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Abstract
It is established that protein requirements are elevated in athletes to support their training and post-exercise recovery and 
adaptation, especially within skeletal muscle. However, research on the requirements for this macronutrient has been per-
formed almost exclusively in younger athletes, which may complicate their translation to the growing population of Master 
athletes (i.e. > 35 years old). In contrast to older (> 65 years) untrained adults who typically demonstrate anabolic resistance 
to dietary protein as a primary mediator of the ‘normal’ age-related loss of muscle mass and strength, Master athletes are 
generally considered successful models of aging as evidenced by possessing similar body composition, muscle mass, and 
aerobic fitness as untrained adults more than half their age. The primary physiology changes considered to underpin the 
anabolic resistance of aging are precipitated or exacerbated by physical inactivity, which has led to higher protein recom-
mendations to stimulate muscle protein synthesis in older untrained compared to younger untrained adults. This review puts 
forth the argument that Master athletes have similar muscle characteristics, physiological responses to exercise, and protein 
metabolism as young athletes and, therefore, are unlikely to have protein requirements that are different from their young 
contemporaries. Recommendations for protein amount, type, and pattern will be discussed for Master athletes to enhance 
their recovery from and adaptation to resistance and endurance training.

Key Points 

Master athletes are models of successful aging and are 
not susceptible to ‘normal’ age-related muscle loss or 
‘anabolic resistance’ to dietary protein.

Current protein recommendations for resistance and 
endurance trained younger adults are applicable to Mas-
ter athletes.

1  Introduction

Dietary protein supports athlete’s training and adaptation 
by providing the essential amino acid building blocks for 
the remodeling of muscle and body proteins. While carbo-
hydrate and fat represent the primary energy sources during 
exercise, amino acid oxidation may contribute up to 10% 
of energy during exercise when carbohydrate availability is 
low [1, 2]. Thus, research has clearly established that daily 
protein requirements are elevated above the current mini-
mum daily recommended allowance of ~ 0.8 g/kg/day across 
the spectrum of sport disciplines [3]. However, the majority 
of research that has contributed to these increased recom-
mendations has been performed in active young athletes 
(18–35 years). The aging of these younger athletes and a 
greater awareness of an active lifestyle to support successful 
aging has contributed to expansion of athletes above the age 
of 35 years [4], which is the typical delineation for Master 
athlete although this may be discipline-specific. Therefore, 
there is a need to clearly define the nutrient requirements 
of these older athletes to support their training, adaptation, 
and health.
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Muscle mass and strength as well as aerobic capacity 
generally peak in early adulthood (< 30 years) after which 
they begin a slow, insipid decline (~ 0.5–1%/year) that can 
accelerate in the 8th decade [5, 6]. However, high levels of 
physical activity typical of Master athletes tend to spare 
older adults from the typical loss of muscle and fitness that 
besieges their sedentary peers [7]. For example, a com-
prehensive review and meta-analysis by McKendry et al. 
[8] demonstrated that Master athletes’ aerobic capacity, 
muscle strength, and body composition are generally on 
par with young, untrained adults. The benefits of chronic 
endurance training are not only afforded to life-long ath-
letes as late starting (i.e. > 50 years) Master athletes have 
similar aerobic capacity and muscle quality as those who 
maintained training from early adulthood [9]. Thus, while 
there is an inevitable decline in exercise capacity and per-
formance with age, Master athletes are generally regarded 
as models of successful aging [7, 10]. Therefore, the ques-
tion of whether other sequelae of aging that may impact 
protein requirements are observed in Master athletes war-
rants discussion. The present review will summarize the 
available evidence on the primary factors associated with 
typical age-related anabolic resistance and discuss to what 
extent they may be present in Master athletes. In addition, 
although there is relatively little research in middle-aged 
adults, who nonetheless could still qualify categorically as 
Master athletes, the review will primarily focus on older 
(i.e. > 60 years) adults and athletes to reflect the major-
ity of research in this discipline. This older demographic 
(i.e. > 60 years) is also the primary focus of research that 
explores the potentially greater meal protein require-
ments for skeletal muscle remodeling in non-exercising 
older as compared to young adults (e.g. [11]). Therefore, 
the perception that protein requirements may differ in 
Master athletes is arguably more relevant to these older 
as compared to middle-aged Master athletes due to their 
greater chronological age. However, middle-aged Master 
athletes adhering to the recommendations discussed below 
and largely established in younger athletes would satisfy 
their protein requirements as well. Finally, the review will 
discuss daily protein recommendations determined using 
(traditional) whole body methodology (e.g. nitrogen bal-
ance, stable isotopes) but will also highlight what meal 
protein intake would optimize muscle protein remodeling; 
this latter approach will leverage knowledge from con-
temporary stable isotope techniques and has been used 
to define optimal daily protein intakes when suggesting 
optimal meal frequencies in older untrained adults (e.g. 
[12]). Thus, given meal frequencies are generally greater 
in athletes than untrained individuals, providing recom-
mendations based on meal protein targets can also influ-
ence daily protein intakes, as will be discussed in more 
detail below.

2 � Anabolic Resistance of Aging

The age-related decrements in muscle size and function 
are multifactorial and could include decreases in neuro-
muscular function, motor unit/fibre loss (especially of 
the type II fibres), muscle stem cell dysregulation, and/or 
atrophy of skeletal muscle, the latter of which is largely 
underpinned by an “anabolic resistance” to dietary protein 
and will be the primary focus of the present review (for 
reviews on the other factors, see [13–15]). This anabolic 
resistance is characterized by a blunted muscle protein 
synthetic response to bolus (i.e. meal) dietary amino acid 
ingestion at rest [16–18] and after resistance exercise in 
older untrained adults [19, 20] and is most pronounced in 
the myofibrillar protein fraction, which is critical for the 
maintenance of muscle mass and function given it rep-
resents the predominate fraction (~ 60% of total muscle 
protein) and includes the contractile elements of the sar-
comere (e.g. actin, myosin). For example, an estimated 
average meal protein requirement of ~ 0.4 g/kg of high-
quality, leucine-enriched protein (i.e. whey) is required to 
maximize myofibrillar protein synthesis (MyoPS) at rest 
in untrained older adults, which is ~ 65% greater than for 
younger adults [17]. Similarly, 20 g of high-quality protein 
(i.e. whey) is sufficient to maximally increase MyoPS after 
exercise in young, trained men, whereas older, untrained 
adults require up to 40 g [19, 21], findings that are also 
evident when the protein intakes are normalized to body 
mass (Fig. 1). Importantly, older untrained muscle is gen-
erally able to mount an equivalent MyoPS response to that 
of young adults when meal protein ingestion is at or above 
its respective maximal threshold [17, 19, 21], although this 
finding is not without exceptions [16]. Thus, this anabolic 
resistance to suboptimal meal protein intakes has contrib-
uted to the recommendations that older untrained adults 
require a greater meal protein intake to maximize muscle 
protein synthesis at rest [12] and after resistance exercise 
[11]. However, indiscriminately consuming supramaxi-
mal meal protein intakes can be inefficient for optimiz-
ing muscle remodeling as excess dietary protein may be 
retained in nonmuscle tissue [22] or be diverted to amino 
acid oxidation [19, 21, 23]. Therefore, subsequent meal 
protein targets will be discussed in relation to optimiz-
ing the efficiency of dietary amino acid ingestion insofar 
as maximizing muscle protein synthesis yet minimizing 
amino acid oxidative losses.

Anabolic resistance to dietary amino acids is multifac-
torial and could include chronic inflammation, reduced 
capillarity and/or vasodilatory capacity (and hence amino 
acid delivery), attenuated muscle uptake (e.g. amino acid 
transporter expression/function), and/or reduced riboso-
mal protein content or activity. However, Master athletes 
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are regarded as successful models of aging [10] and are 
distinguished from their nonactive peers, on which the 
majority of aging research is focused, by their high levels 
of habitual activity. Thus, it is questionable whether meal 
protein recommendations for older untrained adults, which 
typically advocate for larger protein ingestions to offset 
any age-related anabolic resistance [11], are relevant for 
Master athletes. In light of the lack of specific research 
investigating daily or, especially, meal protein require-
ments of older trained adults, the following sections will 
discuss whether some of the factors commonly associated 
with or that underpin anabolic resistance could be present 
in Master athletes.

2.1 � Digestion and Absorption

Aging has been shown to reduce the appearance of dietary 
amino acids in the systemic circulation during the postpran-
dial period [24, 25], which could reduce their availability for 
uptake by skeletal muscle. By first principles, this reduced 
amino acid appearance could include reduced digestion/
absorption and/or increased first pass splanchnic extrac-
tion. There is evidence that whole foods that require effec-
tive mastication prior to their digestion are associated with 
a reduced or delayed postprandial aminoacidemia in older 
adults, especially those with dentures [26, 27]. Although 
data are not available in Master athletes, young athletes have 
been reported to have a relatively high incidence of dental 
issues (e.g. caries, dental erosion, etc.), which may be related 
in part to dietary habits, such as high carbohydrate intakes 
(especially simple sugars), required to sustain optimal 
training and performance [28]. If these trends persist with 
advanced training, then it is possible they may compound 

the typical age-related declines in dental health, which could 
predispose Master athletes to reduced amino acid availability 
secondary to reduced chewing efficiency. Notwithstanding 
differences in whole food digestion, aging per se has been 
associated with a greater splanchnic extraction of dietary 
amino acids even from liquid protein sources (e.g. milk and 
dairy-based beverages), although this difference is relatively 
minor amounting to only ~ 6% of an ingested dose [25]. Of 
potential relevance to athletes is that exercise in untrained 
young adults can reduce the rate of appearance of amino 
acids in the circulation after protein beverage ingestion, 
which was suggested to be related to ischemia/reperfu-
sion intestinal damage [29, 30]. However, despite similar 
increases in estimates of intestinal damage (i.e. circulating 
intestinal fatty acid binding protein; iFABP) after moderate-
intensity exercise in trained young adults there is no impact 
on the appearance of dietary protein-derived amino acids 
when consumed within a mixed macronutrient meal dur-
ing the early postprandial period [31]. This could suggest 
that athletes who regularly expose their splanchnic region 
to exercise-induced ischemia–reperfusion have conditioned 
these tissues so that any post-exercise remodeling, as sug-
gested by circulating intestinal cell markers (i.e. iFABP), 
does not compromise cellular function. Thus, provided 
dental health is maintained, there is insufficient evidence to 
suggest that Master athletes would suffer from age-related 
anabolic resistance secondary to increased splanchnic 
amino acid sequestration that may affect their sedentary 
counterparts.

