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This review aims to critically evaluate the efficacy of long-chain n-3 PUFA ingestion in
modulating muscle protein synthesis (MPS), with application to maintaining skeletal muscle
mass, strength and function into later life. Ageing is associated with a gradual decline in
muscle mass, specifically atrophy of type II fibres, that is exacerbated by periods of (in)vol-
untary muscle disuse. At the metabolic level, in otherwise healthy older adults, muscle atro-
phy is underpinned by anabolic resistance which describes the impaired MPS response to
non-pharmacological anabolic stimuli, namely, physical activity/exercise and amino acid
provision. Accumulating evidence implicates a mechanistic role for #-3 PUFA in upregulat-
ing MPS under stimulated conditions (post-prandial state or following exercise) via incorp-
oration of EPA and DHA into the skeletal muscle phospholipid membrane. In some
instances, these changes in MPS with chronic n-3 PUFA ingestion have translated into clin-
ically relevant improvements in muscle mass, strength and function; an observation evi-
dently more prevalent in healthy older women than men. This apparent sexual
dimorphism in the adaptive response of skeletal muscle metabolism to EPA and DHA inges-
tion may be related to a greater propensity for females to incorporate n-3 PUFA into human
tissue and/or the larger dose of ingested n-3 PUFA when expressed relative to body mass or
lean body mass. Future experimental studies are warranted to characterise the optimal
dosing and duration of n-3 PUFA ingestion to prescribe tailored recommendations regarding
n-3 PUFA nutrition for healthy musculoskeletal ageing into later life.

EPA: DHA: Muscle protein turnover: Mammalian target of rapamycin complex 1

Omega-3 polyunsaturated fatty acids n-3 PUFA are a
family of biologically active long-chain fatty acids. The
most abundant and bioactive of the n-3 PUFA species
are EPA (20:5 n-3), DHA (22:6 n-3) and a-linolenic
acid (ALA; 18:3 n-3)". Recently, n-3 PUFA have
received considerable scientific attention in the context

of promoting the retention of muscle mass into later
life, with clinical application to the management of sar-
copoenia®®. The scientific rationale that underpins the
link between n-3 PUFA and muscle metabolism stems
from two distinct, but likely inter-related, biological
actions of n-3 PUFA®. First, n-3 PUFA are readily

Abbreviations: ALA, o-linolenic acid; CSA, cross-sectional area; MPB, muscle protein breakdown; MPS, muscle protein synthesis; mTORC1, mam-

malian target of rapamycin complex 1.
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incorporated into the phospholipid membrane of all cell
types, including skeletal muscle cells and serve to upregu-
late the activity of cell signalling pathways known to con-
trol the remodelling of muscle tissue®”. Secondly, the
anti-inflammatory properties of n-3 PUFA are particu-
larly relevant in more compromised older adults that
exhibit low-grade inflammation®. Given that these
physiological processes underpin the muscle anabolic
response to key stimuli, namely amino acid provision
and physical activity, there is current interest in the appli-
cation of n-3 PUFA ingestion for healthy musculoskel-
etal ageing.

Common food sources that are rich in n-3 PUFA
include linseed/flaxseed oil, chia seeds, walnuts, rape-
seed/canola oil and soyabean oil which are all good
plant-based sources of ALA. Moreover, cold water
fatty fish such as mackerel, sardines, salmon, trout and
herring are good marine sources of EPA and DHA.
Since ALA conversion to EPA and DHA in the liver is
not particularly efficient in human subjects®, the inges-
tion of foods containing EPA and DHA is recom-
mended. The European Food Safety Authority set an
adequate intake for EPA and DHA for adults at 250
mg/d, typically achieved through ingestion of one portion
of fatty fish per week. The EPA and DHA content of
fatty fish flesh is dependent upon their dietary intake.
Farmed fatty fish such as salmon has a slightly higher
EPA and DHA content than wild-caught salmon due
to the n-3 PUFA added to marine diets of farmed sal-
mon. A typical 4-50z (130 g) serving of farmed salmon
will supply about 1-86g EPA and about 0-89g of
DHA, whereas other seafood sources such as shrimps,
scallops and mussels contain far less EPA and DHA
(about 150-300 mg total EPA and DHA per serving).
In the absence of fatty fish consumption, other dietary
sources such as the plant-based sources mentioned earl-
ier, microalgae, krill oil, fish oil supplements or seed
oils rich in stearidonic acid (18 :4 n-3) such as echium
0il"%1? could go some way to help achieve sufficient
EPA and DHA. It has been reported that stearidonic
acid is more readily converted to EPA in comparison
with conversion from ALA to EPA. However, conver-
sion of both ALA and stearidonic acid to DHA appears
limited"®. Hence, there are several potential plant and
marine sources of n-3 PUFA to increase dietary EPA
and DHA intake in human subjects, with marine sources
likely best for elevating both EPA and DHA content of
human tissues.

