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Abstract 27 

 28 

Purpose of review:  Muscle mass and function decline progressively starting in middle age, 29 

which can result in sarcopenia and affect people’s mobility and independence late in life.  30 

Exercise training and increased protein intake are typically recommended to counteract the age-31 

associated decline in muscle mass and function.  However, few people comply with exercise 32 

recommendations and evidence for the anti-sarcopenic effectiveness of high protein intake is 33 

lacking.  This review aims to explore recent developments in the potential for fish-oil derived n-3 34 

polyunsaturated fatty acids (n-3 PUFA) to improve muscle mass and function in older people. 35 

Recent findings:  The results from recent studies demonstrate that dietary supplementation 36 

with fish oil-derived n-3 PUFA stimulates muscle protein synthesis and improves muscle mass 37 

and function in sedentary older adults and augments the resistance exercise training-induced 38 

increase in muscle strength.  The exact mechanisms by which fish oil-derived n-3 PUFAs exert 39 

their beneficial effects on muscle mass and function remain to be elucidated. 40 

Summary and Conclusion:  Fish-oil supplementation has anti-sarcopenic effects and should 41 

be considered in the clinical care of older adults. 42 

 43 
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Introduction 46 

Starting in late middle-age, skeletal muscles atrophy progressively and muscle tissue 47 

undergoes morphological changes (e.g., infiltration with non-contractile material, such as fat and 48 

connective tissue; reduced capillary density and mitochondrial content; motor unit and 49 

neuromuscular junction remodelling) which can reduce muscles’ ability to generate and maintain 50 

force, and negatively affect activities of daily living (walking, climbing stairs, lifting items) [1-3].  51 

In healthy people muscle mass and strength decline by ~0.5%-1.0% and 1%-2% per decade, 52 

respectively; periods of acute illness and chronic diseases accelerate these processes.  A 53 

decrease in muscle mass and physical abilities (walking speed and/or strength) below certain 54 

threshold values, established by the International Sarcopenia Initiative [1], is referred to as 55 

sarcopenia.  Sarcopenia is associated with a 2-3-fold increased risk of falls (~20% increase in 56 

incidence for each ~15% decrease in leg strength), frailty, disability, loss of independence, and 57 

mortality (~4% increase for every 1 kg decrease in grip strength) [1, 4-9].  Sarcopenia affects 58 

10-30% of independently living older adults, without major illness, and even more ill and/or 59 

institutionalized older adults [1, 10-12].  The total number of people affected by sarcopenia is 60 

expected to rise significantly because, according to U.S. Census Bureau Population Projections 61 

(www.agingstats.gov), the number of older adults (>65 years of age) is expected to double in 25 62 

years, until the youngest Baby Boomers” reach 65 years of age.  No safe and effective drug 63 

therapies for the prevention and treatment of sarcopenia exist.  Current recommendations, 64 

therefore, focus on exercise training and high protein intake, but these approaches have 65 

limitations as outlined below.  Fish oil-derived n-3 polyunsaturated fatty acids (n-3 PUFA) 66 

(eicosapentaenoic and docosahexaenoic acid) have emerged as a potential new treatment 67 

modality for the prevention and treatment of sarcopenia that warrant serious consideration in the 68 

clinical care for older adults. 69 

 70 

 71 



Physical activity and the risk of sarcopenia 72 

Regular physical activity, particularly resistance type exercise, is the cornerstone for maintaining 73 

adequate muscle mass and function throughout life [1, 13-15].  However, even life-long 74 

exercisers and highly trained master class athletes exhibit a progressive loss of muscle mass 75 

and function [16-18].  Moreover, a plethora of health-, environment-, and self-related factors 76 

represent barriers to initiate and continue exercise programs in the general population [19-22].  77 

Indeed, only 10% of older adults engage in physical activities that enhance and maintain 78 

strength and endurance on two or more days per week and only 15-20% make trips of one mile 79 

or less by walking [19, 23].  Muscle is very sensitive to disuse, and even short-periods of 80 

reduced use can have detrimental consequences in older adults because of the resulting loss of 81 

muscle mass (~5-8% after only 1-2 weeks of reduced ambulation) and function (~10% decrease 82 

in strength after only 4 days of immobilization) which are difficult to recover even with intense 83 

physical rehabilitation [24-26].  Accordingly, dietary changes are also recommended to mitigate 84 

the age-associated loss of muscle mass and function. 85 

 86 

Current dietary recommendations to mitigate the risk and consequences of sarcopenia 87 