Fig. 1   a Myofibrillar protein synthesis after an acute bout of resist-
ance exercise and graded intakes of whey protein in young trained 
[21] and older untrained [19] adults. Doses with different letters are 
significantly from each other within a population. b Data from these 
same publications [19, 21] expressed as the increase in myofibrillar 

protein synthesis after resistance exercise from a protein-free con-
trol against the body weight-normalized whey protein intake. Shaded 
area highlights the relative anabolic resistance of the untrained older 
adults. FSR fractional synthesis rate
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2.2 � Amino Acid Delivery

The delivery of dietary amino acids to skeletal muscle is 
mediated by an extensive network of capillaries and their 
ability to undergo insulin-induced dilation during the 
postprandial period. Older untrained adults exhibit both a 
reduction in the capillary:fibre ratio [32] and an attenuated 
insulin-induced capillary vasodilation [33], the latter of 
which is associated with a blunted muscle protein synthetic 
response to exogenous amino acids [34, 35]. However, the 
apparent age-related decline in muscle capillarity may be 
largely influenced by habitual activity as training can induce 
angiogenesis in older adults [36, 37] whereas inactivity 
may induce rarefaction [38, 39]. Moreover, insulin-induced 
nutritive blood flow (i.e. microvascular perfusion) can be 
improved in older adults for up to 16 h by as little as 45 min 
of moderate-paced walking, which is concomitant with an 
increase in intramuscular anabolic signaling (e.g. mechanis-
tic target of rapamycin; mTOR) and muscle protein synthesis 
to exogenous insulin and/or amino acids [40, 41]. Collec-
tively, these data highlight the important role for habitual 
activity in capillarity and microvascular responsiveness to 
dietary nutrients. Importantly, intravenous administration of 
insulin and amino acids increases microvascular blood flow 
in trained but not untrained older adults, which is accom-
panied by a moderately greater (but not statistically differ-
ent) increase in MyoPS (estimated effect size: 0.50; 95% 
CI − 0.41 to 1.37)[42]. Thus, given Master athletes would 
have training volumes that exceed their untrained peers and 
possess capillary networks that are on par with their younger 
contemporaries [43], it is unlikely that nutrient (insulin and 
amino acid) delivery to skeletal muscle is impaired in these 
athletes.

2.3 � Amino Acid Uptake

Amino acid uptake into skeletal muscle has been suggested 
to represent a locus of control for skeletal muscle anabo-
lism that may be compromised in older muscle [44]. During 
the immediate post-exercise period, there is an increase in 
the inward transport of amino acids that is enhanced in the 
presence of insulin and exogenous amino acids in young 
adults [45–47]. The uptake of amino acids is facilitated by 
transmembrane proteins that may also act as “transceptors” 
as a feedforward mechanisms to enhance mTORC1 activa-
tion [48]. The potential role for these transporters in any 
age-related anabolic resistance is unclear given that stud-
ies to date have largely been limited to assessing their gene 
or protein expression but not their intracellular localization 
or activity. Some research suggests that protein expression 
is differentially regulated by age, resistance exercise, and 
amino acid ingestion (for review, see [44]). For example, 
acute resistance exercise has been reported to increase 

protein expression of the sodium-coupled neutral amino acid 
transporter 2 (SNAT2) and the L-type amino acid transporter 
1 (LAT1) in older untrained adults [49, 50] with general 
trends to an increased expression in a muscle membrane-
enriched fraction [51]. The potential implication of these 
results is that SNAT2 and LAT1 work in concert to increase 
cellular uptake of the anabolic essential amino acid leucine 
[52]. Thus, a greater expression (and potentially at the mus-
cle membrane) of these transporters could improve the abil-
ity to increase the capacity for amino acid uptake and would 
be concomitant with previously reported increased free-liv-
ing rates of MyoPS with exercise and protein ingestion in 
older untrained adults [53]. Recent research in young adults 
also suggests that resistance training can increase the plasma 
membrane expression of LAT1 [54]. However, much is not 
known about the biological relevance of increased amino 
acid transporter expression given this is bi-directional in the 
transmembrane exchange of amino acids and, therefore, may 
just represent an increased capacity for muscle amino acid 
flux. Nevertheless, while studies in Master athletes are lack-
ing, the observation that inactivity can reduce amino acid 
transporter expression [55], whereas activity can increase 
its expression in young and older adults could collectively 
suggest the presence of sufficient amino acid transporters 
would not represent a rate-controlling step for post-exercise 
anabolism in concurrently training Master athletes.

2.4 � mRNA Translation

The blunted MyoPS response to exercise or exogenous 
amino acids in older untrained adults has been suggested 
to be related to an inability to activate (as suggested by pro-
tein phosphorylation) components of the mTORC1 signal-
ing pathway [16, 56, 57] but not to inadequate translational 
machinery (i.e. ribosomal protein), the latter of which has 
been reported to be paradoxically greater in older skel-
etal muscle [58]. However, as highlighted previously, even 
moderate exercise (i.e. 45 min of walking) can increase the 
ability of dietary amino acids to activate this anabolic path-
way and increase postprandial protein synthesis in older 
untrained men [41]; this highlights the important role for 
prior muscle contraction to sensitize this signaling pathway 
in older adults, which can also occur in younger individuals 
for up to 24 h after resistance exercise [59].

Research is also revealing the dynamic regulation of 
mTORC1 in human muscle through its intracellular trans-
location and association with positive regulators [60]. For 
example, translocation of mTORC1 to the lysosomal mem-
brane is integral for its downstream kinase activity and 
MyoPS during recovery from exercise and protein inges-
tion in young adults [61–63]. While there is limited research 
in older human muscle, it is revealing that mTOR-lysoso-
mal colocalization after essential amino acid ingestion is 
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increased after 12 weeks of training in older muscle, which 
was associated with ~ 20% greater postprandial mixed mus-
cle protein synthetic response [64]. Thus, it appears that 
conditioned older muscle retains the ability for intracellular 
mTORC1 translocation that is required for its activation.

2.5 � Inflammation

Aging may be associated with a chronic subclinical systemic 
and intramuscular inflammation, which is thought to con-
tribute to the anabolic resistance of aging [16]. However, 
this inflammatory status may be underpinned or exacerbated 
by inactivity and/or obesity [65–67], highlighting potential 
modifiable risk factors for its etiology. For example, resist-
ance training has been shown to reduce the expression of 
tumor necrosis factor-α in the muscle of frail older adults 
[68]. Moreover, combined aerobic and resistance exer-
cise, but not weight loss alone, decreases the intramuscu-
lar expression of inflammatory markers in frail obese older 
adults [69]. It is perhaps, therefore, unsurprising that Master 
athletes have similar resting levels of inflammatory markers 
as young adults [70] and experience attenuated exercise-
induced increases in some of these markers compared to 
untrained older adults, although this effect may be more 
pronounced in males as compared to females [71, 72]. 
Therefore, chronic intramuscular inflammation (which may 
be linked to anabolic resistance) is unlikely to be present 
in Master athletes, although in keeping with sports science 
research in general in young adults [73], additional research 
is warranted in females.

2.6 � Is There Evidence for Reduced Post‑exercise 
Anabolic Resistance in Active Older Adults?

Studies investigating the post-exercise ingested bolus pro-
tein dose–response in Master athletes do not currently exist. 
However, some evidence for a reduced anabolic resistance 
after exercise may be drawn from populations of older adults 
who presumably have different levels of habitual physical 
activity or reside in communities that may be more condu-
cive to greater levels of non-exercise adaptive thermogen-
esis (e.g. walking or cycling for transport). For example, the 
Netherlands is on average one of the most active countries in 
Europe [74] with older adults’ (61–70 years) reported daily 
walking and cycling activity generally exceeding ~ 2 h/day 
[75]. Canada, in contrast to many European countries, has 
a large activity variability (Gini coefficient) of the popula-
tion which has been shown to align with rates of obesity 
and walkability of cities [76]. While studies do not con-
sistently report on the baseline physical activity or fitness 
parameters of participants, it is notable that the post-exercise 
dose–response studies in older untrained men have been per-
formed in Canada and the Netherlands and could suggest 

an influence of baseline metabolic health on the require-
ment. For example, Holwerda et al. [77] in the Netherlands 
and Yang et al. [19] in Canada performed absolute protein 
dose–response studies of the myofibrillar protein fraction 
after an acute bout of resistance exercise with dairy protein 
(milk protein concentrate and whey, respectively) ranging 
from 0 to 45 g in older untrained but otherwise healthy men. 
After normalizing the protein intake to body mass (similar to 
a previous report in young adults [78]) and adjusting MyoPS 
response to a data span (to account for methodological dif-
ferences and lack of baseline control rates in both studies 
while assuming a similar maximal response with intakes of 
40–45 g; Fig. 2), the relative dose–response curve was visu-
ally shifted to the left (i.e. greater sensitivity) in the older 
men from the Netherlands. While habitual activity of the 
study populations was not reported, it is notable that daily 
step counts in similar studies from McMaster University 
in Canada were ~ 6500 steps/day [66, 79], which is slightly 
below the recommended minimum target (7000 steps/day) 
to maintain physical health of older adults [80]. Therefore, 
although additional research would help confirm whether the 
thesis that habitual activity influences relative post-exercise 
protein requirements, these observations would be consist-
ent with the ability of acute exercise to improve [40, 41] and 
reduced activity to impair [66, 67] the anabolic response to 
dietary amino acids in otherwise healthy older adults.

In more direct comparisons of the anabolic response of 
muscle protein synthesis to exogenous amino acids in trained 
older adults, it has been reported that basal and essential 
amino acid-induced stimulation of mixed muscle protein 
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Fig. 2   Myofibrillar protein synthesis after resistance exercise in 
response to dietary protein ingestion in young adults [78] and 
untrained older adults in different geographical locations who may 
have relatively higher [77] or lower [19] habitual activity levels. Data 
are normalized to the maximal myofibrillar protein synthetic response 
within each study (i.e. data span) assuming a maximal response at the 
highest intake (40–45 g of protein or > 0.49 g/kg). Error bars have not 
been included due to the requirement to normalize intakes and per-
centage of maximal response to reported mean group values from the 
respective publications. FSR fractional synthesis rate
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synthesis is ~ 20% greater after 12 weeks of resistance train-
ing in older adults [64]. In addition, a cross-sectional study 
reported that while basal and nutrient stimulated (i.e. intra-
venous glucose and amino acid infusion) rates of MyoPS 
are not statistically different between untrained and 20-week 
post-trained older adults, the increase from basal was numer-
ically greater (i.e. ~ 75 vs. 43%) in the trained adults [42]. 
Thus, available evidence from acute dose–response stud-
ies, comparisons of trained and untrained older adults, and 
the general ‘young’ muscle phenotype of Master athletes 
would suggest they are unlikely to suffer from the typical 
age-related anabolic resistance, which incidentally is thought 
to be underpinned or exacerbated by physical inactivity [81, 
82]. Therefore, the remainder of this review will discuss 
the current understanding of protein requirements in young 
adults as a reference point for older athletes.

3 � Resistance Exercise Protein Requirements

Resistance exercise is an inherently anabolic exercise 
modality that has been consistently shown to increase mus-
cle protein turnover and attenuate the otherwise negative 
net muscle protein balance in the rested fasted state [45, 
83]. However, consuming an exogenous source of amino 

acids is necessary to support maximal rates of muscle pro-
tein synthesis and a positive net protein balance, the latter 
of which is further supported by an ablation of the normal 
exercise-induced increase in muscle protein breakdown in 
the fasted state [46, 84, 85]. Current recommendations for 
young, resistance trained males is ~ 20 g of high-quality (i.e. 
leucine and essential amino acid-enriched) protein to maxi-
mize post-exercise rates of mixed muscle protein synthesis 
and MyoPS, while minimizing irreversible amino acid oxi-
dative losses [21, 23]. Importantly, there is little evidence 
that young females exhibit a differential post-exercise mus-
cle protein synthetic response with protein ingestion [86, 
87], which permits a more generalizable recommendation 
of ~ 0.3 g/kg as an efficient target dose for resistance trained 
athletes [78]. Given the position above that there is little 
evidence for the presence of ‘anabolic resistance’ in Master 
athletes, this relative protein intake would represent a suit-
able target for older athletes as well to enhance muscle pro-
tein remodeling after a bout of resistance exercise (Fig. 3). 
However, should older athletes be concerned with the suffi-
ciency of this intake then one could apply a safety margin for 
the estimated average requirement of 1.24, which represents 
the standard approach of twice the average assumed variance 
of 12% common to population level assessments [88]; this 
would, therefore, translate into ~ 0.37 g/kg or a modest ~ 28 g 

Fig. 3   Schematic representation 
of the activity-related differ-
ences in muscle morphology 
a between Master athletes and 
older untrained adults that 
would influence the rested or 
post-exercise increase in muscle 
protein synthesis after meal 
protein ingestion (b). ‘Anabolic 
resistance’ is a rightward shift 
in the protein dose–response 
curve that is characteristic of 
an inactive lifestyle, especially 
with aging. Shaded area rep-
resents the meal protein intake 
that would maximize muscle 
protein synthesis yet minimize 
dietary amino acid oxidation in 
Master athletes
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for a 75 kg athlete after exercise. While the impact of imme-
diate post-exercise protein ingestion to enhance resistance 
training adaptations (e.g. strength, lean mass gains) has been 
reported to be small-to-negligible in mostly untrained indi-
viduals [89], it is beyond question that exogenous amino acid 
ingestion is required to maximize muscle protein synthesis 
[19, 21, 23, 77] and induce a positive muscle net protein 
balance [46, 84]; these outcomes would be consistent with 
the prudent advice that athletes consume a source of protein 
during the early post-exercise recovery period to facilitate 
recovery [3, 90]. For time points beyond the 3–4 h post-
exercise period and/or on rested days, a target meal protein 
intake of 0.3 g/kg would also be sufficient [17].

