-3 fatty acid feeding protects 248 

muscle loss during periods of muscle-disuse in older men and women or younger men.  Further 249 

work in situations that recapitulate real-life clinical scenarios of muscle-disuse in both younger 250 

and older adults would add to these findings.  251 

 252 

3.2 Cancer cachexia 253 
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As omega-3 fatty acid intake has been shown to confer anabolic influence in ostensibly 254 

healthy individuals, it is entirely possible that omega-3 fatty acid intake may also positively 255 

impact skeletal muscle in situations of disease (Figure 1). Cancer cachexia is a multifactorial 256 

syndrome characterized by a marked involuntary loss of skeletal muscle mass that has a negative 257 

impact on muscle function, and is highly predictive of poor survival (56). Treatment of cancer 258 

cachexia continues to be one of the most prominent challenges faced by clinicians and scientists 259 

since the beginning of modern cancer therapy (57). The lack of adequate energy and nutrient 260 

ingestion, high concentration of plasma pro-inflammatory factors, tumoral factors, 261 

chemo/radiotherapy, and low-physical activity all contribute to the loss of muscle mass seen with 262 

cancer cachexia (57-60). As such, in the clinical setting a multifactorial approach that includes 263 

increased physical activity and targeted nutritional strategies is often employed to combat cancer 264 

cachexia.   265 

Most nutritional guidelines targeted at attenuating cancer cachexia focus on reaching 266 

energy requirements of 25-30 kcal/kg/day and protein ingestion of 1.2-1.5 g/ kg body mass /day 267 

(61, 62). Due to complications associated with some types of cancers (e.g., esophageal) and 268 

related surgeries resulting in dysphagia, achieving these guidelines in a real-world scenario can 269 

be problematic. Omega-3 fatty acids, mainly EPA (at 2-2.5 g/day) (61, 62) have been given as 270 

part of the anti-inflammatory and anti-catabolic nutritional therapy to combat the pro-271 

inflammatory burden of cancer cachexia (60). The use of omega-3 fatty acids to counteract 272 

cancer cachexia came to practice following studies in rodents with various types of cancer 273 

showing that ingestion of fish oils rich in EPA and DHA (63-65) or increasing the omega-3 to 274 

omega-6 fatty acid ratio in the diet (66) were effective in decreasing tumor growth and cachexia 275 

development. After these initial studies (63-65), further reports were published in humans 276 
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corroborating the positive effects of omega-3 fatty acids seen in rodent models. For example, 277 

there is evidence that low skeletal muscle mass is associated with reduced plasma fatty acid EPA 278 

status in cancer patients (67). Provision of 2.2 g/d EPA for 5 d pre-operatively and 21 d 279 

postoperatively in patients undergoing esophageal cancer surgery has been shown to preserve 280 

lean body mass as assessed by bioelectrical impedance (68). Furthermore, others have shown in 281 

patients with mixed-stage non-small cell lung cancer that 2.5 g/d of EPA + DHA resulted in a 282 

significant gain in lean body mass and a corresponding decrease in fat mass (69). However, the 283 

experimental evidence supporting the use of omega-3 fatty acids in the treatment of cancer 284 

cachexia is far from conclusive. A recent systematic review of studies published from 2000 to 285 

2015 examining the impact of omega-3 fatty acids on cancer cachexia identified that out of 140 286 

studies only 7 reached the quality threshold of inclusion according to the Delphi list (70). Out of 287 

those 7 studies, only one study in pre-cachexic cancer patients demonstrated a statistically 288 

positive effect of omega-3 fatty acids (71, 72). The fact that only 5% of available studies reached 289 

the required threshold of quality in this systematic review (70), highlights the challenges faced 290 

by scientists and clinicians in conducting high-quality, statistically-powered, randomized 291 

controlled trials in this specialized population.  292 

Unlike periods of uncomplicated muscle-disuse in which the declines in skeletal muscle 293 

mass are primarily driven by a decrement in rates of MPS (73), it is generally assumed that 294 

cachexia is underpinned by both a diminished rate of MPS and an elevated rate of protein 295 

breakdown induced by a hyper-inflammatory state (Table 1). Given the anti-inflammatory 296 

effects of omega-3 fatty acids (see section 4.5) taken together with the stimulatory influence of 297 

omega-3 fatty acids on MPS (17, 41), it is likely that any impact of omega-3 fatty acids on lean 298 

body mass in cancer cachexia is a result of the dual action on both MPS and protein breakdown. 299 
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To our knowledge, no study has directly assessed the impact of omega-3 fatty acids in isolation 300 

on changes in rates of MPS or protein breakdown in human cancer patients. One study in 301 

patients with various types of cancer (i.e., lung, colorectal, breast, oesophagus, b-cell lymphoma) 302 

demonstrated that ingestion of a multi nutritional supplement containing 11 g whey protein, 4 g 303 

leucine, and 2.2 g EPA and 1.1 g DHA increased MPS above control (74). Whether the inclusion 304 

of omega-3 fatty acids in this formula was additive towards rates of MPS is unknown. However, 305 

it is unlikely that omega-3 fatty acids contributed to the enhanced MPS response given that MPS 306 

was measured 5 h post supplement ingestion and omega-3 fatty acids at the dose provided, would 307 

not have been incorporated into skeletal muscle within such a time-frame (33). Due to ethical 308 

limitations associated with multi-biopsy sampling in cancer cachexic patients, data related to 309 

muscle protein turnover in this clinical population are sparse. The introduction of the ‘virtual 310 

biopsy’ procedure in which the synthetic rate of plasma proteins is used as a proxy of muscle 311 

proteins (75), may serve to circumvent ethical issues related to biopsy sampling and contribute to 312 

the development of nutritional interventions to combat cancer cachexia. However, more work is 313 

needed to validate this approach in compromised populations particularly during conditions of 314 

inactivity and muscle atrophy.   315 

 316 

4.0 Mechanisms of action of omega-3 fatty acids  317 

Traditional thought is that their anti-inflammatory properties are primarily responsible for 318 

many of the reported health benefits of omega-3 fatty acids (1). In diseased states that are often 319 

accompanied by a state of excessive inflammation, the production of anti-inflammatory 320 

molecules and corresponding suppression of pro–inflammatory agents induced by omega-3 fatty 321 

acids is thought to underpin improved health status (1). However, in healthy adults, reports of 322 
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enhanced MPS (41) and increased muscle mass (18) with omega-3 fatty acid feeding occurred in 323 

the absence of any corresponding change in the concentration of putative circulating 324 

inflammatory markers. These findings (18, 41) suggest that in non-pathological states, omega-3 325 

fatty acids do not confer anabolic influence via an anti-inflammatory mechanism. A schematic 326 

illustration of the potential actions of omega-3 fatty acids in skeletal muscle addressed in the 327 

following sections can be seen in Figure 2. 328 

 329 

4.1 EPA vs. DHA 330 

Whilst studies often provide EPA and DHA in combination, both fatty acids are known to 331 

exert independent biological actions.  Reports have shown that EPA may have a greater 332 

influence on muscle protein turnover (11, 12) whereas DHA, likely owing to its higher content in 333 

neuromuscular tissues (~50 times higher than EPA in brain (76)), is heavily involved in 334 

neuromuscular function (77). Work in C2C12 myotubes has demonstrated that treatment with 50 335 

μM EPA but not 50 μM DHA stimulated an increase in protein synthesis (11) and a decrease in 336 

protein breakdown (11). Others, again in C2C12 myotubes, have shown that 24 h incubation with 337 

50 μM EPA resulted in protein accretion, an effect likely driven by decreased protein breakdown, 338 

with no effect of 50 μM DHA. Although delineating the differential effects of EPA and DHA on 339 

muscle protein turnover in vitro is interesting, the concentration of fatty acids used in each 340 

experiment may have a direct bearing on the outcome  (23, 78). Indeed, in one report, treatment 341 

of C2C12 myotubes with 400-600 μM of EPA resulted in a decrease in protein degradation; 342 

however, a similar effect on protein degradation was also achieved across a range of 300-700 μM 343 