International expert groups recommend a minimum protein intake of 1.0-1.2 g per kg body 88 

weight per day (which is 25%-50% more than the RDA of 0.8 g/kg/d) for healthy older adults, 89 

1.2-1.5 g/kg/d for those who have acute or chronic diseases, and up to 2.0 g/kg/d during periods 90 

of acute illness [14, 15].  However, conclusive evidence that high protein intake has meaningful 91 

effects on muscle mass and/or function is lacking [27-33].  This may in part be due to the short 92 

duration of many of the studies which have evaluated the effect of protein intake on muscle 93 

mass and strength, but also because most studies paid little attention to participants’ habitual 94 

protein intake, the source of protein and the timing of protein intake.  High intake of leucine-rich 95 

proteins, such as whey protein, evenly distributed across meals is suggested to be particularly 96 

beneficial because protein ingestion stimulates muscle protein synthesis acutely in a dose 97 



dependent manner and leucine supplementation augments the anabolic response to protein 98 

ingestion [15, 34-41].  Indeed, in one trial, it was found that adding 15 g milk protein to both 99 

breakfast and lunch, for 24 weeks, improved the Short Physical Performance Battery score [42]. 100 

Additional long-term high quality clinical trials are clearly needed in this area.  On top of this, 101 

there are potential downsides to increasing protein intake to consider.  The results from several 102 

small cross-sectional and large population studies have shown a link between high protein 103 

consumption and the development of insulin resistance and T2D [43-50].  The risk of developing 104 

T2D increases by 20-40% for every 10 g of protein consumed, in excess of 64 g/d, and the risk 105 

of developing T2D in people in the highest quartile of protein consumption is nearly twice that of 106 

those in the lowest quartile [47-49].  The potential adverse effect of high protein intake on the 107 

pathophysiological mechanisms underlying T2D has also been demonstrated in small 108 

randomized-controlled studies [51-55].  It is worth pointing out, however, that the authors of 109 

several recent systematic reviews and meta-analyses [56-59] have concluded that the available 110 

data are inadequate to determine the effect of high protein intake per se on insulin sensitivity 111 

and plasma glucose concentration, because of potential confounding influences of food 112 

selection and overall diet composition, differences between intervention and control groups, and 113 

the short duration of most trials. 114 

 115 

Fish-oil derived n-3 PUFA – a potential new treatment modality to reverse sarcopenia 116 

The results from epidemiological studies [60] and experiments in cell cultures and animals [61] 117 

suggest that fish oil-derived n-3 PUFA could have therapeutic effects in older adults.  We [62] 118 

and another group of investigators [63] found that healthy, older women who participated in an 119 

exercise training program and consumed 2-4 g fish oil per day for 3 months had greater training-120 

induced gains in muscle strength than those who did not supplement their diet with fish oil.  We 121 

also found 6 months of dietary supplementation with 4 g of fish oil-derived n-3 PUFA, increased 122 

muscle mass and strength in healthy, physically active, but untrained older adults [64].  Daily 123 



supplementation with 1.3 g of n-3 PUFA for 12 weeks, on the other hand, was not associated 124 

with improved muscle strength and global physical function in older adults [65]. The lack of an 125 

effect in this study was most likely due to both the low dose and short duration of the 126 

intervention, because we found significant increases in muscle mass and function after six but 127 

not three months of treatment with 4 g of fish oil-derived n-3 PUFA per day [64].  Unlike high 128 

protein intake, there is no evidence that these fatty acids have any adverse effects on 129 

cardiometabolic health [66-69], which supports their use in older adults who are most 130 

susceptible to cardiometabolic disease. 131 

The mechanisms responsible for the beneficial effects of fish oil-derived n-3 PUFAs on muscle 132 

mass and function have not been fully elucidated, but are likely multifactorial including several, 133 

or all of the ones outlined in Figure 1.  Changes in muscle mass result from changes in both 134 

protein turnover (balance between synthesis and breakdown) and cell turnover (balance 135 

between satellite cell proliferation and fusion and myonuclear loss).  We found that adding 4 g of 136 

fish oil-derived n-3 PUFA per day for 8 weeks to the diet of healthy older adults increased the 137 

acute amino acid induced activation of the mTOR-p70s6k signalling pathway and muscle 138 

protein synthesis [70].  Others found that adding 3.9 g of fish oil-derived n-3 PUFA to the diet of 139 

older adults augmented the acute exercise-induced increase in muscle protein synthesis [71].  140 

The effect of fish oil-derived n-3 PUFAs on muscle protein synthesis has also been investigated 141 

in young adults and the results are equivocal.  We found that 8 weeks of fish oil-derived n-3 142 