With the goal of maximizing muscle mass and quality 
as a priority of most strength athletes, nutrition practices 
for these individuals would ideally support enhanced tis-
sue remodeling (i.e. breakdown and synthesis of muscle 
protein) and a positive net protein balance. Thus, the 
repeated consumption of mixed macronutrient meals with 
an adequate quantity of protein to support MyoPS and car-
bohydrate to support training demands would be the cor-
nerstone of their nutrition plan, which generally mirrors 
the practices of many younger elite athletes who consume 
4–5 meals per day [91]. Incidentally, consuming four mod-
erate (i.e. ~ 0.25 g/kg) whey protein doses supports greater 
rates of MyoPS [92] and whole body anabolism [93] than 
the same quantity of protein as two large (i.e. ~ 0.50 g/
kg) or eight small (i.e. ~ 0.13 g/kg) meals during a pro-
longed 12 h post-exercise recovery period in young trained 
males. Moreover, a balanced distribution of protein intake 
as compared to a skewed intake has been reported to sup-
port moderately greater gains in lean body mass during 

resistance training in younger adults [94]. Thus, general 
recommendations for the repeated ingestion of moder-
ate protein-containing meals every ~ 4 h (~ 4 to 5 meals) 
have been suggested to optimize muscle mass in trained 
populations [90, 95] (Fig. 4). This recommendation would 
likely also extend to Master athletes given the emerging 
evidence that meeting optimal meal protein targets is gen-
erally associated with greater lean mass and strength in 
their older untrained peers [96, 97], although additional 
research is still warranted in this field [98, 99]. How-
ever, 4–5 protein-containing meals at ~ 0.3 to 0.37 g/kg 
(designed to maximize muscle protein remodeling) could 
be manipulated to provide a daily intake (i.e. ~ 1.5 to 1.6 g/
kg/day) that would be close to what has been reported to 
support maximal post-exercise rates of whole body pro-
tein remodeling and net protein balance [100, 101] as well 
as training-induced gains in fat free mass [102]. While 
lean body or muscle mass does not necessarily translate 
to greater muscle strength, it is notable that even small 
differences in daily protein intake (i.e. ~ 1.21 vs. ~ 1.34 g/
kg/day) may be associated with detectable differences in 
muscle quality (total strength normalized to fat-free mass) 
in Master athletes [103]. It should be noted, however, that 
studies that specifically investigate daily protein targets 
typically do not provide the daily intake in a pattern that 
acute, lab-based studies would suggest would support an 
efficient muscle protein remodeling (i.e. maximal mus-
cle protein synthesis with minimal amino acid oxidation), 
and therefore, might result in a slightly greater estimate. 
Therefore, a meal-protein approach to the dietary protein 
target has been advocated previously [78, 90, 104] and 
may be integrated more easily into most athletes’ opti-
mal habitual meal frequency pattern (i.e. ~ 5 meals/eating 

Fig. 4   Schematic representation 
of the meal protein distribu-
tion pattern to optimize muscle 
protein synthesis after exercise 
(running caricature) in Master 
athletes. Solid line represents 
fasted muscle protein synthe-
sis. Dashed lines represent an 
optimal meal protein-induced 
enhancement of muscle protein 
synthesis. Active caricature 
represents an exercise stimulus
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occasions per day) [91] but generally skewed daily intake 
(i.e. the majority in the evening) [105].

4 � Endurance Exercise Protein Requirements

Endurance training has consistently been shown to 
increase daily protein requirements due in part to the 
requirement to replenish exercise-induced amino acid oxi-
dative losses [1, 106]. Although there are discrepancies 
between methodologies used to estimate requirements in 
athletes, safe intakes (i.e. 2 × standard deviation or upper 
95% confidence interval of the estimated average require-
ment) during training are ~ 50% greater than the general 
recommended dietary allowance by nitrogen balance 
(i.e. ~ 1.2 to 1.4 g/kg/day) [1, 107] and tracer-derived indi-
cator amino acid oxidation (i.e. ~ 1.7 to 1.8 g/kg/day) [108, 
109]. Incidentally, seminal research using nitrogen bal-
ance that included both younger (~ 27 years) and middle 
aged (~ 52 years) athletes reported identical requirements 
of ~ 1.2 g/kg/day [107], suggesting protein requirements 
in younger Master athletes are not substantially different 
from athletes half their age. However, the relevance of 
merely maintaining nitrogen balance for athletes aiming 
to optimize training, recovery, and/or performance has 
been questioned previously [110, 111]. In support, young 
endurance athletes who consume 1.2 g/kg/day protein and 
adequate carbohydrate are able to maintain protein balance 
during 4 days of higher volume training despite experi-
encing apparent losses of muscle strength and 5 km time-
trial performance [112]. In contrast, when these athletes 
consumed 1.75 g/kg/day, which was established to be suf-
ficient to maximize whole body protein synthesis during 
recovery [108], whole body net protein balance remained 
positive during training and was concomitant with small-
to-moderate benefits (relative to 1.2 g/kg/day) in muscle 
strength and time trial performance [112]. Collectively, 
these highlight that protein requirements are towards the 
upper range of the current sports nutrition guidelines [3]. 
An intake of ~ 1.7 to 1.8 g/kg/day, which represents a mod-
est ~ 15% of total energy, is generally met in younger ath-
letes provided they consume adequate energy [105] but 
may not be reached in some Master athletes [103, 113].

Due to different methodological approaches and inher-
ent assumptions of nitrogen balance and stable isotope 
tracer methodology, it may be an academic debate as to 
which represents the ‘true’ requirement for these endur-
ance athletes. Thus, a meal protein intake that maximizes 
muscle protein remodeling may also be explored for 
how to parse athlete protein recommendations. Recently, 
Churchward-Venne et al. [114] performed an elegant study 
examining the protein dose–response for muscle and whole 
body protein synthesis after endurance exercise in trained 

young adults and revealed that myofibrillar, but not mito-
chondrial, protein synthesis was nutritionally responsive 
and was maximized with the equivalent of ~ 0.5 g/kg of 
milk protein. Whole body protein synthesis did not pla-
teau over the range of meal protein intakes studied (i.e. 
up to ~ 0.65 g/kg), which confirms the greater capacity to 
assimilate dietary amino acids into non-muscle protein 
pools [22, 115] that may nevertheless still be important 
for an endurance athlete’s recovery (e.g. plasma volume 
expansion, red blood cell remodeling, bone collagen 
turnover, etc.) [116]. Interestingly, the relative difference 
(~ 0.2 g/kg) between this post-endurance exercise maximal 
effective dose and the previously estimated maximal dose 
for resistance exercise [78] is similar to the protein equiva-
lent of what could be mobilized from exercise-induced 
muscle catabolism [117] and subsequently oxidized [31]. 
As amino acid oxidative losses (especially of the branched 
chain amino acids including leucine) have been suggested 
to underpin the greater acute [31] and daily [1, 106] pro-
tein requirements of endurance athletes, it is possible 
that any factor that minimizes amino acid oxidation dur-
ing exercise could have the reciprocal effect of a relative 
reduction in the acute post-exercise protein requirement. 
For example, estrogen has been shown to have a protein-
sparing effect with endurance exercise due to a greater 
ability to mobilize and oxidize fatty acids [118, 119]. Mid-
dle aged (~ 52 years) [120] and older (~ 65 years) [121] 
trained adults have been reported to have a greater contri-
bution of fat to total energy expenditure during intensity-
matched exercise than younger athletes. Thus, inasmuch 
as this greater relative fat oxidation would also be accom-
panied by a reduction in amino acid oxidative losses, this 
would further suggest Master athletes would be unlikely to 
have requirements that are greater than younger athletes.

From a practical standpoint, it has been suggested that 
protein requirements may be greater in Master athletes after 
strenuous bouts of exercise that may elicit some degree of 
acute muscle damage given the reported delay in the restora-
tion of muscle function relative to younger athletes [122]. 
This recommendation is based on some of the most rele-
vant research on Master athlete protein intakes and muscle 
remodeling, which demonstrated that free-living rates of 
MyoPS in older athletes was ~ 16% of their younger athletic 
peers during 3 days of recovery from a bout of downhill run-
ning despite both groups consuming an equivalent 1.6–1.7 g/
kg/day protein [123]. In a follow-up study, Master athletes 
completed a similar bout of damaging exercise (i.e. 30 min 
downhill running) in the morning before consuming protein 
supplements (3 × 0.3 g/kg or 3 × 0.6 g/kg every 2 h) dur-
ing acute recovery prior to assessing performance through 
a battery of tests in the same afternoon [124]. This research 
revealed that Master athletes consuming the high-protein 
intake, which would exceed current recommendations in 
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young athletes after exercise [78] and older untrained adults 
at rest [17] to maximize MyoPS, had a slightly attenuated 
decrease in muscle strength (~ 3.6 vs ~ 8.6%, respectively) 
compared to the lower protein condition [124]. While this 
research is of potential interest to Master athletes who might 
train multiple times per day, it may represent a practically 
challenging dietary approach to adhere to given the satiating 
effect of this macronutrient and the requirement to achieve 
appropriate carbohydrate targets for optimal performance. 
Nevertheless, these data could align somewhat with cross-
sectional research suggesting that higher, but still suboptimal 
(i.e. ~ 1.35 g/kg/day), daily intakes are generally associated 
with greater muscle function in a small cohort of mixed dis-
cipline Master athletes [103]. However, it should be noted 
that optimizing rates of MyoPS does not always align with 
enhanced recovery of muscle function [125, 126], highlight-
ing the need for additional research that may promote the 
restoration of exercise performance and/or optimize training 
adaptations outside of what is currently recommended for 
muscle protein remodeling [127].