DHA (78). Importantly, the concentrations of EPA and DHA used in many in vitro studies are 344 

higher than would typically be seen in the human bloodstream even after high-dose 345 
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supplementation (79). To our knowledge, no study has directly compared the effect of 346 

physiological doses of EPA vs. DHA ingestion on rates of MPS or protein breakdown in humans.  347 

Given that EPA and DHA serve as the substrates for the production of different pro-and anti-348 

inflammatory mediators (e.g., resolvins) each with their own specialized function (1), defining 349 

the mechanisms underpinning how EPA and DHA alter muscle protein turnover in an in vivo 350 

setting is an interesting area worthy of future work.  351 

 352 

4.2 Amino acid transport 353 

As omega-3 fatty acids appear to promote anabolism via enhanced feeding-induced 354 

increases in MPS (17, 41), one potential mechanism by which omega-3 fatty acids alter rates of 355 

MPS could be that of enhanced amino acid transport. One study in pigs (80) identified an 356 

increase in the mRNA expression of the system L-amino acid transporter (LAT-1) following the 357 

ingestion of a diet rich in omega-3 fatty acids. As LAT-1 is known to transport the amino acid 358 

leucine, which is a key agonist of MPS, it could be contended that omega-3 fatty acid modulation 359 

of the phospholipid membrane somehow enhances LAT-1 expression thus facilitating leucine-360 

mediated stimulation of MPS. This theory may, in part, explain the observation of enhanced rates 361 

of MPS in response to a hyper-aminoacidemic hyper-insulinemic infusion (17, 41). There is 362 

some experimental evidence for this thesis in humans, as in response to immobilization omega-3 363 

fatty acid feeding has been shown to increase the LAT-1 mRNA expression in young women, 364 

which was linked to higher integrated rates of MPS (6). However, the change in LAT-1 mRNA 365 

expression in that study (36) did not translate into a detectable increase in LAT-1 protein content. 366 

Whether omega-3 fatty acid feeding alters the expression and/or function of other amino acid 367 

transporters remains unknown.  368 
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 369 

4.3 Protein kinase activity 370 

Many studies that have shown a positive influence of omega-3 fatty acids on skeletal 371 

muscle anabolism also detect increases in the phosphorylation status of kinases related to the 372 

mTORC-1 signalling axis (e.g., protein kinase B (PKB)Thr308/Ser473, mTORSer2448, p70S6K1Thr389) 373 

(11, 15, 17, 41). There is also evidence that omega-3 fatty acid supplementation increases the 374 

content of mechanically-sensitive protein kinases upstream of mTORC-1 (33). These findings 375 

would be expected as the mTORC-1 signalling axis is important for acute nutrient- and 376 

contraction-mediated increases in rates of MPS in humans (40, 81). However, using 377 

radiolabelled (γ-32P) ATP, providing as a gold-standard measurement of protein-kinase activity 378 

in vitro, we identified a suppression of p70S6K1 activity in response to protein feeding and 379 

resistance exercise following 8 weeks of omega-3 fatty acid intake in young men (82). There was 380 

even a downregulation in the activity of PKB in response to omega-3 fatty acid supplementation 381 

alone. One consideration is the in vitro kinase assay is a Vmax measure of kinase activity and does 382 

not necessarily reflect in vivo kinase function, nor single-residue phosphorylation status. It is also 383 

entirely possible that omega-3 fatty acids influence muscle anabolism via mTORC-1 384 

independent mechanisms. Indeed, the study in which 50 μM EPA but not 50 μM DHA stimulated 385 

an increase in protein synthesis in C2C12 myotubes also identified an increase in the 386 

phosphorylation of p70S6K1Thr389 with both EPA and DHA (11) suggesting EPA stimulates 387 

protein synthesis via alternative or additional mechanisms to mTORC1-p70S6K1 signalling (83). 388 

There is evidence that omega-3 fatty acids act via mitogen-activated protein kinase (MAPK) 389 

signaling and/or alterations in satellite cell activity, which could have important implications for 390 

muscle regeneration in aging and in recovery from exercise; for an extended review see (23). 391 
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Although there is little evidence that MAPK signaling and satellite cell activity play any 392 

significant role in mediating acute feeding-induced increases on rates of MPS and it is more 393 

likely that other, potentially unknown kinases or at least those not typically associated with 394 

mTORC-1 signalling, mediate the response.  395 

Another potential mechanism mediating the potentiation of MPS with simulated feeding 396 

(17, 41) could be that of changes in mTORC1-lysosomal interactions. Recent work using 397 

immunohistochemical approaches has demonstrated that mTOR localization to lysosomal and 398 

cell membranes is a key step in mTORC-1 activation (84), and presumably MPS in response to 399 

amino acid provision. Whether omega-3 fatty acid feeding affects these processes remains 400 

unknown, but given that incorporation of omega-3 fatty acids into lipid membranes alters 401 

membrane-associated proteomic profiles (12), future work utilizing a combination of 402 

immunohistochemical and immunoprecipitation approaches coupled with direct measurement of 403 

muscle protein turnover would provide further insight. 404 

 405 

4.4 Mitochondrial function 406 

In addition to the sarcolemma, mitochondrial membranes are known to be sensitive to 407 

omega-3 fatty acid intake (37). One study has demonstrated that 12 weeks of omega-3 fatty acid 408 

supplementation (3 g EPA + 2 g DHA daily) increased mitochondrial EPA and DHA content in 409 

young men that was concordant with improved ADP sensitivity (5). Similarly, others have 410 

shown that 8 weeks of omega-3 fatty acid-rich tuna supplementation reduced whole-body 411 

oxygen consumption during steady-state exercise (85). Although improved respiration kinetics 412 

with omega-3 fatty acids are unlikely to explain previous reports of enhanced rates of MPS in 413 

response to feeding (17, 41), there is evidence that omega-3 fatty acid-mediated changes in 414 
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mitochondrial function may play a role in mitigating muscle loss during aging and periods of 415 

muscle-disuse. Indeed, in the work of Smith et al.(18) in which six months of 1.86 g/d of EPA 416 

and 1.50 g/d DHA supplementation promoted gains in muscle size in older adults, there was also 417 

a corresponding increase in the expression of mitochondrial-related transcripts (86). Moreover, it 418 

was recently shown that the alleviation of muscle loss during 2 weeks of unilateral limb 419 

immobilization in young women undergoing omega-3 fatty acid supplementation (36) was linked 420 

to the preservation of maximal and submaximal ADP sensitivity as well as mitochondrial protein 421 

content (6). This is an important point, as ADP-stimulated oxidative phosphorylation reduces 422 

reactive oxygen species (ROS) emission, and aberrant ROS have been implicated in the 423 

pathology of muscle-disuse atrophy (87). Thus, collectively, these data (6, 36) suggest that the 424 

preservation of mitochondrial function plays a key role in the regulation of muscle size during 425 

periods of muscle-disuse in young women, which may be alleviated by omega-3 fatty acid 426 

supplementation. However, in that study (6, 36), immobilization did not alter H2O2 emissions in 427 

either the omega-3 fatty acid group or control group indicating that the mechanisms by which 428 

omega-3 fatty acids protect against muscle disuse atrophy at least in young women are unrelated 429 

to ROS emissions and oxidative stress. More work is now needed that provides insight into the 430 

interaction between mitochondria, omega-3 fatty acids, and rates of MPS in skeletal muscle. 431 

 432 

4.5 Anti-inflammatory effects of omega-3 fatty acids  433 

Diseased states such as cancer cachexia are associated with increased expression of pro-434 

inflammatory cytokines (e.g., IL-1, IL-6, and TNF) and acute phase proteins (e.g., CRP). These 435 

inflammatory markers are known to trigger regulators of proteolysis that in turn promote muscle 436 

loss (88, 89). The classic mechanism of action by which EPA and DHA modify the production of 437 
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pro-inflammatory cytokines is through alteration in the synthesis of lipid mediators, principally 438 

derivatives of the omega-6 fatty acid arachidonic acid (ARA) and of EPA and DHA themselves. 439 