The aims of this review are 2-fold. First, to explain the
metabolic fate of ingested n-3 PUFA in skeletal muscle
with emphasis on the uptake and incorporation kinetics
of EPA and DHA into the muscle phospholipid mem-
brane. Once taken up by the muscle cell, a notable bio-
logical action of EPA includes the stimulation of
muscle protein synthesis (MPS) as mediated by an upre-
gulation of intracellular cell signalling proteins (i.c. mam-
malian target of rapamycin complex 1 (mTORCI))
known to trigger the translation initiation step of MPS.
Hence, the secondary aim of this review is to critically
evaluate existing evidence that investigates the efficacy
of n-3 PUFA ingestion in stimulating MPS in healthy
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older adults, with application to mitigating the
age-related decline in skeletal mass in men and women.
We propose mechanistic and practical explanations
behind the thesis that older females may benefit from
n-3 PUFA ingestion to a greater extent than older men
in terms of stimulating a muscle protein synthetic
response to key anabolic stimuli.

Age and sex-specific changes in muscle protein synthesis

The natural biological ageing process is associated with a
gradual decline in skeletal muscle mass, strength and
functional capacity in later life. Accordingly, although
muscle mass usually peaks in early adulthood (between
20 and 30 years of age), the onset of muscle mass loss
can begin as early as the fourth decade of life!'?.
Muscle atrophy typically proceeds at a rate of about
1% of total muscle mass per year until the age of 70
years''”, increasing to about 1.5% of total muscle
mass per year beyond 80 years of age'®. At the ultra-
structural level, muscle atrophy is primarily underpinned
by a decline in cross-sectional area (CSA) of the larger
force-generating tﬂ)e I muscle fibres rather than oxida-
tive type I fibres'"'®. In comparison, the age-associated
decline in muscle strength proceeds at an even faster rate
(2-3% per year)!” due primarily to additional
age-associated changes in muscle architecture, innerv-
ation and deposition of non-contractile tissue (i.e. fat
and connective tissue). Perhaps under-appreciated is the
notion that periods of muscle disuse, ranging in severity
from injury-induced immobilisation to illness-inflicted
bedrest (i.e. cancer cachexia), exacerbate the trajectory
of muscle atrophy with advancing age®”. Hence, once
muscle mass and strength fall below a critical level —
often referred to as the disability threshold — the
functional capacity of older adults is likely impaired, man-
ifesting in a reduction in mobility, loss of independence
and increased risk of falls and bone fractures in later life.

The primary metabolic mechanism that underpins the
decline in skeletal muscle mass with advancing age in
healthy older adults is an impaired response of MPS to
key anabolic stimuli, namely nutrition and/or physical
activity/exercise?". This phenomenon is termed anabolic
resistance. In theory, two metabolic drivers of muscle
atrophy exist. First, an increase in the rate of muscle pro-
tein degradation into amino acid precursors (termed
muscle protein breakdown, MPB) and secondly, a
decrease in the rate by which amino acids are synthesised
into muscle protein (termed MPS). While some®?, but
not all, trials®® have reported the suppressive action of
insulin on MPB to be diminished in older adults, studies
have shown no clear difference in basal post-absorptive
rates of MPS between healthy young and older
adults®**>. In contrast, the response of MPS to ingest-
ing meal-like quantities of protein®!*® and/or other ana-
bolic stimuli such as muscle loading®’ 2% is impaired in
older adults compared to their younger counter-
parts®®3D In theory, over time, anabolic resistance
would contribute to the gradual loss of skeletal muscle

mass with advancing age®”. Hence, nutritional
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interventions focused on combatting the age-related
decline in skeletal muscle mass in otherwise healthy
older adults are primarily targeted at restoring a youthful
response of MPS to anabolic stimuli. Regarding compro-
mised populations, such as cancer cachexic patients, the
role of MPB in mediating muscle atrophy appears to
be more pronounced. However, the metabolic action of
n-3 PUFA in this specific clinical sub-population is
beyond the scope of this review and interested readers
are directed to the following excellent reviews®:*