5 � Contemporary Sports Nutrition

5.1 � Pre‑sleep Protein Ingestion

Identifying additional feeding opportunities within an ath-
lete’s daily training schedule can help meet their generally 
high energy and protein demands. Young athletes have 
been reported to regularly have greater than four daily eat-
ing occasions (including both meals and snacks) [91, 105]. 
Of recent interest in augmenting muscle protein remodeling 
is the dietary strategy of consuming a source of protein/
dietary amino acids immediately prior to sleep, which would 
provide amino acid precursors for protein synthesis during 
a period that is otherwise characterized by low circulating 
levels [128]. Past research in this area has generally utilized 
slower digesting micellar casein proteins that provide a sus-
tained nocturnal aminoacidemia concomitant with greater 
rates of muscle protein synthesis [129, 130], representing a 
strategy that could help athletes “recover while they sleep”. 
Indeed, exercise in the evening before pre-sleep protein 
ingestion has been shown to improve overnight rates of mus-
cle protein synthesis in older untrained adults [131]. While 
this dietary strategy has been shown to improve adaptations 
(strength and muscle hypertrophy) to resistance training in 
young adults [132], similar benefits have not been observed 
in older adults [133]. Nevertheless, the ability to enhance 
rates of muscle protein remodeling during an otherwise pro-
longed fasted period would ostensibly be a benefit (or at 
least not ergolytic) for Master athletes who are concurrently 
training. Preliminary research in young individuals suggest 
this could improve next day exercise performance [134] 

and aerobic capacity with short-term high-intensity train-
ing [135], although additional research is needed to confirm 
these findings and their relevance to Master athletes.

5.2 � Low Carbohydrate Availability Training

Contemporary sports nutrition approaches include the perio-
dized intake of carbohydrate with the aim of providing just 
the essential fuel required for high intensity training (i.e. 
“fuel for the work”) and/or purposely training with low car-
bohydrate availability (e.g. fasted training, low daily or peri-
odized carbohydrate intake, etc.) as a means to enhance the 
activation of mitochondrial biogenesis pathways, increase 
fat oxidation, and/or improve aerobic capacity [136]. These 
approaches, whether intentional or due to dietary deficien-
cies, are a feature of many elite endurance athlete training 
programs [137]. However, training with low carbohydrate 
availability has also been shown to augment amino acid oxi-
dative losses as a compensatory energy source [2] that can 
increase daily protein requirements by ~ 10 to 15% [138], 
which Master athletes need to be mindful of if they incor-
porate this type of training into their plans.

5.3 � Intermittent Fasting

Time-restricted feeding (TRF; e.g. 16:8 h fasted/feeding) is 
gaining attention for the potential to increase fat oxidation 
via a reduced daily insulin response (e.g. 6–8 h eating win-
dow vs. the traditional 12–16 h) and alter body composition 
via reduced total daily energy intake and/or greater lipolysis 
[139]. In the event that exercise is performed early in the 
fasted window then the prolonged post-exercise carbohy-
drate restriction could align with the “recover low” principle 
of training [140], which is thought to further enhance meta-
bolic adaptations and mitochondrial biogenesis. However, 
this condensed feeding approach may be counterproduc-
tive for protein intake patterns that would optimize skeletal 
muscle protein remodeling (as discussed in more detail here 
[141]), which currently recommends a balanced distribution 
of moderate (~ 0.3 g/kg) discrete protein containing meals 
every 3–4 h [78, 90]. This feeding approach does not appear 
to interfere with resistance training-induced gains in fat-
free mass in young individuals consuming adequate daily 
dietary protein [139, 142, 143], likely owing to the ability 
of this exercise modality to increase the anabolic sensitivity 
of skeletal muscle to dietary amino acids [59, 144]. How-
ever, preliminary research suggests that fat-free mass loss 
may be concomitant with fat loss when applying this dietary 
manipulation in young endurance athletes despite no appar-
ent advantage to aerobic capacity or performance [145], 
although there are reports that power/weight performance 
variables may be improved due to reductions in body mass 
[146]. Given that protection from typical age-related muscle 
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loss is equivocal in Master endurance athletes [43, 147] and 
performance benefits of TRF are not apparent in young ath-
letes [145], older endurance trained athletes are cautioned 
about experimenting with this dietary approach in order to 
avoid any unintended muscle loss. Thus, it is recommended 
that Master athletes prioritize a balanced daily protein inges-
tion to maximize muscle remodeling and mass.

5.4 � Protein Type

The majority of interventional research in sports nutrition 
employs a supplemental protein approach due to conveni-
ence (e.g. sports drink/bar within a controlled diet) and/or 
control (e.g. defined amino acid profile, digestion/absorp-
tion, macronutrient profile, etc.). This has contributed to the 
suggestion that leucine-enriched, rapidly digested proteins 
should be prioritized during the immediate post-exercise 
period to stimulate a rapid increase in muscle protein syn-
thesis [95], which is based primarily on research using liquid 
protein beverages. While much of this research has provided 
the foundational knowledge for current sports nutrition rec-
ommendations, it generally belies the reality that athletes 
consume mixed macronutrient whole foods, although most 
athletes do still consume supplemental protein foods [148]. 
Research is beginning to reveal that whole foods may con-
tain anti-nutritional components (e.g. phytic acids, tannins, 
protease inhibitors that are common to plant proteins, and/
or byproducts of processing such as Maillard compounds 
[149]) that could interfere with the digestion and absorp-
tion of dietary amino acids and/or non-protein micronutri-
ents or bioactives that may enhance their anabolic effects 
(for in-depth reviews, see [150, 151]). For example, despite 
providing equivalent total protein, whole eggs have been 
shown to more effectively activate mTORC1 [62] and sup-
port MyoPS after resistance exercise in young adults than 
egg whites [152]. It has also been reported that mycoprotein, 
a sustainably produced fungal protein, supports greater rates 
of mixed muscle protein synthesis after resistance exercise 
than a leucine-matched (but not isoprotein) quantity of milk 
protein [153]. Therefore, Master athletes should prioritize 
the consumption of nutrient and protein dense foods to meet 
their meal and daily protein targets. Athletes consuming 
a primarily or exclusively plant-based diet should ensure 
each meal includes complementary foods to minimize any 
amino acid deficiencies [154] and may consider consuming 
a slightly greater protein intake (e.g. ~ 10%) to account for 
the generally lower quality of plant-based proteins.

Master athletes may be prone to connective tissue injury 
such as strains and sprains or joint degradation either from 
acute injury or overuse [155]. Recent research suggests 
collagen-enriched food (e.g. gelatin) or supplements may 
promote collagen turnover in athletes when consumed 
before exercise with adequate vitamin C, the latter of which 

is essential for enzymes responsible for collagen cross-
linking (i.e. lysyl oxidase and prolyl/lysyl hydroxyprolases) 
[156, 157]. While other supplements have been investigated 
for their potential role in preventing or facilitating recov-
ery from injuries, the reader is referred to other reviews on 
this topic [158]. Thus, while collagen protein, due to its pri-
mary nonessential amino acid profile and low protein score 
[159], does not support contractile protein remodeling in 
humans [160, 161], it may be paired with other higher qual-
ity proteins to augment MyoPS [162]. However, prelimi-
nary research suggests that collagen supplementation may 
not enhance muscle extracellular matrix remodeling with 
exercise in older women [161], although the large variability 
in muscle collagen protein synthesis and moderate estimated 
effect size (i.e. 0.53; 95% CI − 0.53 to 1.53) in favor of 25 g 
daily collagen compared to whey protein supplementation in 
this study suggests additional research is warranted. Regard-
less, collagen is also rich in the amino acid glycine, which 
may be conditionally essential in humans due to a suggested 
deficiency in the ability of the liver and kidney to synthe-
size sufficient amounts in humans to satisfy the metabolic 
demand for collagen synthesis [163]. Moreover, collagen 
protein supplementation of an adequate mixed protein diet 
has little effect on the overall dietary amino acid quality 
given the relatively low collagen peptide content of most 
Western diets [159]. Thus, given its relatively low cost and 
GRAS (generally regarded as safe) status, collagen protein 
may be a low-risk option for Master athletes to supplement 
their diet.

6 � Impact of Sex

Despite the reportedly greater relative participation rates 
of females than males in some Master events (e.g. mara-
thon) [164], there is an unfortunate under-representation 
of female participants in sport science research [73]. Thus, 
much of our sports nutrition guidelines has been derived 
from research in males, which has forced the field to con-
sider how the presence or absence of sex hormones may 
influence protein metabolism and nutritional requirements. 
Premenopausal female athletes are unlikely to have substan-
tial differences in their protein requirements after resist-
ance exercise given that muscle protein synthesis is general 
consistent across the menstrual phase [165] and available 
evidence is lacking to suggest female athletes’ response to 
dietary protein is different from their male counterparts [78]. 
Where requirements may differ slightly is with endurance 
training when the estrogen:progesterone ratio is high as the 
former has been shown to have a protein sparing effect dur-
ing aerobic exercise [118, 119]. Thus, while direct evidence 
across the menstrual phase is lacking, protein requirements 
may be a conservative ~ 10 to 15% lower during the follicular 



S23Protein Requirements for Master athletes

as compared to luteal phase. Additional research is required 
to more clearly identify whether oral contraception may be 
a modifying influence on protein requirements [166]. There-
fore, a practical approach to ensure protein needs are met by 
premenopausal woman across the menstrual phase could be 
to adhere to general guidelines derived primarily in males, 
as summarized above.

Menopause is generally characterized by a temporary but 
accelerated loss of muscle mass that is not attenuated by hor-
mone replacement therapy [167] but can be partially offset 
by resistance exercise [168, 169], highlighting the impor-
tance of muscle contraction to offset ‘normal’ age-related 
muscular alterations. However, post-menopause has also 
been reported to represent a divergence in rested and post-
prandial muscle protein metabolism in untrained older adults 
(for review, see [170]). For example, while both untrained 
older females and males present a general anabolic resist-
ance to exogenous amino acids at rest, females may be able 
to compensate for this with a greater basal rate of muscle 
protein synthesis [171, 172]. Studies are currently lacking 
that have compared both older males and females after exer-
cise in response to differences in dietary protein ingestion, 
which would be more relevant to Master athletes. When 
evaluating the increase in MyoPS after resistance exercise 
with whey protein ingestion normalized to body mass per-
formed by a single laboratory [19, 53, 161], it was equivo-
cal whether the response in healthy older untrained females 
mapped on to the response in older untrained males. For 
example, older males consuming ~ 0.25 or ~ 0.49 g/kg bolus 
of whey protein demonstrated a ~ 116% and ~ 187%, respec-
tively, increase in MyoPS after resistance exercise. Using 
a similar methodology and protein source, older untrained 
females consuming an intermediate dose of ~ 0.37 g/kg 
reported an intermediate (~ 144%) [161] or a lower (~ 43%) 
[53] increase in MyoPS compared to the males. Thus, while 
much research is required to more clearly determine the spe-
cific protein requirements in postmenopausal female ath-
letes there is currently insufficient evidence to suggest they 
would be substantially different from the available research 
in males.

7 � Protein Intake and Bone Health

Aging is associated with a gradual loss of bone density and 
strength that can predispose bones to increased fracture risk. 
There is evidence that chronic physical activity associated 
with the training of many Master athletes (especially those 
performing strength and power training) helps maintain 
bone mineral density [9, 173], which is consistent with the 
osteogenic nature of bone loading. However, there is also 
evidence that a daily protein intake greater than the current 
RDA of 0.8 g/kg/day is associated with greater bone mineral 

density [174], especially when consumed with adequate cal-
cium and potentially vitamin D intake [175]. Given the rec-
ommendations for protein discussed above would translate 
into intakes that would be in excess of the current RDA, 
Master athletes adhering to the current guidelines would 
meet their protein needs for maintaining bone health. Poten-
tial caveats could be to ensure Master athletes also consume 
adequate calcium (i.e. > 600 mg/day), vitamin D (> 800 IU/
day), and alkaline salts, the latter of which would help regu-
late acid–base balance, a risk factor for bone loss with age 
[176], and can be found in a balanced diet enriched with 
fruits and vegetables. Readers interested in additional nutri-
tional recommendations to maintain bone health are referred 
to other reviews on this topic (e.g. [177]).