These lipid mediators are biologically active and include prostaglandins and leukotrienes as well 440 

as specialised pro-resolution mediators. The fatty acid substrate (e.g., ARA, EPA or DHA) for 441 

production of lipid mediators is released from cell membrane phospholipids through the action of 442 

phospholipase enzymes, in particular phospholipase A2. Typically, ARA is more abundant than 443 

EPA or DHA (i.e., it is reported to comprise 10.5% of fatty acids in skeletal muscle lipids (90) 444 

and 17.2% of fatty acids in skeletal muscle phospholipids (17), and therefore it is the dominant 445 

substrate). ARA is metabolised by cyclooxygenase (COX) enzymes (e.g., COX-2) to 2-series 446 

prostaglandins and by 5-lipoxygenase (LOX) to 4-series leukotrienes. These mediators are 447 

closely involved in inflammatory processes, acting through specific G-protein coupled receptors. 448 

Enrichment of EPA in cell membranes is partly at the expense of ARA, thus altering the balance 449 

of substrates available. This is seen in both inflammatory cells (91) and in skeletal muscle (17, 450 

90). EPA is also metabolised by COX and LOX enzymes but gives rise to metabolites with a 451 

slightly different structure from those produced from ARA, typically resulting in lower affinity 452 

for receptors (92) and lower bioactivity (91). As a result, EPA enrichment is linked with lower 453 

concentrations of potent ARA-derived mediators being produced and higher concentrations of 454 

less potent EPA-derived mediators being produced. EPA and DHA can also decrease COX-2 455 

gene and protein expression (64, 93), which has the effect of lowering lipid mediator production 456 

due to less available enzyme. 457 

The mechanism behind the omega-3 fatty acid-induced lowering of COX-2 gene 458 

expression seems to be inhibition of the nuclear factor kappa B (NF-B) pathway. NF-B is a 459 

transcription factor that acts to up-regulate inflammatory gene expression (94). NF-B exists as 460 
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an inactive trimer in the cytosol of cells. In the presence of an inflammatory trigger or stimulus, a 461 

signaling pathway results in phosphorylation of the inhibitory subunit of the NF-B trimer which 462 

then dissociates and is degraded. This leaves the remaining dimer free to translocate to the 463 

nucleus and bind to response elements in target genes altering their transcription. Through 464 

inhibiting the signaling pathway that activates NF-B, EPA and DHA not only down-regulate 465 

COX-2 gene expression but also the expression of genes encoding common pro-inflammatory 466 

cytokines like TNF and IL-1, genes encoding important chemokines like monocyte chemotactic 467 

protein-1, and genes encoding adhesion molecules responsible for leukocyte infiltration (91). 468 

The inhibition of NF-B activation by EPA and DHA is linked to changes in cell membranes 469 

(95, 96) suggesting omega-3 fatty acid induces alterations in very early signaling events. In 470 

addition, EPA and DHA and some of their lipid mediator derivatives can activate peroxisome 471 

proliferator-activated receptor (PPAR)  (97, 98), which physically interferes with NF-B 472 

translocation to the nucleus (99). Consistent with the importance of this interaction, knockdown 473 

of PPAR significantly reduced the effect of EPA on NF-B signalling (100). Another target for 474 

NF-B is the muscle ring finger-1 (MuRF-1) gene (100) linking this pro-inflammatory pathway 475 

directly with muscle protein breakdown as MuRF-1 aids protein degradation through the 476 

ubiquitination pathway (101).  477 

It appears that EPA and DHA can down-regulate NF-B activation through several 478 

mechanisms, one being through activation of PPAR (97), a second being action via a G-protein 479 

coupled receptor GPR120 (102), and a third being through effects within the cell membrane (95, 480 

96). GPR120 was first identified to be expressed on inflammatory macrophages and adipocytes, 481 

but has more recently been described on skeletal muscle cells (103). DHA appears to be the 482 

major endogenous ligand for GPR120 and DHA was shown to inhibit NF-B activation and 483 
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expression of NF-B target genes and proteins via GPR120 (102). GPR120 was also involved in 484 

beneficial metabolic effects of DHA in adipocytes (102) and skeletal muscle (103), but whether 485 

GPR120 mediates anti-inflammatory effects of DHA in skeletal muscle has not been reported.  486 

The effects of DHA on NF-B activation and NF-B mediated events have been shown 487 

to involve modifications to cell membrane structures termed lipid rafts (96). Lipid rafts are cell 488 

membrane regions that are rich in sphingolipids, saturated fatty acids, cholesterol and signalling 489 

proteins. They form in response to certain stimuli and act to bring together different proteins 490 

involved in common signalling pathways, essentially forming signalling platforms. Lipid rafts 491 

are well described in immune cells, cancer cells and neurones. They are also described in skeletal 492 

muscle (104) and intriguingly they are disrupted by short term muscle disuse in the rat (105). 493 

Some saturated fatty acids have been shown to promote lipid raft formation and inflammatory 494 

signalling (95, 96) while DHA was shown to inhibit lipid raft formation in response to 495 

inflammatory stimuli, including saturated fatty acids, and this was linked to reduced activation of 496 

the NF-B pathway (95, 96). It is not known if omega-3 fatty acids affect lipid raft formation in 497 

skeletal muscle cells and whether such an effect might be linked to reduced inflammation and the 498 

expression of molecules that regulate muscle protein turnover.   499 

The effects of EPA and DHA on production of prostaglandins and leukotrienes and on 500 

pathways that reduce NF-B activation and subsequent production of pro-inflammatory 501 

cytokines, chemokines and adhesion molecules are generally regarded as being anti-502 

inflammatory (1, 91). It is now known that EPA and DHA are substrates for lipid mediators that 503 

actively turn-off (i.e., resolve) inflammation (106-108). These so-called specialized pro-504 

resolution mediators include resolvins produced from EPA (E-series) and DHA (D-series) and 505 

protectins and maresins produced from DHA. The synthesis of resolvins, protectins and maresins 506 
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involves the COX and LOX pathways, with different epimers being produced in the presence 507 

and absence of aspirin (106-108). As might be expected, resolvin synthesis is increased by 508 

feeding laboratory rodent diets rich in EPA and DHA (109) and there are reports of increased 509 

levels of various resolvins in human serum and plasma following daily intake of omega-3 fatty 510 

acid supplements for a period of weeks (110, 111). The biological effects of resolvins, protectins 511 

and maresins have been examined extensively in cell culture and animal models of inflammation, 512 

and they have been demonstrated to be anti-inflammatory and inflammation resolving, 513 

preventing leukocyte infiltration into tissue and decreasing production of cytokines like TNF and 514 

IL-1 (106-108). A recent study (112) mapped the lipid mediator signature during a murine 515 

model of muscle injury and regeneration and identified a temporal pattern of production of 516 

classic pro-inflammatory mediators like prostaglandins/leukotrienes and pro-resolving mediators 517 

like resolvins. These mediators were produced by infiltrating leukocytes (neutrophils and 518 

macrophages) and the temporal change was linked to a change in phenotype of these leukocytes. 519 

The resolution phase was associated with the emergence of an anti-inflammatory phenotype of 520 

macrophage. The role of such lipid mediators in muscle protein turnover and how this may be 521 

optimised by managing omega-3 fatty acid exposure is not currently known. 522 

 523 

5.0 Future directions and conclusion 524 

In summary, the available evidence would suggest that omega-3 fatty acid intake has the 525 

potential to enhance skeletal muscle anabolism, but the magnitude of the effect may be 526 

dependent upon a number of factors. These factors include, but are not limited to, the daily dose 527 

of protein intake, measurement technique, as well as age and metabolic status of participants. 528 