PUFA intake (4 g per d) increased the rate of muscle protein synthesis during amino acid and 143 

insulin infusion in sedentary young adults [72].  On the other hand, others found no effect of 8 144 

weeks of fish oil-derived n-3 PUFA intake (5 g per d) on the rate of muscle protein synthesis in 145 

resistance trained young men, who consumed 30 g of protein at rest or after a bout of 146 

resistance exercise [73].  This was likely because the high protein intake combined with regular 147 

exercise training already maximally stimulated muscle protein synthesis in this participant group 148 



[38].  Studies conducted in cell cultures, rats, and patients on maintenance hemodialysis found 149 

fish oil-derived n-3 PUFA also attenuated muscle protein breakdown [61].  The effect of fish oil-150 

derived n-3 PUFAs on muscle cell turnover is not known. 151 

Increased muscle function (strength and endurance) could be due to changes in myocytes 152 

themselves (myofiber microstructure, contractility, and energy production), as well as changes 153 

in external factors (extracellular matrix composition and function, muscle perfusion, and 154 

neuromuscular function).  The results from several studies suggest a coordinated response of 155 

several (or all) of these factors might be involved, but this has never been comprehensively 156 

evaluated in people.  We found that fish oil-derived n-3 PUFA supplementation in healthy older 157 

adults increased the expression of genes involved in muscle mitochondrial function [74], and 158 

others found, although not consistently, it reduces oxidant emission [71] and ADP sensitivity [75] 159 

in mitochondria isolated from human muscle.  Rats fed fish oil-derived n-3 PUFAs were found to 160 

use less oxygen for tension development and were able to work harder, and fatigued later than 161 

those fed the control diet [76].  In healthy people participating in an exercise training program, 162 

fish oil supplementation shortened the electromechanical delay and increased the rate of force 163 

development during maximal voluntary isometric contractions [63], and adding fish oil to the diet 164 

of mice and rats improved their motor and sensory nerve conduction speed and protected them 165 

from developing diabetic peripheral neuropathy [77, 78].  Studies conducted in rats and healthy 166 

middle-aged people found that fish-oil derived n-3 PUFAs augment brachial artery dilation, 167 

vascular conductance, and blood flow [79, 80]. It is therefore likely that several mechanisms 168 

contribute to the beneficial effect of fish oil-derived n-3 PUFA on muscle function and further 169 

work is needed to investigate this in people. 170 

 171 

 172 

 173 



Summary 174 

An effective approach to prevent and treat age-associated sarcopenia is much needed.  Regular 175 

physical activity and exercise training have potent anti-sarcopenic effects but are difficult to 176 

implement.  The current recommendation for increased protein intake is not evidence-based, 177 

and could have adverse “side-effects” on cardiometabolic health.  Dietary supplementation with 178 

≥2 g of fish oil-derived n-3 PUFAs per day has been found to increase muscle protein synthesis 179 

and muscle mass and function in healthy untrained and exercise training older adults but the 180 

mechanisms mediating the beneficial effects of fish oil-derived n-3 PUFAs on muscle mass and 181 

function have not been fully elucidated. 182 

 183 

Conclusion 184 

The results from studies conducted in healthy and exercise training older adults support the use 185 

of fish oil-derived n-3 PUFA as a new treatment modality for the prevention and treatment of 186 

sarcopenia.  Interdisciplinary basic and clinical and translational studies are needed to explore 187 

the multifactorial mechanisms responsible for the beneficial effects of fish oil-derived n-3 PUFAs 188 

on muscle mass and function. 189 

  190 



Key points 191 

 Ageing is associated with a progressive decrease in muscle mass and function, which can 192 

have deleterious consequences affecting people’s mobility and independence. 193 

 There are currently no effective pharmacological treatments for the treatment and 194 

prevention of sarcopenia; lifestyle changes, such as resistance exercise training and high 195 

protein intake, are therefore promoted albeit with limited success because of low adherence 196 

to exercise and uncertainties concerning the effectiveness of high protein intake elicit the 197 

desired increase in muscle mass and function. 198 

 The results from recent studies suggest that dietary supplementation with fish oil-derived n-3 199 

PUFA improves muscle mass and function in both sedentary and exercise training older 200 

adults. 201 

 The exact mechanisms by which fish oil-derived n-3 PUFAs exert their beneficial effects on 202 

muscle mass and function remain to be elucidated. 203 
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Figure legend 217 

 218 

Figure 1.  Potential mechanisms responsible for the beneficial effects of fish oil-derived n-3 219 

polyunsaturated fatty acids on muscle mass and function.  See text for details. 220 