8 � Is There Scope for Improvement in Master 
Athletes?

It has been suggested that performance in Master triathletes 
has yet to peak [178] and may be aided by an advanced 
understanding of training, recovery, therapeutics, and sports 
nutrition. However, Master athletes self-report lower post-
exercise meal protein intakes than their younger counterparts 
[179] and may generally consume suboptimal daily intakes 
(i.e. < 1.31 g/kg/day) [103], although one must be mindful 
of the general propensity for under-reporting in a range of 
dietary assessment strategies [180]. These lower intakes may 
also reflect a lack of knowledge on the part of some athletes 
as 50% of older triathletes responded “I don’t know” when 
asked about an optimal post-exercise protein dose, whereas 
only 22% responded with (at the time of its publication) the 
recommended 20–25 g protein [179]. Importantly, in light 
of a recent post-endurance exercise protein dose–response 
study [114], younger athletes on average consumed close 
to the recommended intake of ~ 0.5 g/kg, whereas older 
adults were below this new target (i.e. ~ 0.4 vs. 0.3 g/kg, 
respectively) [179]. Therefore, increasing total daily protein 
intake and/or meal protein during the early post-exercise 
recovery period may represent a safe and feasible means for 
Master athletes to enhance their recovery, adaptation, and 
performance.

9 � Conclusion

Similar to their younger peers, Master athletes should ensure 
their nutrition plans include adequate dietary protein intake 
to support their training and recovery. Fortunately, current 
evidence does not support the need for higher protein intakes 
than what is currently recommended for and developed in 
younger athletes as much of the discussion on increased pro-
tein requirements in older adults to offset any age-related 
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anabolic resistance is of little relevance to highly active 
Master athletes. Athletes who apply a dietary approach 
that targets an optimal meal protein intake and frequency 
to efficiently stimulate muscle protein remodeling (in addi-
tion to other important aspects of recovery such as optimal 
carbohydrate and energy intake) would likely reach a daily 
protein intake that would approximate ‘optimal’ daily pro-
tein estimates from studies that do not specifically control 
for meal timing or pattern (summarized in Table 1); how-
ever, it is argued that a meal protein approach, which may 
yield a slightly lower daily estimate due to a more efficient 
protein intake, would be more practical for dietary planning 
while also ensuring a balanced daily protein distribution 
for optimal muscle remodeling. While additional research 
could confirm whether current recommendations for Master 
athletes are indeed optimal, the ability of Master athletes to 
age gracefully and successfully allows them to look back 
at what supports their younger contemporaries as a strong 
foundation on which to build their success going forward.
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Table 1   Recommended meal protein intakes for Master athletes

1 Post-exercise refers to the first meal after exercise (i.e. within ~ 1 h after training cessation to maximize muscle protein synthesis)
2 Daily meals refer to all meals throughout the day with the exception of the post-exercise meal
3 Endurance training refers to aerobic-based exercise of moderate–high intensity (e.g. ≥ 70% VO2peak)
4 Resistance training refers to high effort, externally loaded muscle contractions (e.g. weight lifting)
5 Daily protein targets extracted from studies that have not specifically used a summative target meal protein approach for maximizing muscle 
protein synthesis

Post-exercise1 Daily2 Considerations

Endurance training3 0.5 g/kg per meal
Rapidly digested, leucine-enriched

0.3–0.4 g/kg per 
meal

High quality, 
nutrient dense 
(e.g. whole 
foods)

Enriched in 
branched 
chain amino 
acids

Consume 4–5 
equally spaced 
meals

Target a daily intake of ~ 1.8 g/kg/day with adequate energy5

Include ~ 10% buffer with lower quality proteins (e.g. plant-based)
Requirements may be increased ~ 10 to 15% with low carbohydrate 

availability training
If tolerable, target last meal ~ 1 to 2 h before sleep

Resistance training4 0.3–0.4 g/kg per meal
Rapidly digested, leucine-enriched

0.3–0.4 g/kg per 
meal

High quality, 
nutrient dense 
(e.g. whole 
foods)

Consume 4–5 
equally spaced 
meals

Target a daily intake of ~ 1.6 g/kg/day with adequate energy5

Include ~ 10% buffer with lower quality proteins (e.g. plant-based)
If tolerable, target last meal ~ 1–2 h before sleep



S25Protein Requirements for Master athletes

provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Tarnopolsky M. Protein requirements for endurance ath-
letes. Nutrition (Burbank, Los Angeles County, Calif). 
2004;20(7–8):662–8.

	 2.	 Lemon PW, Mullin JP. Effect of initial muscle glycogen levels 
on protein catabolism during exercise. J Appl Physiol Respir 
Environ Exerc Physiol. 1980;48(4):624–9.

	 3.	 Thomas DT, Erdman KA, Burke LM. American College of 
Sports Medicine Joint Position Statement. Nutrition and Athletic 
Performance. Med Sci Sports Exerc. 2016;48(3):543–68.

	 4.	 Tayrose GA, Beutel BG, Cardone DA, Sherman OH. The masters 
athlete: a review of current exercise and treatment recommenda-
tions. Sports health. 2015;7(3):270–6.

	 5.	 Mitchell WK, Williams J, Atherton P, Larvin M, Lund J, Narici 
M. Sarcopenia, dynapenia, and the impact of advancing age on 
human skeletal muscle size and strength; a quantitative review. 
Front Physiol. 2012;3:260.

	 6.	 Fleg JL, Morrell CH, Bos AG, Brant LJ, Talbot LA, Wright JG, 
et al. Accelerated longitudinal decline of aerobic capacity in 
healthy older adults. Circulation. 2005;112(5):674–82.

	 7.	 Lazarus NR, Harridge SDR. Declining performance of master 
athletes: silhouettes of the trajectory of healthy human ageing? 
J Physiol. 2017;595(9):2941–8.

	 8.	 McKendry J, Breen L, Shad BJ, Greig CA. Muscle morphol-
ogy and performance in master athletes: a systematic review and 
meta-analyses. Ageing Res Rev. 2018;45:62–82.

	 9.	 Piasecki J, Ireland A, Piasecki M, Deere K, Hannam K, Tobias 
J, et al. Comparison of muscle function, bone mineral density 
and body composition of early starting and later starting older 
masters athletes. Front Physiol. 2019;10:1050.

	 10.	 Hawkins SA, Wiswell RA, Marcell TJ. Exercise and the mas-
ter athlete—a model of successful aging? J Gerontol Ser A. 
2003;58(11):M1009–11.

	 11.	 Churchward-Venne TA, Holwerda AM, Phillips SM, van Loon 
LJ. What is the optimal amount of protein to support post-exer-
cise skeletal muscle reconditioning in the older adult? Sports 
Med (Auckland, NZ). 2016;46(9):1205–12.

	 12.	 Murphy CH, Oikawa SY, Phillips SM. Dietary protein to main-
tain muscle mass in aging: a case for per-meal protein recom-
mendations. J Frailty Aging. 2016;5(1):49–58.

	 13.	 Doherty TJ. Invited review: aging and sarcopenia. J Appl Physiol 
(Bethesda, Md : 1985). 2003;95(4):1717–27.

	 14.	 Narici MV, Maffulli N. Sarcopenia: characteristics, mechanisms 
and functional significance. Br Med Bull. 2010;95(1):139–59.

	 15.	 Joanisse S, Nederveen JP, Snijders T, McKay BR, Parise G. Skel-
etal muscle regeneration, repair and remodelling in aging: the 
importance of muscle stem cells and vascularization. Gerontol-
ogy. 2017;63(1):91–100.

	 16.	 Cuthbertson D, Smith K, Babraj J, Leese G, Waddell T, Atherton 
P, et al. Anabolic signaling deficits underlie amino acid resist-
ance of wasting, aging muscle. FASEB J. 2005;19(3):422–4.

	 17.	 Moore DR, Churchward-Venne TA, Witard O, Breen L, Burd 
NA, Tipton KD, et al. Protein ingestion to stimulate myofibrillar 

protein synthesis requires greater relative protein intakes in 
healthy older versus younger men. J Gerontol A Biol Sci Med 
Sci. 2015;70(1):57–62.

	 18.	 Katsanos CS, Kobayashi H, Sheffield-Moore M, Aarsland A, 
Wolfe RR. A high proportion of leucine is required for optimal 
stimulation of the rate of muscle protein synthesis by essential 
amino acids in the elderly. Am J Physiol Endocrinol Metab. 
2006;291(2):E381–7.

	 19.	 Yang Y, Breen L, Burd NA, Hector AJ, Churchward-Venne TA, 
Josse AR, et al. Resistance exercise enhances myofibrillar protein 
synthesis with graded intakes of whey protein in older men. Br 
J Nutr. 2012;108(10):1780–8.

	 20.	 Robinson MJ, Burd NA, Breen L, Rerecich T, Yang Y, Hector AJ, 
et al. Dose-dependent responses of myofibrillar protein synthe-
sis with beef ingestion are enhanced with resistance exercise in 
middle-aged men. Appl Physiol Nutr Metab. 2013;38(2):120–5.

	 21.	 Witard OC, Jackman SR, Breen L, Smith K, Selby A, Tipton KD. 
Myofibrillar muscle protein synthesis rates subsequent to a meal 
in response to increasing doses of whey protein at rest and after 
resistance exercise. Am J Clin Nutr. 2014;99(1):86–95.

	 22.	 Kim IY, Schutzler S, Schrader A, Spencer HJ, Azhar G, Fer-
rando AA, et al. The anabolic response to a meal containing 
different amounts of protein is not limited by the maximal 
stimulation of protein synthesis in healthy young adults. Am J 
Physiol Endocrinol Metab. 2016;310(1):E73-80.

	 23.	 Moore DR, Robinson MJ, Fry JL, Tang JE, Glover EI, Wilkin-
son SB, et al. Ingested protein dose response of muscle and 
albumin protein synthesis after resistance exercise in young 
men. Am J Clin Nutr. 2009;89(1):161–8.

	 24.	 Volpi E, Mittendorfer B, Wolf SE, Wolfe RR. Oral amino 
acids stimulate muscle protein anabolism in the elderly 
despite higher first-pass splanchnic extraction. Am J Physiol. 
1999;277(3):E513–20.

	 25.	 Gorissen SHM, Trommelen J, Kouw IWK, Holwerda AM, Pen-
nings B, Groen BBL, et al. Protein type, protein dose, and age 
modulate dietary protein digestion and phenylalanine absorp-
tion kinetics and plasma phenylalanine availability in humans. 
J Nutr. 2020;150(8):2041–50.

	 26.	 Pennings B, Groen BB, van Dijk JW, de Lange A, Kiskini A, 
Kuklinski M, et al. Minced beef is more rapidly digested and 
absorbed than beef steak, resulting in greater postprandial pro-
tein retention in older men. Am J Clin Nutr. 2013;98(1):121–8.

	 27.	 Rémond D, Machebeuf M, Yven C, Buffière C, Mioche L, 
Mosoni L, et al. Postprandial whole-body protein metabolism 
after a meat meal is influenced by chewing efficiency in elderly 
subjects. Am J Clin Nutr. 2007;85(5):1286–92.

	 28.	 Needleman I, Ashley P, Fine P, Haddad F, Loosemore M, de 
Medici A, et al. Oral health and elite sport performance. Br J 
Sports Med. 2015;49(1):3–6.

	 29.	 van Wijck K, Lenaerts K, van Loon LJ, Peters WH, Buur-
man WA, Dejong CH. Exercise-induced splanchnic hypoper-
fusion results in gut dysfunction in healthy men. PloS One. 
2011;6(7):e22366.