One particular area of promise is the potential for omega-3 fatty acids to counteract muscle 529 
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atrophy, and promote recovery, from periods of muscle-disuse induced by surgery and 530 

subsequent bedrest/inactivity. However, before firm conclusions can be drawn as to the efficacy 531 

of omega-3 fatty acid intake on musculoskeletal health and subsequent translation to the clinical 532 

setting there remains many unanswered questions that require experimental attention. For 533 

instance, what are the molecular mechanisms that mediate improved skeletal muscle protein 534 

turnover and functionality with omega-3 fatty acid intake? Is there a dose-response relationship 535 

between omega-3 fatty acid intake and physiological outcomes, and is the efficacy of omega-3 536 

fatty acid intake on skeletal muscle influenced by sex? Given their independent biological 537 

actions, it will also be vitally important to discern the independent roles of EPA and DHA in 538 

mediating changes in skeletal muscle plasticity. Another important but often overlooked factor is 539 

what are the off-target effects of increasing omega-3 fatty acid intake and are there any negative 540 

consequences in other vitally important processes. The answers to such questions will inevitably 541 

require the application of a range of invasive and non-invasive methodologies in a variety of pre-542 

clinical models as well as humans. We hope that such work will provide important information 543 

for the development of omega-3 fatty acid therapies to promote musculoskeletal health in a 544 

variety of settings and populations.  545 

 546 

Acknowledgements 547 

The authors would like to thank Jonathan McLeod and Raveen Bahniwal for their critical 548 

comments during the drafting of this manuscript. CM would like to thank Dr. Stuart M. Phillips 549 

for facilitating insightful discussion related to scientific concepts addressed in this work.  550 

 551 

Conflict of interest 552 



   

  25

The authors declare no conflicts of interest.  553 

 554 

Author contributions 555 

CM, PCC, and EAN contributed to the writing, and critical evaluation of the manuscript. All 556 

authors approved the final version of the manuscript for submission.  557 

  558 



   

  26

References  559 
 560 
1. Calder PC. Omega-3 fatty acids and inflammatory processes: from molecules to man. 561 
Biochem Soc Trans. 2017;45(5):1105-15. 562 
2. Engler MB, Engler MM. Docosahexaenoic acid--induced vasorelaxation in hypertensive 563 
rats: mechanisms of action. Biol Res Nurs. 2000;2(2):85-95. 564 
3. Cardoso C, Afonso C, Bandarra NM. Dietary DHA and health: cognitive function ageing. 565 
Nutr Res Rev. 2016;29(2):281-94. 566 
4. Kliewer SA, Sundseth SS, Jones SA, Brown PJ, Wisely GB, Koble CS, et al. Fatty acids 567 
and eicosanoids regulate gene expression through direct interactions with peroxisome 568 
proliferator-activated receptors alpha and gamma. Proc Natl Acad Sci U S A. 1997;94(9):4318-569 
23. 570 
5. Herbst EA, Paglialunga S, Gerling C, Whitfield J, Mukai K, Chabowski A, et al. Omega-571 
3 supplementation alters mitochondrial membrane composition and respiration kinetics in human 572 
skeletal muscle. J Physiol. 2014;592(6):1341-52. 573 
6. Miotto PM, McGlory C, Bahniwal R, Kamal M, Phillips SM, Holloway GP. 574 
Supplementation with dietary omega-3 mitigates immobilization-induced reductions in skeletal 575 
muscle mitochondrial respiration in young women. FASEB J. 2019:fj201900095R. 576 
7. Stephenson EJ, Hawley JA. Mitochondrial function in metabolic health: a genetic and 577 
environmental tug of war. Biochim Biophys Acta. 2014;1840(4):1285-94. 578 
8. Thompson M, Hein N, Hanson C, Smith LM, Anderson-Berry A, Richter CK, et al. 579 
Omega-3 Fatty Acid Intake by Age, Gender, and Pregnancy Status in the United States: National 580 
Health and Nutrition Examination Survey 2003(-)2014. Nutrients. 2019;11(1). 581 
9. Arterburn LM, Hall EB, Oken H. Distribution, interconversion, and dose response of n-3 582 
fatty acids in humans. Am J Clin Nutr. 2006;83(6 Suppl):1467S-76S. 583 
10. Nording ML, Yang J, Georgi K, Hegedus Karbowski C, German JB, Weiss RH, et al. 584 
Individual variation in lipidomic profiles of healthy subjects in response to omega-3 Fatty acids. 585 
PLoS One. 2013;8(10):e76575. 586 
11. Kamolrat T, Gray SR. The effect of eicosapentaenoic and docosahexaenoic acid on 587 
protein synthesis and breakdown in murine C2C12 myotubes. Biochem BiophysRes Commun. 588 
2013;432(4):593-8. 589 
12. Jeromson S, Mackenzie I, Doherty MK, Whitfield PD, Bell G, Dick J, et al. Lipid 590 
remodeling and an altered membrane-associated proteome may drive the differential effects of 591 
EPA and DHA treatment on skeletal muscle glucose uptake and protein accretion. Am J Physiol 592 
Endocrinol Metab. 2018;314(6):E605-E19. 593 
13. You JS, Park MN, Lee YS. Dietary fish oil inhibits the early stage of recovery of 594 
atrophied soleus muscle in rats via Akt-p70s6k signaling and PGF2alpha. J Nutr Biochem. 595 
2010;21(10):929-34. 596 
14. You JS, Park MN, Song W, Lee YS. Dietary fish oil alleviates soleus atrophy during 597 
immobilization in association with Akt signaling to p70s6k and E3 ubiquitin ligases in rats. 598 
ApplPhysiol NutrMetab. 2010;35(3):310-8. 599 
15. Kamolrat T, Gray SR, Thivierge MC. Fish oil positively regulates anabolic signalling 600 
alongside an increase in whole-body gluconeogenesis in ageing skeletal muscle. EurJ Nutr. 601 
2013;52(2):647-57. 602 



   

  27

16. Smith GI, Atherton P, Reeds DN, Mohammed BS, Rankin D, Rennie MJ, et al. Dietary 603 
omega-3 fatty acid supplementation increases the rate of muscle protein synthesis in older adults: 604 
a randomized controlled trial. AmJ ClinNutr. 2010;93(2):402-12. 605 
17. Smith GI, Atherton P, Reeds DN, Mohammed BS, Rankin D, Rennie MJ, et al. Omega-3 606 
polyunsaturated fatty acids augment the muscle protein anabolic response to hyperinsulinaemia-607 
hyperaminoacidaemia in healthy young and middle-aged men and women. Clin Sci (Lond). 608 
2011;121(6):267-78. 609 
18. Smith GI, Julliand S, Reeds DN, Sinacore DR, Klein S, Mittendorfer B. Fish oil-derived 610 
n-3 PUFA therapy increases muscle mass and function in healthy older adults. American Journal 611 
of Clinical Nutrition. 2015;102(1):115-22. 612 
19. Wolfe RR. The underappreciated role of muscle in health and disease. American Journal 613 
of Clinical Nutrition. 2006;84(3):475-82. 614 
20. Newman AB, Kupelian V, Visser M, Simonsick EM, Goodpaster BH, Kritchevsky SB, et 615 
al. Strength, but not muscle mass, is associated with mortality in the health, aging and body 616 
composition study cohort. JGerontolA BiolSciMedSci. 2006;61(1):72-7. 617 
21. Wischmeyer PE, Puthucheary Z, San Millan I, Butz D, Grocott MPW. Muscle mass and 618 
physical recovery in ICU: innovations for targeting of nutrition and exercise. Curr Opin Crit 619 
Care. 2017;23(4):269-78. 620 
22. Rossato LT, Schoenfeld BJ, de Oliveira EP. Is there sufficient evidence to supplement 621 
omega-3 fatty acids to increase muscle mass and strength in young and older adults? Clin Nutr. 622 
2019. 623 
23. Tachtsis B, Camera D, Lacham-Kaplan O. Potential Roles of n-3 PUFAs during Skeletal 624 
Muscle Growth and Regeneration. Nutrients. 2018;10(3). 625 
24. Witard OC, Combet E, Gray SR. Long-chain n-3 fatty acids as an essential link between 626 
musculoskeletal and cardio-metabolic health in older adults. Proc Nutr Soc. 2019:1-9. 627 
25. Biolo G, Maggi SP, Williams BD, Tipton KD, Wolfe RR. Increased rates of muscle 628 
protein turnover and amino acid transport after resistance exercise in humans. Am J Physiol. 629 
1995;268(3 Pt 1):E514-E20. 630 
26. Biolo G, Tipton KD, Klein S, Wolfe RR. An abundant supply of amino acids enhances 631 
the metabolic effect of exercise on muscle protein. AmJPhysiol. 1997;273(1 Pt 1):E122-E9. 632 
27. Greenhaff PL, Karagounis L, Peirce N, Simpson EJ, Hazell M, Layfield R, et al. 633 
Disassociation between the effects of amino acids and insulin on signalling, ubiquitin-ligases and 634 
protein turnover in human muscle. Am J Physiol Endocrinol Metab. 2008;295(3):E595-E604. 635 
28. Phillips S, Tipton K, Aarsland A, Wolf S, Wolfe R. Mixed muscle protein synthesis and 636 
breakdown after resistance exercise in humans. American Journal of Physiology-Endocrinology 637 
and Metabolism. 1997;273(1):E99-E107. 638 
29. Witard OC, Tieland M, Beelen M, Tipton KD, van Loon LJ, Koopman R. Resistance 639 
exercise increases postprandial muscle protein synthesis in humans. Med Sci Sports Exerc. 640 
2009;41(1):144-54. 641 
30. Morton RW, Murphy KT, McKellar SR, Schoenfeld BJ, Henselmans M, Helms E, et al. 642 
A systematic review, meta-analysis and meta-regression of the effect of protein supplementation 643 
on resistance training-induced gains in muscle mass and strength in healthy adults. Br J Sports 644 
Med. 2017. 645 
31. Harris WS, Von Schacky C. The Omega-3 Index: a new risk factor for death from 646 
coronary heart disease? Prev Med. 2004;39(1):212-20. 647 