Sex differences in skeletal muscle mass and MPS rates
appear to be evident in older adults®. At the ultrastruc-
tural level, when stratified by sex, the magnitude of type
IT muscle fibre atrophy was shown to be more pro-
nounced in older women than men relative to their
younger counterparts®®. The age-related decline in mus-
cle mass in women coincides with the onset of the meno-
pause is accelerated during the transition into
menopause( % and then proceeds at a slower rate than
in men®®. Although the magnitude of muscle hyper-
trophy in response to resistance exercise training is
reduced in older women compared with older men®”),
the degree of muscle atrophy in response, to muscle drsuse
is reduced in older women than men“**?. Moreover,
based on a limited number of relevant studles sex differ-
ences in the response of MPS to anabolic stimuli are evi-
dent in healthy older adults. Although basal rates of
MPS appear to be greater in older women than older
men“”, the MPS response to the intravenous infusion
of amrno acids and insulin®”, the ingestion of a mixed
macronutrient meal®” and an acute bout of resistance
exercise®” has been shown to be impaired to a greater
extent in older women than age-matched men. As such,
older women appear more susceptible to anabolic resist-
ance than older men™” which appears to be mediated b;/
lower oestrogen levels in post-menopausal women®
Sex comparisons in the response of MPB are yet to be
elucidated in older adults. Nonetheless, taken together
these combined data underscore the potential need for
sex-specific nutritional recommendations to mitigate the
age-related decline in muscle mass. Specifically, given
recent evidence regarding the anabolic properties of n-3
PUFA in stimulating MPS, the role of dietary n-3
PUFA ingestion in mitigating muscle loss in later life
has received considerable attention, especially in older
women.

Incorporation of n-3 PUFA into skeletal muscle
membranes

The most plausible mechanism linking n-3 PUFA inges-
tion with the modulation of muscle protein metabolism
relates to the incorporation of EPA and DHA into the
skeletal muscle phospholipid membrane, and subsequent
modulation of intracellular anabolic cell signalling path-
ways. This notion is supported by two key lines of evi-
dence. First, using an animal model of tumour-bearing
mice, we recently demonstrated that the incorporation
and subsequent uptake of EPA and DHA into both
plasma and skeletal muscle membranes was directly
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proportional to the relative EPA and DHA content of
a controlled diet following a 3-week experlmental per-
iod™®. Similar findings were reported in human studies
whereby the provision of a fish oil containing medical
food formulation over 7 d resulted in an increased per-
centage incorporation of EPA into the phospholipid
membrane of leucocytes in healthy Caucasian adults™?.
Hence, a direct relationship appears to exist between
dietary n-3 PUFA intake and the propensity for tissue
EPA/DHA incorporation.

Secondly, the uptake and incorporation of n-3 PUFA
into human skeletal muscle cells is evidently congruent
with the kinase activity of cell signalling proteins
known to trigger MPS. The time course of changes in
n-3 PUFA incorporation appears to differ between
blood and muscle tissue. Consistent with the slower turn-
over rates of skeletal muscle tissue compared with blood,
McGlory et al. demonstrated that >2-weeks of n-3
PUFA intake is required to increase the EPA/DHA con-
tent of skeletal muscle, whereas the incorporation of
EPA and DHA into whole blood was increased after
only 1 week of fish oil s g})lementation in healthy
young adults”. In this study”, about 2-fold change in
the proportion of n-3 PUFA 1ncorporated into the skel-
etal muscle cell was observed after 4 weeks of fish oil sup-
plementation, although no plateau in EPA/DHA
incorporation was reached. Importantly, this incorpor-
ation of EPA/DHA into the skeletal muscle membrane
was accompanied by an increased kinase activity of can-
didate cell signalling proteins known to regulate MPS,
namely focal adhesion kinase and mTORCI.
Interestingly, a recent study in healthy females that admi-
nistered 5 g/d of fish oil (3-50 g/d EPA, 0-90 g/d DHA)
over an extended 8-week time course reported a plateau
in muscle phospholipid n-3 PUFA 1ncorporat10n after 6
weeks of fish oil supplementation®. Moreover, other
studies that provided lower doses of n-3 PUFA over an
extended timeframe reported similar proportional
increases in n-3 PUFA at the end of an 8-week™® and
12-week® supplementation period. In contrast, only 6d
of high-dose n-3 PUFA ingestion resulted in increased
muscle tissue n-3 PUFA content®”. Taken together,
these studies suggest that the duration and dose of n-3
PUFA supplementation are cogent factors that modulate
the magnitude of n-3 PUFA incorporation into skeletal
muscle, and thus provide the primary biological rationale
that underpins the regulation of MPS with n-3 PUFA
ingestion (Table 1).