  221 



References 222 

Papers of particular interest, published within the annual period of review, have been highlighted 223 

as: 224 

* of special interest 225 

** of outstanding interest 226 

[1] Cruz-Jentoft AJ, Landi F, Schneider SM et al. Prevalence of and interventions for sarcopenia in ageing 227 
adults: a systematic review. Report of the International Sarcopenia Initiative (EWGSOP and IWGS). 228 
Age & Ageing 2014; 43:748-759. 229 

[2] Hunter SK, Pereira HM, Keenan KG. The aging neuromuscular system and motor performance. J Appl 230 
Physiol 2016; 121:982-995. 231 

[3] Piasecki M, Ireland A, Jones DA, McPhee JS. Age-dependent motor unit remodelling in human limb 232 
muscles. Biogerontology 2016; 17:485-496. 233 

[4] Wolfson L, Judge J, Whipple R, King M. Strength is a major factor in balance, gait, and the occurrence 234 
of falls. J Gerontol A Biol Sci Med Sci 1995; 50 Spec No:64-67. 235 

[5] Whipple RH, Wolfson LI, Amerman PM. The relationship of knee and ankle weakness to falls in 236 
nursing home residents: an isokinetic study. J Am Geriatr Soc 1987; 35:13-20. 237 

[6] Sieri T, Beretta G. Fall risk assessment in very old males and females living in nursing homes. Disabil 238 
Rehabil 2004; 26:718-723. 239 

[7] Moreland JD, Richardson JA, Goldsmith CH, Clase CM. Muscle weakness and falls in older adults: a 240 
systematic review and meta-analysis. J Am Geriatr Soc 2004; 52:1121-1129. 241 

[8] Newman AB, Kupelian V, Visser M et al. Strength, but not muscle mass, is associated with mortality 242 
in the health, aging and body composition study cohort. J Gerontol A Biol Sci Med Sci 2006; 61:72-243 
77. 244 

[9] Bischoff-Ferrari HA, Orav JE, Kanis JA et al. Comparative performance of current definitions of 245 
sarcopenia against the prospective incidence of falls among community-dwelling seniors age 65 and 246 
older. Osteoporos Int 2015; 26:2793-2802. 247 

[10] Bianchi L, Ferrucci L, Cherubini A et al. The Predictive Value of the EWGSOP Definition of 248 
Sarcopenia: Results From the InCHIANTI Study. J Gerontol A Biol Sci Med Sci 2016; 71:259-264. 249 

[11] Cuesta F, Formiga F, Lopez-Soto A et al. Prevalence of sarcopenia in patients attending outpatient 250 
geriatric clinics: the ELLI study. Age & Ageing 2015; 44:807-809. 251 

* [12] Shafiee G, Keshtkar A, Soltani A et al. Prevalence of sarcopenia in the world: a systematic review 252 
and meta- analysis of general population studies. J Diabetes Metab Disord 2017; 16:21. 253 

This paper assessed the prevalence of sarcopenia according to recent consensual definitions and found 254 
that sarcopenia, defined as both low muscle mass and muscle physical function, is prevalent even in 255 
healthy older adults. 256 

[13] Trudelle-Jackson E, Jackson AW. Do older adults who meet 2008 Physical Activity Guidelines have 257 
better physical performance than those who do not meet? J Geriatr Phys Ther In Press. 258 

[14] Deutz NE, Bauer JM, Barazzoni R et al. Protein intake and exercise for optimal muscle function with 259 
aging: Recommendations from the ESPEN Expert Group. Clin Nutr 2014; 33:929-936. 260 



[15] Bauer J, Biolo G, Cederholm T et al. Evidence-based recommendations for optimal dietary protein 261 
intake in older people: a position paper from the PROT-AGE Study Group. J Am Med Dir Assoc 2013; 262 
14:542-559. 263 

[16] Faulkner JA, Larkin LM, Claflin DR, Brooks SV. Age-related changes in the structure and function of 264 
skeletal muscles. Clin Exp Pharmacol Physiol 2007; 34:1091-1096. 265 

[17] Korhonen MT, Cristea A, Alen M et al. Aging, muscle fiber type, and contractile function in sprint-266 
trained athletes. J Appl Physiol 2006; 101:906-917. 267 

[18] Pearson SJ, Young A, Macaluso A et al. Muscle function in elite master weightlifters. Med Sci Sports 268 
Exerc 2002; 34:1199-1206. 269 