	 30.	 van Wijck K, Pennings B, van Bijnen AA, Senden JM, Buur-
man WA, Dejong CH, et al. Dietary protein digestion and 
absorption are impaired during acute postexercise recovery 
in young men. Am J Physiol Regul Integr Comp Physiol. 
2013;304(5):R356–61.

	 31.	 Mazzulla M, Parel JT, Beals JW, Vanv S, Abou Sawan S, West 
DWD, et al. Endurance exercise attenuates postprandial whole-
body leucine balance in trained men. Med Sci Sports Exerc. 
2017;49(12):2585–92.

	 32.	 Frontera WR, Hughes VA, Fielding RA, Fiatarone MA, Evans 
WJ, Roubenoff R. Aging of skeletal muscle: a 12-yr longitudi-
nal study. Journal of applied physiology (Bethesda, Md: 1985). 
2000;88(4):1321–6.

http://creativecommons.org/licenses/by/4.0/


S26	 D. R. Moore 

	 33.	 Mitchell WK, Phillips BE, Williams JP, Rankin D, Smith K, 
Lund JN, et al. Development of a new Sonovue™ contrast-
enhanced ultrasound approach reveals temporal and age-related 
features of muscle microvascular responses to feeding. Physiol 
Rep. 2013;1(5):e00119.

	 34.	 Timmerman KL, Lee JL, Dreyer HC, Dhanani S, Glynn EL, Fry 
CS, et al. Insulin stimulates human skeletal muscle protein syn-
thesis via an indirect mechanism involving endothelial-dependent 
vasodilation and mammalian target of rapamycin complex 1 sign-
aling. J Clin Endocrinol Metab. 2010;95(8):3848–57.

	 35.	 Timmerman KL, Lee JL, Fujita S, Dhanani S, Dreyer HC, Fry 
CS, et al. Pharmacological vasodilation improves insulin-stim-
ulated muscle protein anabolism but not glucose utilization in 
older adults. Diabetes. 2010;59(11):2764–71.

	 36.	 Hepple RT, Mackinnon SL, Goodman JM, Thomas SG, Ply-
ley MJ. Resistance and aerobic training in older men: effects 
on VO2peak and the capillary supply to skeletal muscle. J Appl 
Physiol (Bethesda, Md: 1985). 1997;82(4):1305–10.

	 37.	 Snijders T, Nederveen JP, Bell KE, Lau SW, Mazara N, Kumb-
hare DA, et al. Prolonged exercise training improves the acute 
type II muscle fibre satellite cell response in healthy older men. 
J Physiol. 2019;597(1):105–19.

	 38.	 Moore DR, Kelly RP, Devries MC, Churchward-Venne TA, 
Phillips SM, Parise G, et al. Low-load resistance exercise dur-
ing inactivity is associated with greater fibre area and satellite 
cell expression in older skeletal muscle. J Cachexia Sarcopenia 
Muscle. 2018;9(4):747–54.

	 39.	 Arentson-Lantz EJ, English KL, Paddon-Jones D, Fry 
CS. Fourteen days of bed rest induces a decline in satellite 
cell content and robust atrophy of skeletal muscle fibers in 
middle-aged adults. J Appl Physiol (Bethesda, Md: 1985). 
2016;120(8):965–75.

	 40.	 Fujita S, Rasmussen BB, Cadenas JG, Drummond MJ, Glynn 
EL, Sattler FR, et al. Aerobic exercise overcomes the age-related 
insulin resistance of muscle protein metabolism by improving 
endothelial function and Akt/mammalian target of rapamycin 
signaling. Diabetes. 2007;56(6):1615–22.

	 41.	 Timmerman KL, Dhanani S, Glynn EL, Fry CS, Drummond 
MJ, Jennings K, et al. A moderate acute increase in physical 
activity enhances nutritive flow and the muscle protein anabolic 
response to mixed nutrient intake in older adults. Am J Clin Nutr. 
2012;95(6):1403–12.

	 42.	 Phillips BE, Atherton PJ, Varadhan K, Limb MC, Wilkinson 
DJ, Sjøberg KA, et al. The effects of resistance exercise train-
ing on macro- and micro-circulatory responses to feeding and 
skeletal muscle protein anabolism in older men. J Physiol. 
2015;593(12):2721–34.

	 43.	 Coggan AR, Spina RJ, Rogers MA, King DS, Brown M, Nemeth 
PM, et al. Histochemical and enzymatic characteristics of skel-
etal muscle in master athletes. J Appl Physiol (Bethesda, Md: 
1985). 1990;68(5):1896–901.

	 44.	 Dickinson JM, Rasmussen BB. Amino acid transporters in the 
regulation of human skeletal muscle protein metabolism. Curr 
Opin Clin Nutr Metab Care. 2013;16(6):638–44.

	 45.	 Biolo G, Maggi SP, Williams BD, Tipton KD, Wolfe RR. 
Increased rates of muscle protein turnover and amino acid 
transport after resistance exercise in humans. Am J Physiol. 
1995;268(3 Pt 1):E514–20.

	 46.	 Biolo G, Tipton KD, Klein S, Wolfe RR. An abundant supply of 
amino acids enhances the metabolic effect of exercise on muscle 
protein. Am J Physiol. 1997;273(1 Pt 1):E122–9.

	 47.	 Biolo G, Williams BD, Fleming RY, Wolfe RR. Insulin action on 
muscle protein kinetics and amino acid transport during recovery 
after resistance exercise. Diabetes. 1999;48(5):949–57.

	 48.	 Hundal HS, Taylor PM. Amino acid transceptors: gate keepers 
of nutrient exchange and regulators of nutrient signaling. Am J 
Physiol Endocrinol Metab. 2009;296(4):E603–13.

	 49.	 Dickinson JM, Drummond MJ, Coben JR, Volpi E, Rasmus-
sen BB. Aging differentially affects human skeletal muscle 
amino acid transporter expression when essential amino acids 
are ingested after exercise. Clin Nutr (Edinburgh, Scotland). 
2013;32(2):273–80.

	 50.	 Drummond MJ, Fry CS, Glynn EL, Timmerman KL, Dickin-
son JM, Walker DK, et al. Skeletal muscle amino acid trans-
porter expression is increased in young and older adults follow-
ing resistance exercise. J Appl Physiol (Bethesda, Md: 1985). 
2011;111(1):135–42.

	 51.	 Agergaard J, Bülow J, Jensen JK, Reitelseder S, Bornø A, 
Drummond MJ, et al. Effect of light-load resistance exercise on 
postprandial amino acid transporter expression in elderly men. 
Physiol Rep. 2017;5(18):e13444.

	 52.	 Nicklin P, Bergman P, Zhang B, Triantafellow E, Wang H, 
Nyfeler B, et al. Bidirectional transport of amino acids regulates 
mTOR and autophagy. Cell. 2009;136(3):521–34.

	 53.	 Devries MC, McGlory C, Bolster DR, Kamil A, Rahn M, Hark-
ness L, et al. Leucine, not total protein, content of a supplement 
is the primary determinant of muscle protein anabolic responses 
in healthy older women. J Nutr. 2018;148(7):1088–95.

	 54.	 Roberson PA, Mobley CB, Romero MA, Haun CT, Osburn SC, 
Mumford PW, et al. LAT1 protein content increases following 12 
weeks of resistance exercise training in human skeletal muscle. 
Front Nutr. 2020;7:628405.

	 55.	 Drummond MJ, Dickinson JM, Fry CS, Walker DK, Gunder-
mann DM, Reidy PT, et al. Bed rest impairs skeletal muscle 
amino acid transporter expression, mTORC1 signaling, and pro-
tein synthesis in response to essential amino acids in older adults. 
Am J Physiol Endocrinol Metab. 2012;302(9):E1113–22.

	 56.	 Kumar V, Selby A, Rankin D, Patel R, Atherton P, Hildebrandt 
W, et al. Age-related differences in the dose-response relation-
ship of muscle protein synthesis to resistance exercise in young 
and old men. J Physiol. 2009;587(1):211–7.

	 57.	 Fry CS, Drummond MJ, Glynn EL, Dickinson JM, Gundermann 
DM, Timmerman KL, et al. Aging impairs contraction-induced 
human skeletal muscle mTORC1 signaling and protein synthesis. 
Skelet Muscle. 2011;1(1):11.

	 58.	 Stec MJ, Mayhew DL, Bamman MM. The effects of age and 
resistance loading on skeletal muscle ribosome biogenesis. J 
Appl Physiol (Bethesda, Md: 1985). 2015;119(8):851–7.

	 59.	 Burd NA, West DW, Moore DR, Atherton PJ, Staples AW, Prior 
T, et al. Enhanced amino acid sensitivity of myofibrillar protein 
synthesis persists for up to 24 h after resistance exercise in young 
men. J Nutr. 2011;141(4):568–73.

	 60.	 Hodson N, Philp A. The importance of mTOR trafficking for 
human skeletal muscle translational control. Exerc Sport Sci Rev. 
2019;47(1):46–53.

	 61.	 Abou Sawan S, van Vliet S, Parel JT, Beals JW, Mazzulla M, 
West DWD, et al. Translocation and protein complex co-local-
ization of mTOR is associated with postprandial myofibrillar 
protein synthesis at rest and after endurance exercise. Physiol 
Rep. 2018;6(5):e13628.

	 62.	 Abou Sawan S, van Vliet S, West DWD, Beals JW, Paluska SA, 
Burd NA, et al. Whole egg, but not egg white, ingestion induces 
mTOR colocalization with the lysosome after resistance exercise. 
Am J Physiol Cell Physiol. 2018;315(4):C537–43.

	 63.	 Song Z, Moore DR, Hodson N, Ward C, Dent JR, O’Leary MF, 
et al. Resistance exercise initiates mechanistic target of rapamy-
cin (mTOR) translocation and protein complex co-localisation 
in human skeletal muscle. Sci Rep. 2017;7(1):5028.

	 64.	 Moro T, Brightwell CR, Deer RR, Graber TG, Galvan E, Fry CS, 
et al. Muscle protein anabolic resistance to essential amino acids 



S27Protein Requirements for Master athletes

does not occur in healthy older adults before or after resistance 
exercise training. J Nutr. 2018;148(6):900–9.

	 65.	 Haran PH, Rivas DA, Fielding RA. Role and potential mecha-
nisms of anabolic resistance in sarcopenia. J Cachexia Sarcope-
nia Muscle. 2012;3(3):157–62.

	 66.	 Breen L, Stokes KA, Churchward-Venne TA, Moore DR, Baker 
SK, Smith K, et al. Two weeks of reduced activity decreases 
leg lean mass and induces “anabolic resistance” of myofibrillar 
protein synthesis in healthy elderly. J Clin Endocrinol Metab. 
2013;98(6):2604–12.

	 67.	 Smeuninx B, McKendry J, Wilson D, Martin U, Breen L. Age-
related anabolic resistance of myofibrillar protein synthesis is 
exacerbated in obese inactive individuals. J Clin Endocrinol 
Metab. 2017;102(9):3535–45.

	 68.	 Greiwe JS, Cheng B, Rubin DC, Yarasheski KE, Semen-
kovich CF. Resistance exercise decreases skeletal muscle 
tumor necrosis factor alpha in frail elderly humans. FASEB J. 
2001;15(2):475–82.

	 69.	 Lambert CP, Wright NR, Finck BN, Villareal DT. Exercise but 
not diet-induced weight loss decreases skeletal muscle inflam-
matory gene expression in frail obese elderly persons. J Appl 
Physiol (Bethesda, Md: 1985). 2008;105(2):473–8.