Alternative factors modulate the rate of n-3 PUFA
incorporation into the skeletal muscle membrane includ-
ing, (1) the cellular fraction (i.e. mitochondrial, sarcolem-
mal) measured, (2) the specific n-3 PUFA species (EPA v.
DHA) of interest and (3) the sex of the individual.
Regarding cellular fraction, Herbst et al. detected an
increased incorporation of EPA and DHA into mito-
chondrial membranes of skeletal muscle after 12 weeks
of fish oil supplementation®®. Consistent with these
findings, Gerling et al. demonstrated an increased enrich-
ment of EPA and DHA into the skeletal muscle mito-
chondrial membrane, whereas only DHA 1ncorporatron
was detected in the sarcolemmal fraction®. Evidence
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in older women only®”. Acknowledging the relatively
small sample size in human studies, a trend appears to
exist regarding a greater propensity for EPA and DHA
incorporation in females than males (Table 1).
However, given that previous studies did not adjust the
dose of ingested n-3 PUFA for individual body mass,
the greater incorporation of n-3 PUFA in females may
merely be a function of the smaller stature and subse-
quent higher relative dose of n-3 PUFA in women com-
pared to men. Taken together, these data highlight the
practical importance of establishing the optimum supple-
mentation strategy to achieve a maximal, rapid and sus-
tained incorporation of EPA/DHA into the muscle
membrane, while accounting for the different biological
roles of EPA and DHA and potential sex-specific differ-
ences in the biological fate of ingested n-3 PUFA.

Influence of n-3 PUFA ingestion on muscle protein
synthesis

The preponderance of evidence garnered from high-
quality experiential studies conducted in human volun-
teers suggests a modulatory role of n-3 PUFA ingestion
in stimulating MPS rates, particularly in healthy older
adults (Table 2). Initial interest in the anabolic action
of n-3 PUFA in older adults essentially stemmed from
a seminal study conducted by Smith er al. in healthy
older men and women®®. This tightly controlled
repeated-measures clinical trial measured mixed (i.e.
myofibrillar, mitochondrial and sarcoplasmic protein
fractions combined) MPS rates under basal (fasted) and
simulated fed conditions immediately before and after 8
weeks of fish oil-derived n-3 PUFA supplementation v.
a placebo-controlled corn oil supplementation regimen.
The simulated fed condition was represented by the intra-
venous infusion of amino acids and insulin (i.e. hypera-
minoacidemic-hyperinsulinemic clamp) to mimic the
nutrient profile and delivery kinetics of a protein-rich
mixed macronutrient meal. Basal rates of MPS did not
change following 8 weeks of n-3 PUFA supplementation.
However, the main finding of this study was a potenti-
ation in the simulated feeding-induced increase in MPS
rates after 8 weeks of n-3 PUFA supplementation com-
pared with before supplementation with no pre—post sup-
plementation changes in the MPS response observed in
the corn oil (placebo control) trial. Moreover, the
increased stimulation of MPS with n-3 PUFA ingestion
was accompanied by an upregulation in the phosphoryl-
ation status of intracellular cell signalling proteins
(mTORCI1-p70S6K1) known to trigger the rate-limiting
translation initiation step of MPS. Interestingly, no
changes in TNF-a or C-reactive protein concentration
were observed with n-3 PUFA ingestion. Hence, from a
mechanistic standpoint, the anti-inflammatory effects of
n-3 PUFA did not appear to mediate the increased stimu-
lation of MPS following 8 weeks of fish oil supplementa-
tion, at least in this cohort of healthy older adults. As
such, this proof-of-concept study provided preliminary
evidence regarding the metabolic action of chronic (8
weeks) n-3 PUFA ingestion in stimulating MPS, at
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least when the protein synthetic machinery of skeletal
muscle is exposed to nutritional stimuli such as amino
acids and insulin. In practical terms, these data provided
the scientific platform to systematically investigate the
efficacy of n-3 PUFA ingestion as an adjunct nutritional
strategy to mitigate anabolic resistance in older adults.
To further interrogate the efficacy of chronic n-3
PUFA ingestion in modulating the stimulation of MPS,
we and others conducted a series of arguably more
physiologically relevant metabolic studies in young®"
and older®*6>-% adults, utilising protein feeding (rather
than intravenous hyperaminoacidemic—hyperinsulinemic
clamp)©!*? and/or supervised bouts of exercise®!-*3 6>
as primary anabolic stimuli. Two of these studies were
conducted under tightly controlled laboratory conditions
and utilised the intravenous tracer infusion of '*Cg
labelled phenylalanine to measure the acute 3-4-h
response of MPS to a single bout of resistance exercise
combined with protein feeding both in the presence or
absence of prior (8-16 weeks) n-3 PUFA supplementa-
tion®"*Y_ In terms of experimental setup, study partici-
pants were confined to the laboratory setting for the
duration of the trial while connected to an infusion
pump, hence it could be argued that these studies®!*¥
were low in ecological validity and thus primarily served
as proof-of-concept from an efficacy perspective.
Nevertheless, in healthy older (76 (sp 5) years) men (n
5) and women (n 7), n-3 PUFA supplementation (3-9 g/d)
was shown to markedly (30%) augment the acute (3-h)
response of MPS (myofibrillar and mitochondrial protein
fractions) to resistance exercise combined with the ingestion
of two standardised mixed macronutrient (41.84 kJ/kg of
50 % carbohydrate, 30% fat and 20% protein) meals‘®?.
Conversely, in resistance exercise trained young men, 8
weeks of n-3 PUFA (5 g/d) supplementation failed to eli-
cit any measurable changes in the acute response of
myofibrillar-MPS to a large bolus of whey protein
ingested immediately post-exercise in comparison to a
coconut oil control condition®”. These seemingly
discrepant findings may be attributed to several meth-
odological considerations. First, due to financial con-
straints, measurements of MPS were only conducted
post n-3 PUFA or coconut oil supplementation in the
study by McGlory er al.®V. Hence, we sacrificed a degree
of statistical power afforded by utilising a more robust
repeated-measures design that may have detected statis-
tical differences in MPS between n-3 PUFA and coconut
oil supplementation groups. Secondly, we cannot dis-
count the possibility that ingestion of 30 g whey protein
saturated MPS rates in our cohort of resistance-trained
and ‘anabolic sensitive’ young men®". Thus, future
studies are warranted to investigate the potential ana-
bolic action of n-3 PUFA under conditions of sub-
optimal protein intake (<20 g) in both young and older
adults. Finally, in the study by Lalia er al., data
values for MPS were remarkably high (i.e. about 2-fold
greater than values presented by multiple comparable
studies across various laboratories using an identical
tracer protocol in older adults®**7*?) and an open-label
design was implemented without placebo control.
Therefore, the validity of this dataset should be
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Table 2. Summary of experimental studies investigating the impact of n-3 PUFA ingestion on muscle protein synthesis