[19] Schoenborn CA, Adams PF, Peregoy JA. Health behaviors of adults: United States, 2008-2010. Vital 270 
Health Stat 10 2013:1-184. 271 

[20] Dobson F, Bennell KL, French SD et al. Barriers and facilitators to exercise participation in people 272 
with hip and/or knee osteoarthritis: synthesis of the literature using behavior change theory. Am J 273 
Phys Med Rehabil 2016; 95:372-389. 274 

[21] Glyn-Jones S, Palmer AJ, Agricola R et al. Osteoarthritis. Lancet 2015; 386:376-387. 275 

[22] Schutzer KA, Graves BS. Barriers and motivations to exercise in older adults. Prev Med 2004; 276 
39:1056-1061. 277 

[23] US Department of Health and Human Services. Healthy People 2010. In: 2nd. Washington, D.C.: U.S. 278 
Government Printing Office. 279 

[24] Breen L, Stokes KA, Churchward-Venne TA et al. Two weeks of reduced activity decreases leg lean 280 
mass and induces "anabolic resistance" of myofibrillar protein synthesis in healthy elderly. J Clin 281 
Endocrinol Metab 2013; 98:2604-2612. 282 

[25] Suetta C, Frandsen U, Mackey AL et al. Aging is associated with diminished muscle re-growth and 283 
myogenic precursor cell expansion in the early recovery phase after immobility-induced atrophy in 284 
human skeletal muscle. J Physiol 2013; 591:3789-3804. 285 

[26] Hvid LG, Suetta C, Aagaard P et al. Four days of muscle disuse impairs single fiber contractile 286 
function in young and old healthy men. Exp Gerontol 2013; 48:154-161. 287 

[27] Zhu K, Kerr DA, Meng X et al. Two-Year whey protein supplementation did not enhance muscle 288 
mass and physical function in well-nourished healthy older postmenopausal women. J Nutr 2015; 289 
145:2520-2526. 290 

** [28] Reidy PT, Fry CS, Igbinigie S et al. Protein supplementation does not affect myogenic adaptations 291 
to resistance training. Med Sci Sports Exerc In Press. 292 

This double-blind randomized controlled trial evaluated the effectof dietary protein supplementation 293 
during 12 weeks of supervised whole-body resistance exercise training on thigh muscle thickness and 294 
sterength and myofiber cross-sectional area in healthy young adults and found that protein 295 
supplementation had not effect on muscle thickness, muscle strength, or myofiber cross-sectional area. 296 

[29] Finger D, Goltz FR, Umpierre D et al. Effects of Protein Supplementation in Older Adults Undergoing 297 
Resistance Training: A Systematic Review and Meta-Analysis. Sports Med 2015; 45:245-255. 298 

[30] Chale A, Cloutier GJ, Hau C et al. Efficacy of whey protein supplementation on resistance exercise-299 
induced changes in lean mass, muscle strength, and physical function in mobility-limited older 300 
adults. J Gerontol A Biol Sci Med Sci 2013; 68:682-690. 301 

* [31] Maltais ML, Perreault K, Courchesne-Loyer A et al. Effect of resistance training and various 302 
sources of protein supplementation on body fat mass and metabolic profile in sarcopenic 303 
overweight older adult men: A Pilot Study. Int J Sport Nutr Exerc Metab 2016; 26:71-77. 304 



This randomized controlled trial evaluated the effect of dietary protein supplementation during 4 months 305 
of resistance exercise training on lean body mass in older adults with low muscle mass and found that 306 
protein supplementation had no beneficial effect. 307 

 [32] Komar B, Schwingshackl L, Hoffmann G. Effects of leucine-rich protein supplements on 308 
anthropometric parameter and muscle strength in the elderly: a systematic review and meta-309 
analysis. J Nutr, Health & Aging 2015; 19:437-446. 310 

* [33] Morton RW, Murphy KT, McKellar SR et al. A systematic review, meta-analysis and meta-311 
regression of the effect of protein supplementation on resistance training-induced gains in muscle 312 
mass and strength in healthy adults. Br J Sports Med In Press. 313 

The results from this systematic review and meta-analysis of randomized controlled trials of ≥6 week 314 
duration found that dietary protein supplementation during resistance exercise training does not 315 
imcrease fat-free and muscle mass and maximum voluntary contraction in older adults but significantly 316 
improved gains in one-repetiation maximum strength. 317 

[34] Murphy CH, Oikawa SY, Phillips SM. Dietary protein to maintain muscle mass in aging: a case for 318 
per-meal protein recommendations. J Frailty Aging 2016; 5:49-58. 319 