   

  28

32. Bell JG, Mackinlay EE, Dick JR, Younger I, Lands B, Gilhooly T. Using a fingertip 648 
whole blood sample for rapid fatty acid measurement: method validation and correlation with 649 
erythrocyte polar lipid compositions in UK subjects. Br J Nutr. 2011;106(9):1408-15. 650 
33. McGlory C, Galloway SD, Hamilton DL, McClintock C, Breen L, Dick JR, et al. 651 
Temporal changes in human skeletal muscle and blood lipid composition with fish oil 652 
supplementation. Prostaglandins LeukotEssentFatty Acids. 2014;90(6):199-206. 653 
34. Browning LM, Walker CG, Mander AP, West AL, Madden J, Gambell JM, et al. 654 
Incorporation of eicosapentaenoic and docosahexaenoic acids into lipid pools when given as 655 
supplements providing doses equivalent to typical intakes of oily fish. Am J Clin Nutr. 656 
2012;96(4):748-58. 657 
35. Metherel AH, Armstrong JM, Patterson AC, Stark KD. Assessment of blood measures of 658 
n-3 polyunsaturated fatty acids with acute fish oil supplementation and washout in men and 659 
women. Prostaglandins Leukot Essent Fatty Acids. 2009;81(1):23-9. 660 
36. McGlory C, Gorissen SHM, Kamal M, Bahniwal R, Hector AJ, Baker SK, et al. Omega-661 
3 fatty acid supplementation attenuates skeletal muscle disuse atrophy during two weeks of 662 
unilateral leg immobilization in healthy young women. FASEB J. 2019;33(3):4586-97. 663 
37. Gerling CJ, Mukai K, Chabowski A, Heigenhauser GJF, Holloway GP, Spriet LL, et al. 664 
Incorporation of Omega-3 Fatty Acids Into Human Skeletal Muscle Sarcolemmal and 665 
Mitochondrial Membranes Following 12 Weeks of Fish Oil Supplementation. Front Physiol. 666 
2019;10:348. 667 
38. Gingras AA, White PJ, Chouinard PY, Julien P, Davis TA, Dombrowski L, et al. Long-668 
chain omega-3 fatty acids regulate bovine whole-body protein metabolism by promoting muscle 669 
insulin signalling to the Akt-mTOR-S6K1 pathway and insulin sensitivity. J Physiol. 670 
2007;579(Pt 1):269-84. 671 
39. Nakshabendi IM, McKee R, Downie S, Russell RI, Rennie MJ. Rates of small intestinal 672 
mucosal protein synthesis in human jejunum and ileum. Am J Physiol. 1999;277(6 Pt 1):E1028-673 
E31. 674 
40. Dickinson JM, Fry CS, Drummond MJ, Gundermann DM, Walker DK, Glynn EL, et al. 675 
Mammalian target of rapamycin complex 1 activation is required for the stimulation of human 676 
skeletal muscle protein synthesis by essential amino acids. J Nutr. 2011;141(5):856-62. 677 
41. Smith GI, Atherton P, Reeds DN, Mohammed BS, Rankin D, Rennie MJ, et al. Dietary 678 
omega-3 fatty acid supplementation increases the rate of muscle protein synthesis in older adults: 679 
a randomized controlled trial. Am J Clin Nutr. 2011;93(2):402-12. 680 
42. Cao L, Morley JE. Sarcopenia Is Recognized as an Independent Condition by an 681 
International Classification of Disease, Tenth Revision, Clinical Modification (ICD-10-CM) 682 
Code. J Am Med Dir Assoc. 2016;17(8):675-7. 683 
43. Rodacki CL, Rodacki AL, Pereira G, Naliwaiko K, Coelho I, Pequito D, et al. Fish-oil 684 
supplementation enhances the effects of strength training in elderly women. AmJ ClinNutr. 685 
2012;95(2):428-36. 686 
44. Da Boit M, Sibson R, Sivasubramaniam S, Meakin JR, Greig CA, Aspden RM, et al. Sex 687 
differences in the effect of fish-oil supplementation on the adaptive response to resistance 688 
exercise training in older people: a randomized controlled trial. Am J Clin Nutr. 689 
2017;105(1):151-8. 690 
45. McGlory C, Wardle SL, Macnaughton LS, Witard OC, Scott F, Dick J, et al. Fish oil 691 
supplementation suppresses resistance exercise and feeding-induced increases in anabolic 692 
signaling without affecting myofibrillar protein synthesis in young men. Physiol Rep. 2016;4(6). 693 



   