References Participants Study design/intervention

Muscle fraction/time period for
MPS measurement

Primary result

Primary conclusion

Proof-of-concept acute metabolic studies using tracer infusions
Smith etal. Young and middle-aged Single arm pre-post study
(2011)®2 (25-45y) adults 8 wk FO (4 g/d, 1-86 g/d EPA, 1-50 g/d
DHA) intervention in capsule form

Smith et al.
(2011)4®

Older (71 (sp 2) y) adults  Single blinded, parallel RCT
8 wk FO (4 g/d, 1-86 g/d EPA, 1-50 g/d
DHA) or CO (4 g/d) supplementation in

capsule form

Physiologically relevant acute metabolic studies using tracer infusions

McGilory Resistance-trained Randomised between-groups repeated
etal. young (23 (sp 2)y) measures design.

(2016)©€" males (n 20) 8 wk FO (5 g/d, 3-50 g/d EPA, 0-90 g/d
DHA) or CNO (5 g/d) supplementation
in capsule form

Laliaetal. Older (65-85y,n 12) Single arm pre—post open label study

(2017)6% adults 16 wk n-3 PUFA (3-9 g/d)

supplementation in capsule form

Free-living intermediate metabolic studies using deuterium oxide tracer methodology

McGilory Young physically active ~ Randomised controlled,
etal. women double-blinded, parallel trial
(2019)“9 8 wk n-3 PUFA (5-0 g/d, 3-0 g/d EPA,

2-0g/d DHA) or SO (5-0 g/d)
supplementation in beverage form
combined with immobilisation and
RET

Mixed 3 h basal
Mixed 3 h post-intravenous
infusion (human insulin: 20 mU
m? BSA/min; amino acids: 105
mg-kg/FFM/h)

Mixed 3 h basal
Mixed 3 h post-intravenous
infusion (human insulin: 20 mU
m? BSA/min; amino acids: 105
mg-kg/FFM/h)

Myofibrillar 3 h basal
Myofibrillar 3 h post 30 g of
ingested whey protein (FED)
Myofibrillar 3 h post a single
bout of REx followed by 30 g of
ingested protein (FEDEX)

Mixed, myofibrillar and
mitochondrial 3 h basal
mixed, myofibrillar and
mitochondrial 15-18 h
post-acute bout resistance
exercise