[35] Churchward-Venne TA, Breen L, Di Donato DM et al. Leucine supplementation of a low-protein 320 
mixed macronutrient beverage enhances myofibrillar protein synthesis in young men: a double-321 
blind, randomized trial. Am J Clin Nutr 2014; 99:276-286. 322 

[36] Murphy CH, Saddler NI, Devries MC et al. Leucine supplementation enhances integrative 323 
myofibrillar protein synthesis in free-living older men consuming lower- and higher-protein diets: a 324 
parallel-group crossover study. Am J Clin Nutr 2016; 104:1594-1606. 325 

[37] Moore DR, Churchward-Venne TA, Witard O et al. Protein ingestion to stimulate myofibrillar protein 326 
synthesis requires greater relative protein intakes in healthy older versus younger men. J Gerontol 327 
A Biol Sci Med Sci 2015; 70:57-62. 328 

[38] Moore DR, Robinson MJ, Fry JL et al. Ingested protein dose response of muscle and albumin protein 329 
synthesis after resistance exercise in young men. Am J Clin Nutr 2009; 89:161-168. 330 

[39] Leidy HJ, Clifton PM, Astrup A et al. The role of protein in weight loss and maintenance. Am J Clin 331 
Nutr 2015; 101:1320S-1329S. 332 

[40] Bohe J, Low A, Wolfe RR, Rennie MJ. Human muscle protein synthesis is modulated by extracellular, 333 
not intramuscular amino acid availability: a dose-response study. J Physiol 2003; 552:315-324. 334 

[41] Cuthbertson D, Smith K, Babraj J et al. Anabolic signaling deficits underlie amino acid resistance of 335 
wasting, aging muscle. Faseb J 2005; 19:422-424. 336 

[42] Tieland M, van de Rest O, Dirks ML et al. Protein supplementation improves physical performance 337 
in frail elderly people: a randomized, double-blind, placebo-controlled trial. J Am Med Dir Assoc 338 
2012; 13:720-726. 339 

[43] Linn T, Santosa B, Gronemeyer D et al. Effect of long-term dietary protein intake on glucose 340 
metabolism in humans. Diabetologia 2000; 43:1257-1265. 341 

[44] Linn T, Geyer R, Prassek S, Laube H. Effect of dietary protein intake on insulin secretion and glucose 342 
metabolism in insulin-dependent diabetes mellitus. J Clin Endocrinol Metab 1996; 81:3938-3943. 343 

** [45] Malik VS, Li Y, Tobias DK et al. Dietary protein intake and risk of type 2 diabetes in US men and 344 
women. Am J Epidemiol 2016; 183:715-728. 345 

This study evaluated the associations between total, animal, and vegetable protein and incident type 2 346 
diabetes in women from the Nurses' Health Study and the Nurses' Health Study II and men from the 347 
Health Professionals Follow-up Study. It was found that participants in the highest quintiles of 348 



percentage of energy derived from total protein and animal protein had a 7% (95% confidence interval 349 
(CI): 1, 17) and 13% (95% CI: 6, 21) increased risks of diabetes compared with those in the lowest 350 
quintiles, respectively. 351 

** [46] Shang X, Scott D, Hodge AM et al. Dietary protein intake and risk of type 2 diabetes: results from 352 
the Melbourne Collaborative Cohort Study and a meta-analysis of prospective studies. Am J Clin 353 
Nutr 2016; 104:1352-1365. 354 

This study followed 21,523 participants from the Melbourne Collaborative Cohort Study and found that 355 
higher intakes of total and animal protein were both associated with a 20%-30% increased risk of type 2 356 
diabetes. 357 

[47] Wang ET, de Koning L, Kanaya AM. Higher protein intake is associated with diabetes risk in South 358 
Asian Indians: the Metabolic Syndrome and Atherosclerosis in South Asians Living in America 359 
(MASALA) study. J Am Coll Nutr 2010; 29:130-135. 360 

[48] Tinker LF, Sarto GE, Howard BV et al. Biomarker-calibrated dietary energy and protein intake 361 
associations with diabetes risk among postmenopausal women from the Women's Health Initiative. 362 
Am J Clin Nutr 2011; 94:1600-1606. 363 

[49] Sluijs I, Beulens JW, van der AD et al. Dietary intake of total, animal, and vegetable protein and risk 364 
of type 2 diabetes in the European Prospective Investigation into Cancer and Nutrition (EPIC)-NL 365 
study. Diabetes care 2010; 33:43-48. 366 

[50] Simila ME, Kontto JP, Valsta LM et al. Carbohydrate substitution for fat or protein and risk of type 2 367 
diabetes in male smokers. Eur J Clin Nutr 2012; 66:716-721. 368 