	 70.	 Aguiar SS, Sousa CV, Deus LA, Rosa TS, Sales MM, Neves 
RVP, et al. Oxidative stress, inflammatory cytokines and body 
composition of master athletes: the interplay. Exp Gerontol. 
2020;130:110806.

	 71.	 Lavin KM, Perkins RK, Jemiolo B, Raue U, Trappe SW, Trappe 
TA. Effects of aging and lifelong aerobic exercise on basal and 
exercise-induced inflammation. J Appl Physiol (Bethesda, Md: 
1985). 2020;128(1):87–99.

	 72.	 Lavin KM, Perkins RK, Jemiolo B, Raue U, Trappe SW, Trappe 
TA. Effects of aging and lifelong aerobic exercise on basal 
and exercise-induced inflammation in women. J Appl Physiol 
(Bethesda, Md: 1985). 2020;129(6):1493–504.

	 73.	 Costello JT, Bieuzen F, Bleakley CM. Where are all the female 
participants in Sports and Exercise Medicine research? Eur J 
Sport Sci. 2014;14(8):847–51.

	 74.	 Sjöström M, Oja P, Hagströmer M, Smith BJ, Bauman A. Health-
enhancing physical activity across European Union countries: the 
Eurobarometer study. J Public Health. 2006;14(5):291–300.

	 75.	 van Schooten KS, van Dieen JH, Pijnappels M, Maier AB, 
van’t Hul AJ, Niessen M, et al. The association between age 
and accelerometry-derived types of habitual daily activity: an 
observational study over the adult life span in the Netherlands. 
BMC Public Health. 2018;18(1):824.

	 76.	 Althoff T, Sosič R, Hicks JL, King AC, Delp SL, Leskovec J. 
Large-scale physical activity data reveal worldwide activity 
inequality. Nature. 2017;547(7663):336–9.

	 77.	 Holwerda AM, Paulussen KJM, Overkamp M, Goessens JPB, 
Kramer IF, Wodzig W, et al. Dose-dependent increases in whole-
body net protein balance and dietary protein-derived amino acid 
incorporation into myofibrillar protein during recovery from 
resistance exercise in older men. J Nutr. 2019;149(2):221–30.

	 78.	 Moore DR. Maximizing post-exercise anabolism: the case for 
relative protein intakes. Front Nutr. 2019;6:147.

	 79.	 Devries MC, Breen L, Von Allmen M, MacDonald MJ, Moore 
DR, Offord EA, et  al. Low-load resistance training during 
step-reduction attenuates declines in muscle mass and strength 
and enhances anabolic sensitivity in older men. Physiol Rep. 
2015;3(8):e12493.

	 80.	 Aoyagi Y, Shephard RJ. Sex differences in relationships between 
habitual physical activity and health in the elderly: practical 
implications for epidemiologists based on pedometer/acceler-
ometer data from the Nakanojo Study. Arch Gerontol Geriatr. 
2013;56(2):327–38.

	 81.	 Moore DR. Keeping older muscle “young” through dietary 
protein and physical activity. Adv Nutr (Bethesda, Md). 
2014;5(5):599s–607s.

	 82.	 Burd NA, Gorissen SH, van Loon LJ. Anabolic resistance 
of muscle protein synthesis with aging. Exerc Sport Sci Rev. 
2013;41(3):169–73.

	 83.	 Phillips SM, Tipton KD, Aarsland A, Wolf SE, Wolfe RR. Mixed 
muscle protein synthesis and breakdown after resistance exercise 
in humans. Am J Physiol. 1997;273(1 Pt 1):E99-107.

	 84.	 Tipton KD, Borsheim E, Wolf SE, Sanford AP, Wolfe RR. Acute 
response of net muscle protein balance reflects 24-h balance after 
exercise and amino acid ingestion. Am J Physiol Endocrinol 
Metab. 2003;284(1):E76-89.

	 85.	 Rasmussen BB, Tipton KD, Miller SL, Wolf SE, Wolfe RR. An 
oral essential amino acid-carbohydrate supplement enhances 
muscle protein anabolism after resistance exercise. J Appl Phys-
iol (Bethesda, Md: 1985). 2000;88(2):386–92.

	 86.	 West DW, Burd NA, Churchward-Venne TA, Camera DM, Mitch-
ell CJ, Baker SK, et al. Sex-based comparisons of myofibrillar 
protein synthesis after resistance exercise in the fed state. J Appl 
Physiol (Bethesda, Md: 1985). 2012;112(11):1805–13.

	 87.	 Areta JL, Burke LM, Camera DM, West DW, Crawshay S, 
Moore DR, et al. Reduced resting skeletal muscle protein syn-
thesis is rescued by resistance exercise and protein ingestion 
following short-term energy deficit. Am J Physiol Endocrinol 
Metab. 2014;306(8):E989–97.

	 88.	 Io M. Dietary reference intakes for energy, carbohydrate, fiber, 
fat, fatty acids, cholesterol, protein, and amino acids. Washing-
ton, DC: The National Academies Press; 2005.

	 89.	 Schoenfeld BJ, Aragon AA, Krieger JW. The effect of protein 
timing on muscle strength and hypertrophy: a meta-analysis. J 
Int Soc Sports Nutr. 2013;10(1):53.

	 90.	 Phillips SM, Van Loon LJ. Dietary protein for athletes: 
from requirements to optimum adaptation. J Sports Sci. 
2011;29(Suppl 1):S29-38.

	 91.	 Burke LM, Slater G, Broad EM, Haukka J, Modulon S, Hop-
kins WG. Eating patterns and meal frequency of elite Austral-
ian athletes. Int J Sport Nutr Exerc Metab. 2003;13(4):521–38.

	 92.	 Areta JL, Burke LM, Ross ML, Camera DM, West DW, Broad 
EM, et al. Timing and distribution of protein ingestion during 
prolonged recovery from resistance exercise alters myofibrillar 
protein synthesis. J Physiol. 2013;591(9):2319–31.

	 93.	 Moore DR, Areta J, Coffey VG, Stellingwerff T, Phillips SM, 
Burke LM, et  al. Daytime pattern of post-exercise protein 
intake affects whole-body protein turnover in resistance-trained 
males. Nutr Metab. 2012;9(1):91.

	 94.	 Yasuda J, Tomita T, Arimitsu T, Fujita S. Evenly distributed 
protein intake over 3 meals augments resistance exercise-
induced muscle hypertrophy in healthy young men. J Nutr. 
2020;150(7):1845–51.

	 95.	 Stokes T, Hector AJ, Morton RW, McGlory C, Phillips SM. 
Recent perspectives regarding the role of dietary protein for 
the promotion of muscle hypertrophy with resistance exercise 
training. Nutrients. 2018;10(2):180.

	 96.	 Loenneke JP, Loprinzi PD, Murphy CH, Phillips SM. Per meal 
dose and frequency of protein consumption is associated with 
lean mass and muscle performance. Clin Nutr (Edinburgh, 
Scotland). 2016;35(6):1506–11.

	 97.	 Loprinzi PD, Loenneke JP, Hamilton DL. Leisure time sed-
entary behavior, physical activity and frequency of protein 
consumption on lower extremity strength and lean mass. Eur J 
Clin Nutr. 2017;71(12):1399–404.

	 98.	 Hudson JL, Iii REB, Campbell WW. Protein distribution and 
muscle-related outcomes: does the evidence support the con-
cept? Nutrients. 2020;12(5):1441.



S28	 D. R. Moore 

	 99.	 Jespersen SE, Agergaard J. Evenness of dietary protein dis-
tribution is associated with higher muscle mass but not 
muscle strength or protein turnover in healthy adults: a sys-
tematic review. Eur J Nutr. 2021. https://​doi.​org/​10.​1007/​
s00394-​021-​02487-2.

	100.	 Mazzulla M, Sawan SA, Williamson E, Hannaian SJ, Volter-
man KA, West DWD, et al. Protein intake to maximize whole-
body anabolism during postexercise recovery in resistance-
trained men with high habitual intakes is severalfold greater 
than the current recommended dietary allowance. J Nutr. 
2020;150(3):505–11.

	101.	 Malowany JM, West DWD, Williamson E, Volterman KA, 
Abou Sawan S, Mazzulla M, et al. Protein to maximize whole-
body anabolism in resistance-trained females after exercise. 
Med Sci Sports Exerc. 2019;51(4):798–804.

	102.	 Morton RW, Murphy KT, McKellar SR, Schoenfeld BJ, 
Henselmans M, Helms E, et al. A systematic review, meta-
analysis and meta-regression of the effect of protein sup-
plementation on resistance training-induced gains in mus-
cle mass and strength in healthy adults. Br J Sports Med. 
2018;52(6):376–84.

	103.	 Di Girolamo FG, Situlin R, Fiotti N, Tence M, De Colle P, 
Mearelli F, et  al. Higher protein intake is associated with 
improved muscle strength in elite senior athletes. Nutrition (Bur-
bank, Los Angeles County, Calif). 2017;42:82–6.

	104.	 Kerksick CM, Arent S, Schoenfeld BJ, Stout JR, Campbell 
B, Wilborn CD, et al. International society of sports nutri-
tion position stand: nutrient timing. J Int Soc Sports Nutr. 
2017;14:33.

	105.	 Gillen JB, Trommelen J, Wardenaar FC, Brinkmans NY, Verstee-
gen JJ, Jonvik KL, et al. Dietary protein intake and distribution 
patterns of well-trained dutch athletes. Int J Sport Nutr Exerc 
Metab. 2017;27(2):105–14.

	106.	 Kato H, Suzuki K, Bannai M, Moore DR. Branched-chain 
amino acids are the primary limiting amino acids in the diets of 
endurance-trained men after a bout of prolonged exercise. J Nutr. 
2018;148(6):925–31.

	107.	 Meredith CN, Zackin MJ, Frontera WR, Evans WJ. Dietary 
protein requirements and body protein metabolism in endur-
ance-trained men. J Appl Physiol (Bethesda, Md: 1985). 
1989;66(6):2850–6.

	108.	 Kato H, Suzuki K, Bannai M, Moore DR. Protein requirements 
are elevated in endurance athletes after exercise as determined 
by the indicator amino acid oxidation method. PLoS ONE. 
2016;11(6):e0157406.

	109.	 Humayun MA, Elango R, Ball RO, Pencharz PB. Reevaluation of 
the protein requirement in young men with the indicator amino 
acid oxidation technique. Am J Clin Nutr. 2007;86(4):995–1002.

	110.	 Phillips SM, Moore DR, Tang JE. A critical examination of 
dietary protein requirements, benefits, and excesses in athletes. 
Int J Sport Nutr Exerc Metab. 2007;17(Suppl):S58-76.

	111.	 Tipton KD, Witard OC. Protein requirements and recommenda-
tions for athletes: relevance of ivory tower arguments for practi-
cal recommendations. Clin Sports Med. 2007;26(1):17–36.

	112.	 Williamson E, Kato H, Volterman KA, Suzuki K, Moore DR. 
The effect of dietary protein on protein metabolism and per-
formance in endurance-trained males. Med Sci Sports Exerc. 
2019;51(2):352–60.

	113.	 Beshgetoor D, Nichols JF. Dietary intake and supplement use in 
female master cyclists and runners. Int J Sport Nutr Exerc Metab. 
2003;13(2):166–72.

	114.	 Churchward-Venne TA, Pinckaers PJM, Smeets JSJ, Betz MW, 
Senden JM, Goessens JPB, et al. Dose-response effects of dietary 
protein on muscle protein synthesis during recovery from endur-
ance exercise in young men: a double-blind randomized trial. Am 
J Clin Nutr. 2020;112(2):303–17.