Myofibrillar 2-wk pre, during and
post (+RET) leg immobilisation

Basal: Pre:
0-022%/h; Post:
0-025%/h

Stimulated: Pre:
0-062%/h; Post:
0-083%/h

Basal (FO): Pre:
0-051%/h; Post:
0-053%/h

Stimulated (FO):
Pre: 0-060%/h;
Post: 0-084%/h

Basal (CO): Pre:
0-051%/h; Post:
0-053%/h

Stimulated (CO):
Pre: 0-063%/h;
Post: 0-060%/h

Basal (FO):
0-025%/h; (CNO):
0-024%/h

FED (FO): 0-069%/
h; (CNO): 0-056%/h

FEDEX (FO):
0-091%/h; (CNO):
0-077%/h

BASAL: Post>Pre*
POST EXERCISE:
Post>Pre*

PRE: n-3 PUFA =
SO*

DURING: n-3
PUFA>SO*

POST: n-3
PUFA>SO*

Eight wk of FO-derived n-3 PUFA ingestion
potentiates response of MPS under
simulated fed conditions in young and
middle-aged adults

Eight wk of FO-derived n-3 PUFA ingestion
potentiates response of MPS under
simulated fed conditions in young and
middle-aged adults

No statistical effect of FO-derived n-3 PUFA
ingestion on MPS rates under basal
conditions or when muscle is stimulated by a
30 g whey protein feed with or without
resistance exercise

Prolonged n-3 PUFA supplementation
augments basal and post-exercise MPS
rates in older adults

Prolonged n-3 PUFA supplementation
increases integrated MPS rates during 2 wk
of immobilisation and 2 wk of RET-induced
remobilisation

112 prEM "D "0
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enhances free-living MPS rates during RET
supplementation on integrated MPS rates in

Prolonged n-3 PUFA supplementation
No beneficial impact of 24 wk n-3 PUFA
older adults at risk of sarcopoenia

UT (n-3 PUFA):

5-6%/d
n-3 PUFA: 1-74%/

T (CO): 6-5%/d
d

T (n-3 PUFA):

7-1%/d
PRO: 1-79%/d

Trained (CO):
5-5%/d
CHO: 1-61%/d

Myofibrillar and ASR 2 wk (4-6

wk) in T and UT legs
Myofibrillar 1 wk (wk 23-24)

6 wk n-3 PUFA (3-7 g/d) or CO (3-7 g/d)

supplementation in capsule form
combined with single leg resistance

training
24 wk n-3 PUFA (4-0g/d) v. PRO v.

double-blinded, parallel trial
CHO in beverage form

Randomised controlled,
double-blinded, parallel trial

Older (>65y, n 28) adults Randomised controlled,

Older (67 (sp 1)y, n 16)

women

Brook et al.
(2021)¥
Murphy

et al.
(2021)©2

ASR, absolute synthesis rates; BSA, body surface area; CHO, carbohydrate; CNO, coconut oil; CO, corn oil; d, day; FFM, fat-free mass; FO, fish oil; mo, months; PRO, protein; RET, resistance exercise training; SO,

sunflower oil; T, trained; UT, untrained; wk, weeks; y, years.

*Data values not presented in paper.
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considered with caution. Nevertheless, taken together,
these acute metabolic data indicate that n-3 PUFA inges-
tion may serve as a more effective intervention to
increase the response of MPS to nutritional and exercise
stimuli in ‘anabolically resistant’ older adults than ‘ana-
bolically sensitive’ young adults.

The reintroduction of deuterium oxide tracer method-
ology into the field of nutrition, exercise and muscle pro-
tein metabolism”” has provided a unique platform for
laboratories worldwide to conduct measurements of free-
living MPS rates that integrate post-absorptive and post-
prandial physiological states over several days or weeks.
Accordingly, a series of recent randomised, placebo-
controlled, repeated measures studies have investigated
the influence of chronic (6-24 weeks) n-3 PUFA inges-
tion on free-living integrative rates of MPS in healthy
young“? and older adults®*%>%¥_ Given the relatively
longitudinal nature of these study designs, whole-body
measurements of muscle mass, strength and function
have been conducted simultancously with tissue-specific
measurements of MPS, alongside other metabolic and
molecular parameters understood to regulate muscle
mass and quality such as surrogate markers of
MPB®Y, myonuclei number®®, satellite cell activa-
tion®” and transcriptional changes in genes related to
extracellular matrix organisation®*’". In theory, the
measurement of MPS over this intermediate time period
(rather than an acute 3—4-h period) should better trans-
late to clinically relevant chronic changes in muscle
mass (and by extension strength and function) with direct
application to the maintenance of muscle mass in later
life.