[51] Smith GI, Yoshino J, Stromsdorfer KL et al. Protein ingestion induces muscle insulin resistance 369 
independent of leucine-mediated mTOR activation. Diabetes 2015; 64:1555-1563. 370 

[52] Ang M, Muller AS, Wagenlehner F et al. Combining protein and carbohydrate increases postprandial 371 
insulin levels but does not improve glucose response in patients with type 2 diabetes. Metabolism 372 
2012; 61:1696-1702. 373 

[53] Weickert MO, Roden M, Isken F et al. Effects of supplemented isoenergetic diets differing in cereal 374 
fiber and protein content on insulin sensitivity in overweight humans. Am J Clin Nutr 2011; 94:459-375 
471. 376 

[54] Hattersley JG, Pfeiffer AF, Roden M et al. Modulation of amino acid metabolic signatures by 377 
supplemented isoenergetic diets differing in protein and cereal fiber content. J Clin Endocrinol 378 
Metab 2014; 99:E2599-2609. 379 

* [55] Smith GI, Yoshino J, Kelly SC et al. High protein intake during weight loss therapy eliminates the 380 
weight loss-induced improvement in insulin action in postmenopausal women. Cell Reports 2016; 381 
17:849-861. 382 

This randomized controlled trial including postmenopausal women demonstrated that protein 383 
supplementation during weight loss therapy prevented the weight loss-induced improvement in insulin 384 
sensitivity. 385 

[56] Rietman A, Schwarz J, Tome D et al. High dietary protein intake, reducing or eliciting insulin 386 
resistance? Eur J Clin Nutr 2014; 68:973-979. 387 

[57] Santesso N, Akl EA, Bianchi M et al. Effects of higher- versus lower-protein diets on health 388 
outcomes: a systematic review and meta-analysis. Eur J Clin Nutr 2012; 66:780-788. 389 

[58] Schwingshackl L, Hoffmann G. Long-term effects of low-fat diets either low or high in protein on 390 
cardiovascular and metabolic risk factors: a systematic review and meta-analysis. Nutr J 2013; 391 
12:48. 392 



[59] Wycherley TP, Moran LJ, Clifton PM et al. Effects of energy-restricted high-protein, low-fat 393 
compared with standard-protein, low-fat diets: a meta-analysis of randomized controlled trials. Am 394 
J Clin Nutr 2012; 96:1281-1298. 395 

[60] Robinson SM, Jameson KA, Batelaan SF et al. Diet and its relationship with grip strength in 396 
community-dwelling older men and women: the Hertfordshire cohort study. J Am Geriatr Soc 2008; 397 
56:84-90. 398 

[61] Jeromson S, Gallagher IJ, Galloway SD, Hamilton DL. Omega-3 fatty acids and skeletal muscle health. 399 
Mar Drugs 2015; 13:6977-7004. 400 

* [62] Da Boit M, Sibson R, Sivasubramaniam S et al. Sex differences in the effect of fish-oil 401 
supplementation on the adaptive response to resistance exercise training in older people: a 402 
randomized controlled trial. Am J Clin Nutr 2017; 105:151-158. 403 

This double-blind randomised controlled trial demonstrated that dietary fish-oil supplementation 404 
enhances the exercise-training induced gains in muscle strength in older women, but not men. 405 

[63] Rodacki CL, Rodacki AL, Pereira G et al. Fish-oil supplementation enhances the effects of strength 406 
training in elderly women. Am J Clin Nutr 2012; 95:428-436. 407 

* [64] Smith GI, Julliand S, Reeds DN et al. Fish oil derived n-3 polyunsaturated fatty acid therapy 408 
increases muscle mass and strength in older adults: a randomized controlled trial. Am J Clin Nutr 409 
2015; 102:115-122. 410 

This randomized controlled trial demonstrated that 6 months of dietary supplementation with fish-oi-411 
derived n-3 polyunsaturated fatty acids increase both muscle mass and strength in sedentary older 412 
adults. 413 

[65] Krzyminska-Siemaszko R, Czepulis N, Lewandowicz M et al. The effect of a 12-week omega-3 414 
supplementation on body composition, muscle strength and physical performance in elderly 415 
individuals with decreased muscle mass. Int J Environ Res Public Health 2015; 12:10558-10574. 416 

* [66] Derosa G, Cicero AF, D'Angelo A et al. Effects of n-3 pufas on fasting plasma glucose and insulin 417 
resistance in patients with impaired fasting glucose or impaired glucose tolerance. Biofactors 2016; 418 
42:316-322. 419 