  29

46. Moore DR, Churchward-Venne TA, Witard O, Breen L, Burd NA, Tipton KD, et al. 694 
Protein Ingestion to Stimulate Myofibrillar Protein Synthesis Requires Greater Relative Protein 695 
Intakes in Healthy Older Versus Younger Men. Journals of Gerontology Series a-Biological 696 
Sciences and Medical Sciences. 2015;70(1):57-62. 697 
47. Glover EI, Phillips SM, Oates BR, Tang JE, Tarnopolsky MA, Selby A, et al. 698 
Immobilization induces anabolic resistance in human myofibrillar protein synthesis with low and 699 
high dose amino acid infusion. J Physiol. 2009;586(24):6049-61. 700 
48. Wall BT, Dirks ML, Snijders T, van Dijk JW, Fritsch M, Verdijk LB, et al. Short-term 701 
muscle disuse lowers myofibrillar protein synthesis rates and induces anabolic resistance to 702 
protein ingestion. Am J Physiol Endocrinol Metab. 2016;310(2):E137-47. 703 
49. Prodromos CC, Han Y, Rogowski J, Joyce B, Shi K. A meta-analysis of the incidence of 704 
anterior cruciate ligament tears as a function of gender, sport, and a knee injury-reduction 705 
regimen. Arthroscopy. 2007;23(12):1320-5 e6. 706 
50. Suetta C, Frandsen U, Mackey AL, Jensen L, Hvid LG, Bayer ML, et al. Ageing is 707 
associated with diminished muscle re-growth and myogenic precursor cell expansion early after 708 
immobility-induced atrophy in human skeletal muscle. J Physiol. 2013;591(Pt 15):3789-804. 709 
51. McGlory C, von Allmen MT, Stokes T, Morton RW, Hector AJ, Lago BA, et al. Failed 710 
Recovery of Glycemic Control and Myofibrillar Protein Synthesis With 2 wk of Physical 711 
Inactivity in Overweight, Prediabetic Older Adults. J Gerontol A Biol Sci Med Sci. 712 
2018;73(8):1070-7. 713 
52. English KL, Paddon-Jones D. Protecting muscle mass and function in older adults during 714 
bed rest. Curr Opin Clin Nutr Metab Care. 2010;13(1):34-9. 715 
53. Oates BR, Glover EI, West DW, Fry JL, Tarnopolsky MA, Phillips SM. Low-volume 716 
resistance exercise attenuates the decline in strength and muscle mass associated with 717 
immobilization. Muscle Nerve. 2010;42(4):539-46. 718 
54. Dirks ML, Wall BT, Snijders T, Ottenbros CL, Verdijk LB, van Loon LJ. Neuromuscular 719 
electrical stimulation prevents muscle disuse atrophy during leg immobilization in humans. Acta 720 
Physiol (Oxf). 2014;210(3):628-41. 721 
55. You JS, Park MN, Song W, Lee YS. Dietary fish oil alleviates soleus atrophy during 722 
immobilization in association with Akt signaling to p70s6k and E3 ubiquitin ligases in rats. Appl 723 
Physiol Nutr Metab. 2010;35(3):310-8. 724 
56. Blauwhoff-Buskermolen S, Versteeg KS, de van der Schueren MA, den Braver NR, 725 
Berkhof J, Langius JA, et al. Loss of Muscle Mass During Chemotherapy Is Predictive for Poor 726 
Survival of Patients With Metastatic Colorectal Cancer. J Clin Oncol. 2016;34(12):1339-44. 727 
57. Ryan AM, Power DG, Daly L, Cushen SJ, Ni Bhuachalla E, Prado CM. Cancer-728 
associated malnutrition, cachexia and sarcopenia: the skeleton in the hospital closet 40 years 729 
later. Proc Nutr Soc. 2016;75(2):199-211. 730 
58. Aguiar JPS, Fabre MES, Waitzberg DL. Omega-3 supplements for patients in 731 
chemotherapy and/or radiotherapy: A systematic review. Clin Nutr. 2015;34(3):359-66. 732 
59. Camargo CQ, Borges DS, de Oliveira PF, Chagas TR, Del Moral JA, Durigon GS, et al. 733 
Individuals with hematological malignancies before undergoing chemotherapy present oxidative 734 
stress parameters and acute phase proteins correlated with nutritional status. Nutr Cancer. 735 
2015;67(3):463-71. 736 
60. Gorjao R, Dos Santos CMM, Serdan TDA, Diniz VLS, Alba-Loureiro TC, Cury-737 
Boaventura MF, et al. New insights on the regulation of cancer cachexia by N-3 polyunsaturated 738 
fatty acids. Pharmacol Ther. 2019;196:117-34. 739 



   

  30

61. Huhmann MB, August DA. Review of American Society for Parenteral and Enteral 740 
Nutrition (ASPEN) Clinical Guidelines for Nutrition Support in Cancer Patients: nutrition 741 
screening and assessment. Nutr Clin Pract. 2008;23(2):182-8. 742 
62. Arends J, Baracos V, Bertz H, Bozzetti F, Calder PC, Deutz NEP, et al. ESPEN expert 743 
group recommendations for action against cancer-related malnutrition. Clin Nutr. 744 
2017;36(5):1187-96. 745 
63. Whitehouse AS, Smith HJ, Drake JL, Tisdale MJ. Mechanism of attenuation of skeletal 746 
muscle protein catabolism in cancer cachexia by eicosapentaenoic acid. Cancer Res. 747 
2001;61(9):3604-9. 748 
64. Mund RC, Pizato N, Bonatto S, Nunes EA, Vicenzi T, Tanhoffer R, et al. Decreased 749 
tumor growth in Walker 256 tumor-bearing rats chronically supplemented with fish oil involves 750 
COX-2 and PGE2 reduction associated with apoptosis and increased peroxidation. 751 
Prostaglandins Leukot Essent Fatty Acids. 2007;76(2):113-20. 752 
65. Iagher F, de Brito Belo SR, Souza WM, Nunes JR, Naliwaiko K, Sassaki GL, et al. 753 
Antitumor and anti-cachectic effects of shark liver oil and fish oil: comparison between 754 
independent or associative chronic supplementation in Walker 256 tumor-bearing rats. Lipids 755 
Health Dis. 2013;12:146. 756 
66. Pizato N, Bonatto S, Yamazaki RK, Aikawa J, Nogata C, Mund RC, et al. Ratio of n6 to 757 
n-3 fatty acids in the diet affects tumor growth and cachexia in Walker 256 tumor-bearing rats. 758 
Nutr Cancer. 2005;53(2):194-201. 759 
67. Murphy RA, Mourtzakis M, Chu QS, Reiman T, Mazurak VC. Skeletal muscle depletion 760 
is associated with reduced plasma (n-3) fatty acids in non-small cell lung cancer patients. J Nutr. 761 
2010;140(9):1602-6. 762 
68. Ryan AM, Reynolds JV, Healy L, Byrne M, Moore J, Brannelly N, et al. Enteral nutrition 763 
enriched with eicosapentaenoic acid (EPA) preserves lean body mass following esophageal 764 
cancer surgery: results of a double-blinded randomized controlled trial. AnnSurg. 765 
2009;249(3):355-63. 766 
69. Murphy RA, Mourtzakis M, Chu QS, Baracos VE, Reiman T, Mazurak VC. Nutritional 767 
intervention with fish oil provides a benefit over standard of care for weight and skeletal muscle 768 
mass in patients with nonsmall cell lung cancer receiving chemotherapy. Cancer. 769 
2011;117(8):1775-82. 770 
70. Lavriv DS, Neves PM, Ravasco P. Should omega-3 fatty acids be used for adjuvant 771 
treatment of cancer cachexia? Clin Nutr ESPEN. 2018;25:18-25. 772 
71. van der Meij BS, Langius JA, Smit EF, Spreeuwenberg MD, von Blomberg BM, 773 
Heijboer AC, et al. Oral nutritional supplements containing (n-3) polyunsaturated fatty acids 774 
affect the nutritional status of patients with stage III non-small cell lung cancer during 775 
multimodality treatment. J Nutr. 2010;140(10):1774-80. 776 
72. van der Meij BS, Langius JA, Spreeuwenberg MD, Slootmaker SM, Paul MA, Smit EF, 777 
et al. Oral nutritional supplements containing n-3 polyunsaturated fatty acids affect quality of life 778 
and functional status in lung cancer patients during multimodality treatment: an RCT. Eur J Clin 779 
Nutr. 2012;66(3):399-404. 780 
73. Phillips SM, Glover EI, Rennie MJ. Alterations of protein turnover underlying disuse 781 
atrophy in human skeletal muscle. Journal of Applied Physiology. 2009;107(3):643-54. 782 
74. Deutz NE, Safar A, Schutzler S, Memelink R, Ferrando A, Spencer H, et al. Muscle 783 
protein synthesis in cancer patients can be stimulated with a specially formulated medical food. 784 
Clin Nutr. 2011;30(6):759-68. 785 



   