Perhaps the most comprehensive of these deuterium
oxide tracer studies, albeit relatively small-scale in cohort
size (n 16 participants, eight per group), was conducted
by Brook et al. in healthy older women that embarked
on a 6-week programme of structured and progressive
resistance exercise training®”. The treatment regimen
consisted of 3-7 g/d of n-3 PUFA supplementation and
the control group was assigned to a dose-matched
n-6-rich corn oil supplementation regimen. Integrated
rates of MPS were determined during the early (0-2
week) and latter (4-6 week) phases of resistance training.
No effect of n-3 PUFA ingestion on MPS rates was
observed during the early phase of training. However, a
trend for an increased stimulation of MPS was observed
during the latter phase of training in the n-3 PUFA group
that was accompanied by an upregulation of eukaryotic
initiation factor 4E binding protein 1 as a downstream
(of mTORCI) anabolic signalling protein. Moreover,
thigh fat-free mass and type II muscle fibre CSA
increased following short-term resistance training in the
n-3 PUFA group only, whereas no differences in myo-
nuclear number, satellite cell number and static markers
of MPB (calpain, MAFbx and ubiquitin) measured 60—
90min after the final exercise training bout were
observed between n-3 PUFA and corn oil regimens.
Consistent with this observation®”, McGlory er al.
reported higher free-living integrated rates of MPS dur-
ing 2 weeks of leg immobilisation (used as a model of
muscle disuse) and 2 weeks of remobilisation (resistance
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exercise training) following n-3 PUFA supplementation
in a cohort of physically active young women*. This
increased stimulation of MPS with n-3 PUFA ingestion
translated to an attenuated decline in muscle (quadri-
ceps) volume and CSA during the muscle disuse period
and an accelerated restoration of muscle mass during
rehabilitation®”. Hence, taken together the augmenta-
tion of resistance exercise training-induced muscle mass
in older adults, specifically of type II fibres, with n-3
PUFA ingestion observed by Brook ez al. and others’?
appears to be mediated by an increased stimulation of
MPS rather than suppression of MPB and/or via satellite
cell recruitment®”. Larger-scale, follow-up studies are
warranted to investigate the impact of n-3 PUFA inges-
tion on free-living integrated MPS rates and muscle
mass in response to discrete (injury-induced leg immobil-
isation) or chronic (illness-induced hospitalisation) peri-
ods of muscle disuse in older adults.

Two larger-scale (>50 participants) randomised
placebo-controlled trials also investigated the impact of
chronic (18-24 week) n-3 PUFA supplementation on
free-living integrated rates of MPS in combination with
validated readouts of muscle mass (i.e. muscle anatom-
ical CSA, appendicular lean mass) in healthy older
adults®®®?_ Based on previous evidence highlighting
the interaction of bioavailable n-3 PUFA and amino
acids in modulating MPS®*>>7® Murphy et al. adminis-
tered a treatment condition consisting of a leucine-rich
whey protein-based beverage that was fortified with n-3
PUFA (3-8 g/d + vitamin D) v. protein/leucine and isoe-
nergetic controls twice daily over a 24-week period®?.
No exercise training stimulus was included in this
study. In comparison, Da Boit et al. combined n-3
PUFA supplementation with an 18-week progressive
resistance exercise training programme®”. As a note of
caution, neither study stipulated MPS as the primary
endpoint measurement and only a relatively small subset
of participants (i.e. five participants in the n-3 PUFA
group‘®?) volunteered for muscle biopsies, thus allowing
for measurement of MPS. Hence, by the authors’ own
admission, the MPS datasets from these studies should
be interpreted with caution. Nonetheless, studies were
consistent in reporting no beneficial impact of chronic
(18-24-week) n-3 PUFA supplementation on integrated
MPS rates, anendicular lean mass®®® and muscle ana-
tomical CSA” in older adult men and women. These
findings may be considered somewhat surprising given
that a comparable large-scale (n 60) study by Smith
et al.™ previously demonstrated that supplementation
with a similar dose (3-4 g) of n-3 PUFA over the same
24-week period increased thigh muscle volume in a
cohort of healthy older adults. Moreover, this favourable
change in muscle mass with n-3 PUFA supplementation
was accompanied by an increase in skeletal muscle gene
expression of pathways involved in mitochondrial func-
tion (i.e. uncoupling protein 3, ubiquinol-cytochrome c
reductase core protein 1) and extracellular matrix organ-
isation, and a decreased gene expression of pathways
related to calpain and ubiquitin-mediated proteolysis
and the inhibition of mMTORC1"Y. Hence, in these stud-
ies”™ the favourable effects of n-3 PUFA on muscle

https://doi.drg/10.1017/50029665123004834 Published online by Cambridge University Press

mass and function appeared to be transcriptionally regu-
lated. The inconsistent findings regarding the efficacy of
n-3 PUFA ingestion in modulating muscle mass are diffi-
cult to reconcile given the subtle, yet potentially import-
ant methodological differences in study design (i.e.
participant characteristics including sex, n-3 PUFA dos-
ing regimen, inclusion or absence of resistance training),
but may be attributed to inter-individual variability in
the skeletal muscle adaptive response to n-3 PUFA inges-
tion”>. Follow-up studies designed to investigate the
anabolic effects of n-3 PUFA should include omics (i.e.
metabolomics, transcriptomics and proteomics) analysis
to further interrogate the magnitude of inter-individual
variability in response of MPS, muscle mass, strength
and function to n-3 PUFA ingestion in healthy and
more compromised older adult populations.