This 18 month-long randomized trial demonstrates that dietary n-3 polyunsaturated fatty acid 420 
supplementation reduces glycemia in subjects with prediabetes. 421 

[67] Hames KC, Morgan-Bathke M, Harteneck DA et al. Very-long-chain omega-3 fatty acid supplements 422 
and adipose tissue functions: a randomized controlled trial. Am J Clin Nutr 2017; 105:1552-1558. 423 

[68] Balk EM, Lichtenstein AH. Omega-3 fatty acids and cardiovascular disease: summary of the 2016 424 
Agency of Healthcare Research and Quality Evidence Review. Nutrients 2017; 9. 425 

[69] Clark LF, Thivierge MC, Kidd CA et al. Fish oil supplemented for 9 months does not improve 426 
glycaemic control or insulin sensitivity in subjects with impaired glucose regulation: a parallel 427 
randomised controlled trial. Br J Nutr 2016; 115:75-86. 428 

[70] Smith GI, Atherton P, Reeds DN et al. Dietary omega-3 fatty acid supplementation increases the rate 429 
of muscle protein synthesis in older adults: a randomized controlled trial. Am J Clin Nutr 2011; 430 
93:402-412. 431 

** [71] Lalia AZ, Dasari S, Robinson MM et al. Influence of omega-3 fatty acids on skeletal muscle 432 
protein metabolism and mitochondrial bioenergetics in older adults. Aging 2017; 9:1096-1129. 433 

This study demonstrates the 16 weeks of dietary n-3 fatty acid supplementation reduces mitochondrial 434 
oxidant emissions, increases postabsorptive muscle protein synthesis, and enhances anabolic responses 435 
to exercise in older adults. 436 



[72] Smith GI, Atherton P, Reeds DN et al. Omega-3 polyunsaturated fatty acids augment the muscle 437 
protein anabolic response to hyperinsulinaemia-hyperaminoacidaemia in healthy young and 438 
middle-aged men and women. Clin Sci 2011; 121:267-278. 439 

[73] McGlory C, Wardle SL, Macnaughton LS et al. Fish oil supplementation suppresses resistance 440 
exercise and feeding-induced increases in anabolic signaling without affecting myofibrillar protein 441 
synthesis in young men. Physiol Rep 2016; 4. 442 

* [74] Yoshino J, Smith GI, Kelly SC et al. Effect of dietary n-3 PUFA supplementation on the muscle 443 
transcriptome in older adults. Physiol Rep 2016; 4: pii: e12785. 444 

This study demonstrated that dietary n-3 PUFA supplementation results in small but coordinated 445 
changes in the muscle transcriptome in older adults that may help explain the n-3 PUFA-induced 446 
improvements in muscle mass and function. 447 

[75] Herbst EA, Paglialunga S, Gerling C et al. Omega-3 supplementation alters mitochondrial membrane 448 
composition and respiration kinetics in human skeletal muscle. J Physiol 2014; 592:1341-1352. 449 

[76] Peoples GE, McLennan PL. Long-chain n-3 DHA reduces the extent of skeletal muscle fatigue in the 450 
rat in vivo hindlimb model. Br J Nutr 2014; 111:996-1003. 451 

[77] Shevalye H, Yorek MS, Coppey LJ et al. Effect of enriching the diet with menhaden oil or daily 452 
treatment with resolvin D1 on neuropathy in a mouse model of type 2 diabetes. J Neurophysiol 453 
2015; 114:199-208. 454 

[78] Coppey LJ, Davidson EP, Obrosov A, Yorek MA. Enriching the diet with menhaden oil improves 455 
peripheral neuropathy in streptozotocin-induced type 1 diabetic rats. J Neurophysiol 2015; 456 
113:701-708. 457 

[79] Stebbins CL, Hammel LE, Marshal BJ et al. Effects of dietary omega-3 polyunsaturated fatty acids on 458 
the skeletal-muscle blood-flow response to exercise in rats. Int J Sport Nutr Exerc Metab 2010; 459 
20:475-486. 460 

[80] Walser B, Giordano RM, Stebbins CL. Supplementation with omega-3 polyunsaturated fatty acids 461 
augments brachial artery dilation and blood flow during forearm contraction. Eur J Appl Physiol 462 
2006; 97:347-354. 463 

  464 



 465 

Figure 1. Potential mechanisms responsible for the beneficial effects of fish oil-

derived n-3 polyunsaturated fatty acids on muscle mass and function.  See text 

for details.
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