  31

75. Shankaran M, King CL, Angel TE, Holmes WE, Li KW, Colangelo M, et al. Circulating 786 
protein synthesis rates reveal skeletal muscle proteome dynamics. J Clin Invest. 787 
2016;126(1):288-302. 788 
76. Igarashi M, Ma K, Gao F, Kim HW, Greenstein D, Rapoport SI, et al. Brain lipid 789 
concentrations in bipolar disorder. J Psychiatr Res. 2010;44(3):177-82. 790 
77. Salem N, Jr., Litman B, Kim HY, Gawrisch K. Mechanisms of action of 791 
docosahexaenoic acid in the nervous system. Lipids. 2001;36(9):945-59. 792 
78. Wang Y, Lin QW, Zheng PP, Zhang JS, Huang FR. DHA inhibits protein degradation 793 
more efficiently than EPA by regulating the PPARgamma/NFkappaB pathway in C2C12 794 
myotubes. Biomed Res Int. 2013;2013:318981. 795 
79. Calder PC. Docosahexaenoic Acid. Ann Nutr Metab. 2016;69 Suppl 1:7-21. 796 
80. Li F, Duan Y, Li Y, Tang Y, Geng M, Oladele OA, et al. Effects of dietary n-6:n-3 PUFA 797 
ratio on fatty acid composition, free amino acid profile and gene expression of transporters in 798 
finishing pigs. Br J Nutr. 2015;113(5):739-48. 799 
81. Drummond MJ, Fry CS, Glynn EL, Dreyer HC, Dhanani S, Timmerman KL, et al. 800 
Rapamycin administration in humans blocks the contraction-induced increase in skeletal muscle 801 
protein synthesis. JPhysiol. 2009;587(Pt 7):1535-46. 802 
82. McGlory C, White A, Treins C, Drust B, Close GL, Maclaren DP, et al. Application of 803 
the [gamma-32P] ATP kinase assay to study anabolic signaling in human skeletal muscle. J Appl 804 
Physiol (1985). 2014;116(5):504-13. 805 
83. You JS, McNally RM, Jacobs BL, Privett RE, Gundermann DM, Lin KH, et al. The role 806 
of raptor in the mechanical load-induced regulation of mTOR signaling, protein synthesis, and 807 
skeletal muscle hypertrophy. FASEB J. 2019;33(3):4021-34. 808 
84. Hodson N, McGlory C, Oikawa SY, Jeromson S, Song Z, Ruegg MA, et al. Differential 809 
localization and anabolic responsiveness of mTOR complexes in human skeletal muscle in 810 
response to feeding and exercise. Am J Physiol Cell Physiol. 2017;313(6):C604-C11. 811 
85. Peoples GE, McLennan PL, Howe PR, Groeller H. Fish oil reduces heart rate and oxygen 812 
consumption during exercise. J Cardiovasc Pharmacol. 2008;52(6):540-7. 813 
86. Yoshino J, Smith GI, Kelly SC, Julliand S, Reeds DN, Mittendorfer B. Effect of dietary 814 
n-3 PUFA supplementation on the muscle transcriptome in older adults. Physiol Rep. 815 
2016;4(11). 816 
87. Powers SK, Smuder AJ, Criswell DS. Mechanistic links between oxidative stress and 817 
disuse muscle atrophy. Antioxid Redox Signal. 2011;15(9):2519-28. 818 
88. Crossland H, Skirrow S, Puthucheary ZA, Constantin-Teodosiu D, Greenhaff PL. The 819 
impact of immobilisation and inflammation on the regulation of muscle mass and insulin 820 
resistance: different routes to similar end-points. J Physiol. 2019;597(5):1259-70. 821 
89. Frost RA, Lang CH. Skeletal muscle cytokines: regulation by pathogen-associated 822 
molecules and catabolic hormones. CurrOpinClinNutrMetab Care. 2005;8(3):255-63. 823 
90. McGlory C, Galloway SD, Hamilton DL, McClintock C, Breen L, Dick JR, et al. 824 
Temporal changes in human skeletal muscle and blood lipid composition with fish oil 825 
supplementation. Prostaglandins Leukot Essent Fatty Acids. 2014;90(6):199-206. 826 
91. Calder PC. Marine omega-3 fatty acids and inflammatory processes: Effects, mechanisms 827 
and clinical relevance. Biochim Biophys Acta. 2015;1851(4):469-84. 828 
92. Wada M, DeLong CJ, Hong YH, Rieke CJ, Song I, Sidhu RS, et al. Enzymes and 829 
receptors of prostaglandin pathways with arachidonic acid-derived versus eicosapentaenoic acid-830 
derived substrates and products. J Biol Chem. 2007;282(31):22254-66. 831 



   

  32

93. Li X, Yu Y, Funk CD. Cyclooxygenase-2 induction in macrophages is modulated by 832 
docosahexaenoic acid via interactions with free fatty acid receptor 4 (FFA4). FASEB J. 833 
2013;27(12):4987-97. 834 
94. Sigal LH. Basic science for the clinician 39: NF-kappaB-function, activation, control, and 835 
consequences. J Clin Rheumatol. 2006;12(4):207-11. 836 
95. Lee JY, Sohn KH, Rhee SH, Hwang D. Saturated fatty acids, but not unsaturated fatty 837 
acids, induce the expression of cyclooxygenase-2 mediated through Toll-like receptor 4. J Biol 838 
Chem. 2001;276(20):16683-9. 839 
96. Wong SW, Kwon MJ, Choi AM, Kim HP, Nakahira K, Hwang DH. Fatty acids modulate 840 
Toll-like receptor 4 activation through regulation of receptor dimerization and recruitment into 841 
lipid rafts in a reactive oxygen species-dependent manner. J Biol Chem. 2009;284(40):27384-92. 842 
97. Krey G, Braissant O, L'Horset F, Kalkhoven E, Perroud M, Parker MG, et al. Fatty acids, 843 
eicosanoids, and hypolipidemic agents identified as ligands of peroxisome proliferator-activated 844 
receptors by coactivator-dependent receptor ligand assay. Mol Endocrinol. 1997;11(6):779-91. 845 
98. Zapata-Gonzalez F, Rueda F, Petriz J, Domingo P, Villarroya F, Diaz-Delfin J, et al. 846 
Human dendritic cell activities are modulated by the omega-3 fatty acid, docosahexaenoic acid, 847 
mainly through PPAR(gamma):RXR heterodimers: comparison with other polyunsaturated fatty 848 
acids. J Leukoc Biol. 2008;84(4):1172-82. 849 
99. Vanden Berghe W, Vermeulen L, Delerive P, De Bosscher K, Staels B, Haegeman G. A 850 
paradigm for gene regulation: inflammation, NF-kappaB and PPAR. Adv Exp Med Biol. 851 
2003;544:181-96. 852 
100. Huang F, Wei H, Luo H, Jiang S, Peng J. EPA inhibits the inhibitor of kappaBalpha 853 
(IkappaBalpha)/NF-kappaB/muscle RING finger 1 pathway in C2C12 myotubes in a 854 
PPARgamma-dependent manner. Br J Nutr. 2011;105(3):348-56. 855 
101. Li H, Malhotra S, Kumar A. Nuclear factor-kappa B signaling in skeletal muscle atrophy. 856 
J Mol Med (Berl). 2008;86(10):1113-26. 857 
102. Oh DY, Talukdar S, Bae EJ, Imamura T, Morinaga H, Fan W, et al. GPR120 is an 858 
omega-3 fatty acid receptor mediating potent anti-inflammatory and insulin-sensitizing effects. 859 
Cell. 2010;142(5):687-98. 860 
103. Kim N, Lee JO, Lee HJ, Kim HI, Kim JK, Lee YW, et al. Endogenous Ligand for 861 
GPR120, Docosahexaenoic Acid, Exerts Benign Metabolic Effects on the Skeletal Muscles via 862 
AMP-activated Protein Kinase Pathway. J Biol Chem. 2015;290(33):20438-47. 863 
104. Zhou Y, Wong CO, Cho KJ, van der Hoeven D, Liang H, Thakur DP, et al. SIGNAL 864 
TRANSDUCTION. Membrane potential modulates plasma membrane phospholipid dynamics 865 
and K-Ras signaling. 2015;349(6250):873-6. 866 
105. Petrov AM, Kravtsova VV, Matchkov VV, Vasiliev AN, Zefirov AL, Chibalin AV, et al. 867 
Membrane lipid rafts are disturbed in the response of rat skeletal muscle to short-term disuse. 868 
Am J Physiol Cell Physiol. 2017;312(5):C627-C37. 869 
106. Bannenberg G, Serhan CN. Specialized pro-resolving lipid mediators in the inflammatory 870 
response: An update. Biochim Biophys Acta. 2010;1801(12):1260-73. 871 
107. Serhan CN, Chiang N, Van Dyke TE. Resolving inflammation: dual anti-inflammatory 872 
and pro-resolution lipid mediators. Nat Rev Immunol. 2008;8(5):349-61. 873 
108. Serhan CN, Chiang N. Resolution phase lipid mediators of inflammation: agonists of 874 
resolution. Curr Opin Pharmacol. 2013;13(4):632-40. 875 