An interesting and remarkably consistent observation
across published studies investigating the efficacy of n-3
PUFA ingestion to stimulate MPS and/or elicit favour-
able changes in muscle mass, strength and function
relates to evidence of a sex-specific response. This notion
is supported by several lines of scientific evidence. First,
whereas fish oil-derived (3 g/d) n-3 PUFA supplementa-
tion was shown to enhance improvements in maximal
isometric strength and muscle quality (calculated as
strength per unit of muscle area) following 18 weeks of
resistance exercise training in older women, a compar-
able response was not observed in older men®”.
Secondly, and consistent with this observation, 12
weeks of fish oil-derived (2g/d) n-3 supplementation
was shown to enhance muscle strength (increases in max-
imal torque and rate of torque development) and func-
tional (sit-to-stand performance) outcomes following
90d of resistance training in a large cohort (n 45) of
older women®. Thirdly, a relatively large-scale (n 44)
study by Smith ez al. reported that daily ingestion of
n-3 PUFA (1-86 g EPA and 1-50 g DHA) over 6 months
elicited clinically relevant improvements in muscle vol-
ume (about 3-5 %) and function (about 6 %) in an older
adult cohort that consisted primarily (67%) of
females”?. These remarkable findings, particularly in
light of the absence of resistance training, imply that 6
months of n-3 PUFA ingestion has the potential to offset
2-3 years of the ‘expected’ age-associated decline in skel-
etal muscle mass (about 0-5-1-0%/year) and function
(about 2-3 Ylyear)"'?.

As alluded to earlier (see ‘Incorporation of n-3 PUFA
into skeletal muscle membranes’ section), the most intui-
tive mechanism to explain these sex-specific observations
relates to sex differences in the incorporation of n-3
PUFA into the phospholipid membrane. However, to
this end, although a greater uptake of EPA in plasma,
whole blood and erythrocytes®*’” following n-3
PUFA supplementation has been reported in women
than men, the propensity for EPA and DHA incorpor-
ation into the muscle phospholipid membrane has been
shown to be comparable between sexes®”, at least in
older adults. Alternatively, the apparent sex-specific
response of skeletal muscle adaptation to n-3 PUFA
ingestion may merely be a function of a higher dose rela-
tive to body mass administered to female participants. In
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all previous studies®>->6%-63-647L79 the dose of ingested
n-3 PUFA was administered on an absolute basis (typic-
ally between 3 and 5 g/d), irrespective of body mass.
Assuming a lower body mass in older adult women
than men, the higher relative dose of n-3 PUFA adminis-
tered to females provides a plausible explanation for the
observation of a more favourable muscle adaptive
response to n-3 PUFA in older women. Clearly, further
studies are warranted to confirm this apparent sex differ-
ence in muscle adaptive response to n-3 PUFA ingestion
and fully elucidate the mechanism(s) that underpin any
sexual dimorphism in response to n-3 PUFA ingestion.

Conclusion

Sarcopoenia is underpinned by the age-related decline in
type II muscle fibres, to which females are particularly
susceptible. The biological rationale linking n-3 PUFA
with muscle protein turnover relates to the incorporation
of EPA and DHA into the muscle phospholipid mem-
brane rather than any anti-inflammatory properties of
n-3 PUFA. However, to this end, no study has explored
fibre type differences in the incorporation of n-3 PUFA.
The efficacy of n-3 PUFA ingestion to elicit favourable
changes in muscle protein turnover in healthy older
adults appears to be more pronounced in females than
in males. On a clinical basis, the efficacy of n-3 PUFA
ingestion to elicit favourable changes in muscle protein
turnover warrants further investigation in cancer
cachexic patients given evidence of a metabolic action
of EPA in blunting MPB. Specifically, dose-response
studies are required to determine the optimal dosing of
n-3 PUFA ingestion to promote a range of musculoskel-
etal health outcomes (muscle mass, strength, physical
function and MPS rates) in healthy and compromised
older adult sub-populations.
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