   

  33

109. Hong S, Gronert K, Devchand PR, Moussignac RL, Serhan CN. Novel docosatrienes and 876 
17S-resolvins generated from docosahexaenoic acid in murine brain, human blood, and glial 877 
cells. Autacoids in anti-inflammation. J Biol Chem. 2003;278(17):14677-87. 878 
110. Mas E, Croft KD, Zahra P, Barden A, Mori TA. Resolvins D1, D2, and other mediators 879 
of self-limited resolution of inflammation in human blood following n-3 fatty acid 880 
supplementation. Clin Chem. 2012;58(10):1476-84. 881 
111. Polus A, Zapala B, Razny U, Gielicz A, Kiec-Wilk B, Malczewska-Malec M, et al. 882 
Omega-3 fatty acid supplementation influences the whole blood transcriptome in women with 883 
obesity, associated with pro-resolving lipid mediator production. Biochim Biophys Acta. 884 
2016;1861(11):1746-55. 885 
112. Giannakis N, Sansbury BE, Patsalos A, Hays TT, Riley CO, Han X, et al. Dynamic 886 
changes to lipid mediators support transitions among macrophage subtypes during muscle 887 
regeneration. Nat Immunol. 2019;20(5):626-36. 888 
113. Emery PW, Edwards RH, Rennie MJ, Souhami RL, Halliday D. Protein synthesis in 889 
muscle measured in vivo in cachectic patients with cancer. Br Med J (Clin Res Ed). 890 
1984;289(6445):584-6. 891 
114. Dworzak F, Ferrari P, Gavazzi C, Maiorana C, Bozzetti F. Effects of cachexia due to 892 
cancer on whole body and skeletal muscle protein turnover. Cancer. 1998;82(1):42-8. 893 
115. Dillon EL, Volpi E, Wolfe RR, Sinha S, Sanford AP, Arrastia CD, et al. Amino acid 894 
metabolism and inflammatory burden in ovarian cancer patients undergoing intense oncological 895 
therapy. Clin Nutr. 2007;26(6):736-43. 896 
116. Dillon EL, Basra G, Horstman AM, Casperson SL, Randolph KM, Durham WJ, et al. 897 
Cancer cachexia and anabolic interventions: a case report. J Cachexia Sarcopenia Muscle. 898 
2012;3(4):253-63. 899 
117. Williams JP, Phillips BE, Smith K, Atherton PJ, Rankin D, Selby AL, et al. Effect of 900 
tumor burden and subsequent surgical resection on skeletal muscle mass and protein turnover in 901 
colorectal cancer patients. Am J Clin Nutr. 2012;96(5):1064-70. 902 
118. MacDonald AJ, Johns N, Stephens N, Greig C, Ross JA, Small AC, et al. Habitual 903 
Myofibrillar Protein Synthesis Is Normal in Patients with Upper GI Cancer Cachexia. Clin 904 
Cancer Res. 2015;21(7):1734-40. 905 
 906 
 907 
 908 
  909 



   

  34

Table 1. Skeletal muscle protein synthesis and breakdown rates in patients with cancer cahchexia. 910 
 Methods Basal MPS 

controls 
Type of cancer Basal MPS 

cancer 
 

Postprandial 
MPS cancer 

Basal MPB 
cancer 

Nutritional 
Intervention 

 
Emery et al., 
1984(113) 

Primed infusion 
[13C2]-Leu and 

13C labelled 
sodium 

bicarbonate and 
continuous [13C2]-

Leu 

0.198 ± 
0.020 (%h) 

Kidney and 
lung cancer 

(pre-treatment) 

 

0.030 ± 0.007 
(%/h) 

- - - 

Dworzak et 
al.,1998(114) 

Primed L-[2H5] 
phenylalanine and 
L[2H4] Tyrosine 
and continuous -

[2H5] 
phenylalanine 

0.048 ± 
0.013 (%/h) 

Advanced 
gastric 

carcinoma (pre-
treatment) 

0.021 ± 0.004 
(%/h) 

- - - 

Dillon et al., 
2007(115) 

Primed 
continuous 

infusion L-[ring-
2H5]-Phe 

- Ovarian cancer 
(during 

treatment) 

0.052 ± 0.009 
(%/h) 

0.120 ± 
0.008 (%h) 

- Amino acid 
supplement 

Deutz et al., 
2011(74)  

Primed 
continuous 

infusion L-[ring-
13C6]-Phe 

 

- Lung, 
colorectal, 

Breast, 
Oesophagus, b-
cell Lymphoma 
(no treatment 
for 4 weeks 
before the 

study) 

0.073 ± 0.023 
(%/h) 

0.073 ± 0.022 
(%/h) 

 

0.065 ± 
0.028 (%h)  

0.097 ± 
0.033 (%h)  

- 

 
   - 

Conventional 
medical food 

Re-designed 
medical food 

 

Dillon et al., 
2012(116) 

 

Pulse bolus 
injection L-[ring-

13C6]-Phe and 
15N-Phe 

- Recurrent 
cervical 

carcinoma (case 
study) 

0.07 (%/h) - 0.03 (%/h) - 

        

Williams et 
al., 2012(117) 

 

Primed 
continuous 

infusion [1,2-
13C2]-Leu and 
ring-D5-Phe 

 

0.038 (%h) Colonic 
adenocarcinoma 

booked for 
curative 
resection 

0.028 ± 0.004 
(%/h) 

0.038 ± 
0.004 (%/h) 

- Intravenous 
mixed amino 

acids 

 

MacDonald et 
al., 2015(118) 

Single dose 
Deuterium oxide 
133 g (70 Atom 

%) 

37.2  
[34.0-45.4] 

(g/day) 

Upper 
gastrointestinal 

cancer 

41.1[38.2-
41.8] (g/day) 

 42.4 
[39.1-42-8] 

(g/day) 1 

- 

        

MPS: muscle protein synthesis; MPB: muscle protein breakdown; Leu: leucine; Phe: phenylalanine; 1Calculated 911 
indirectly based on muscle mass loss.  912 
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Figure 1. A) Time course change in skeletal muscle lipid content with omega-3 fatty acid 913 
supplementation. B) Potential clinical scenarios for the use of omega-3 fatty acid 914 
supplementation to promote and/or mitigate losses in skeletal muscle mass; eicosapentaenoic 915 
acid (EPA), docosahexaenoic acid (DHA), muscle protein synthesis (MPS), muscle protein 916 
breakdown (MPB).  917 
 918 
 919 
Figure 2. Schematic illustration of molecular mechanisms of action of omega-3 fatty acids in 920 
skeletal muscle. 1. Translocation of the mechanistic target of rapamycin complex-1 (mTORC-1) 921 
with the lysosome to the membrane in close proximity to amino acid transporters. 2. Enhanced 922 
adenosine diphosphate (ADP) sensitivity and altered reactive oxygen species emissions (ROS). 923 
3.G-coupled protein receptor 120 (GPR120) and free docosahexaenoic acid (DHA)-mediated 924 
production of resolvins, protectins, and maresins. 4. Cystolic retention of nuclear factor kappa B 925 
(NF-B) preventing upregulation of proteolytic and pro-inflammatory agents. 5. Altered lipid 926 
raft formation that acts as signaling platforms for unknown signaling agents; eicosapentaenoic 927 
acid (EPA), docosahexaenoic acid (DHA). 928 