	115.	 Mazzulla M, Volterman KA, Packer JE, Wooding DJ, Brooks 
JC, Kato H, et al. Whole-body net protein balance plateaus in 
response to increasing protein intakes during post-exercise recov-
ery in adults and adolescents. Nutr Metab. 2018;15:62.

	116.	 Moore DR. One size doesn’t fit all: postexercise protein 
requirements for the endurance athlete. Am J Clin Nutr. 
2020;112(2):249–50.

	117.	 Howarth KR, Phillips SM, MacDonald MJ, Richards D, Moreau 
NA, Gibala MJ. Effect of glycogen availability on human skeletal 
muscle protein turnover during exercise and recovery. J Appl 
Physiol (Bethesda, Md: 1985). 2010;109(2):431–8.

	118.	 Hamadeh MJ, Devries MC, Tarnopolsky MA. Estrogen supple-
mentation reduces whole body leucine and carbohydrate oxi-
dation and increases lipid oxidation in men during endurance 
exercise. J Clin Endocrinol Metab. 2005;90(6):3592–9.

	119.	 Phillips SM, Atkinson SA, Tarnopolsky MA, MacDougall JD. 
Gender differences in leucine kinetics and nitrogen balance 
in endurance athletes. J Appl Physiol (Bethesda, Md: 1985). 
1993;75(5):2134–41.

	120.	 Manetta J, Brun JF, Prefaut C, Mercier J. Substrate oxidation 
during exercise at moderate and hard intensity in middle-
aged and young athletes vs sedentary men. Metab Clin Exp. 
2005;54(11):1411–9.

	121.	 Dubé JJ, Broskey NT, Despines AA, Stefanovic-Racic M, Toledo 
FG, Goodpaster BH, et al. Muscle characteristics and substrate 
energetics in lifelong endurance athletes. Med Sci Sports Exerc. 
2016;48(3):472–80.

	122.	 Doering TM, Reaburn PR, Phillips SM, Jenkins DG. Postexercise 
dietary protein strategies to maximize skeletal muscle repair and 
remodeling in masters endurance athletes: a review. Int J Sport 
Nutr Exerc Metab. 2016;26(2):168–78.

	123.	 Doering TM, Jenkins DG, Reaburn PR, Borges NR, Hohmann 
E, Phillips SM. Lower integrated muscle protein synthesis in 
masters compared with younger athletes. Med Sci Sports Exerc. 
2016;48(8):1613–8.

	124.	 Doering TM, Reaburn PR, Borges NR, Cox GR, Jenkins DG. The 
effect of higher than recommended protein feedings post-exercise 
on recovery following downhill running in masters triathletes. Int 
J Sport Nutr Exerc Metab. 2017;27(1):76–82.

	125.	 Waskiw-Ford M, Hannaian S, Duncan J, Kato H, Abou Sawan S, 
Locke M, et al. Leucine-enriched essential amino acids improve 
recovery from post-exercise muscle damage independent of 
increases in integrated myofibrillar protein synthesis in young 
men. Nutrients. 202011;12(4):1061.

	126.	 Pavis GF, Jameson TSO, Dirks ML, Lee BP, Abdelrahman DR, 
Murton AJ, et al. Improved recovery from skeletal muscle dam-
age is largely unexplained by myofibrillar protein synthesis or 
inflammatory and regenerative gene expression pathways. Am J 
Physiol Endocrinol Metab. 2021;320(2):E291-e305.

	127.	 Davies RW, Carson BP, Jakeman PM. The effect of whey protein 
supplementation on the temporal recovery of muscle function 
following resistance training: a systematic review and meta-
analysis. Nutrients. 2018;10(2):221.

	128.	 Snijders T, Trommelen J, Kouw IWK, Holwerda AM, Verdijk 
LB, van Loon LJC. The impact of pre-sleep protein ingestion on 
the skeletal muscle adaptive response to exercise in humans: an 
update. Front Nutr. 2019;6:17.

	129.	 Res PT, Groen B, Pennings B, Beelen M, Wallis GA, Gijsen 
AP, et al. Protein ingestion before sleep improves postexercise 
overnight recovery. Med Sci Sports Exerc. 2012;44(8):1560–9.

	130.	 Trommelen J, Kouw IWK, Holwerda AM, Snijders T, Hal-
son SL, Rollo I, et al. Presleep dietary protein-derived amino 
acids are incorporated in myofibrillar protein during postex-
ercise overnight recovery. Am J Physiol Endocrinol Metab. 
2018;314(5):E457–67.

https://doi.org/10.1007/s00394-021-02487-2
https://doi.org/10.1007/s00394-021-02487-2


S29Protein Requirements for Master athletes

	131.	 Holwerda AM, Kouw IW, Trommelen J, Halson SL, Wodzig 
WK, Verdijk LB, et  al. Physical activity performed in the 
evening increases the overnight muscle protein synthetic 
response to presleep protein ingestion in older men. J Nutr. 
2016;146(7):1307–14.

	132.	 Snijders T, Res PT, Smeets JS, van Vliet S, van Kranenburg J, 
Maase K, et al. Protein ingestion before sleep increases muscle 
mass and strength gains during prolonged resistance-type exer-
cise training in healthy young men. J Nutr. 2015;145(6):1178–84.

	133.	 Holwerda AM, Overkamp M, Paulussen KJM, Smeets JSJ, van 
Kranenburg J, Backx EMP, et al. Protein supplementation after 
exercise and before sleep does not further augment muscle mass 
and strength gains during resistance exercise training in active 
older men. J Nutr. 2018;148(11):1723–32.

	134.	 West DWD, Abou Sawan S, Mazzulla M, Williamson E, Moore 
DR. Whey protein supplementation enhances whole body protein 
metabolism and performance recovery after resistance exercise: 
a double-blind crossover study. Nutrients. 2017;9(7):735.

	135.	 Hannaian SJ, Orlando MN, Abou Sawan S, Mazzulla M, West 
DWD, Moore DR. Protein timing does not affect next-day 
recovery of strength or power but may enhance aerobic adapta-
tions to short-term variable intensity exercise training in rec-
reationally active males: a pilot study. Front Sports Active Liv. 
2020;2:568740.

	136.	 Impey SG, Hearris MA, Hammond KM, Bartlett JD, Louis J, 
Close GL, et al. Fuel for the work required: a theoretical frame-
work for carbohydrate periodization and the glycogen threshold 
hypothesis. Sports Med (Auckland, NZ). 2018;48(5):1031–48.

	137.	 Stellingwerf T. Case study: nutrition and training periodization 
in three elite marathon runners. Int J Sport Nutr Exerc Metab. 
2012;22(5):392–400.

	138.	 Gillen JB, West DWD, Williamson EP, Fung HJW, Moore 
DR. Low-carbohydrate training increases protein require-
ments of endurance athletes. Med Sci Sports Exerc. 
2019;51(11):2294–301.

	139.	 Tinsley GM, La Bounty PM. Effects of intermittent fasting on 
body composition and clinical health markers in humans. Nutr 
Rev. 2015;73(10):661–74.

	140.	 Marquet LA, Brisswalter J, Louis J, Tiollier E, Burke LM, 
Hawley JA, et al. Enhanced endurance performance by perio-
dization of carbohydrate intake: “sleep low” strategy. Med Sci 
Sports Exerc. 2016;48(4):663–72.

	141.	 Williamson E, Moore DR. A Muscle-centric perspective on 
intermittent fasting: a suboptimal dietary strategy for support-
ing muscle protein remodeling and muscle mass? Front Nutr. 
2021;8(319):640621.

	142.	 Stratton MT, Tinsley GM, Alesi MG, Hester GM, Olmos 
AA, Serafini PR, et al. Four weeks of time-restricted feed-
ing combined with resistance training does not differentially 
influence measures of body composition, muscle performance, 
resting energy expenditure, and blood biomarkers. Nutrients. 
2020;12(4):1126.

	143.	 Tinsley GM, Forsse JS, Butler NK, Paoli A, Bane AA, La 
Bounty PM, et al. Time-restricted feeding in young men per-
forming resistance training: a randomized controlled trial. Eur 
J Sport Sci. 2017;17(2):200–7.

	144.	 Wall BT, Burd NA, Franssen R, Gorissen SH, Snijders T, 
Senden JM, et al. Presleep protein ingestion does not compro-
mise the muscle protein synthetic response to protein ingested 
the following morning. Am J Physiol Endocrinol Metab. 
2016;311(6):E964–73.

	145.	 Brady AJ, Langton HM, Mulligan M, Egan B. Effects of eight 
weeks of 16:8 time-restricted eating in male middle- and long-
distance runners. Med Sci Sports Exerc. 2020;53(3):633–42. 

	146.	 Moro T, Tinsley G, Longo G, Grigoletto D, Bianco A, Ferraris 
C, et al. Time-restricted eating effects on performance, immune 

function, and body composition in elite cyclists: a randomized 
controlled trial. J Int Soc Sports Nutr. 2020;17(1):65.

	147.	 Chambers TL, Burnett TR, Raue U, Lee GA, Finch WH, Gra-
ham BM, et al. Skeletal muscle size, function, and adiposity 
with lifelong aerobic exercise. J Appl Physiol (Bethesda, Md: 
1985). 2020;128(2):368–78.

	148.	 Knapik JJ, Steelman RA, Hoedebecke SS, Austin KG, Farina 
EK, Lieberman HR. Prevalence of dietary supplement use by 
athletes: systematic review and meta-analysis. Sports Med 
(Auckland, NZ). 2016;46(1):103–23.

	149.	 Gilani GS, Cockell KA, Sepehr E. Effects of antinutritional 
factors on protein digestibility and amino acid availability in 
foods. J AOAC Int. 2005;88(3):967–87.

	150.	 Burd NA, Beals JW, Martinez IG, Salvador AF, Skinner SK. 
Food-first approach to enhance the regulation of post-exercise 
skeletal muscle protein synthesis and remodeling. Sports Med 
(Auckland, NZ). 2019;49(Suppl 1):59–68.

	151.	 Vliet SV, Beals JW, Martinez IG, Skinner SK, Burd NA. 
Achieving optimal post-exercise muscle protein remodeling 
in physically active adults through whole food consumption. 
Nutrients. 2018;10(2):224.

	152.	 van Vliet S, Shy EL, Abou Sawan S, Beals JW, West DW, Skin-
ner SK, et al. Consumption of whole eggs promotes greater 
stimulation of postexercise muscle protein synthesis than con-
sumption of isonitrogenous amounts of egg whites in young 
men. Am J Clin Nutr. 2017;106(6):1401–12.

	153.	 Monteyne AJ, Coelho MOC, Porter C, Abdelrahman DR, 
Jameson TSO, Jackman SR, et  al. Mycoprotein ingestion 
stimulates protein synthesis rates to a greater extent than milk 
protein in rested and exercised skeletal muscle of healthy 
young men: a randomized controlled trial. Am J Clin Nutr. 
2020;112(2):318–33.

	154.	 van Vliet S, Burd NA, van Loon LJ. The skeletal muscle ana-
bolic response to plant-versus animal-based protein consump-
tion. J Nutr. 2015;145(9):1981–91.

	155.	 McKean KA, Manson NA, Stanish WD. Musculoskeletal injury 
in the masters runners. Clin J Sport Med. 2006;16(2):149–54.

	156.	 Shaw G, Lee-Barthel A, Ross ML, Wang B, Baar K. Vita-
min C-enriched gelatin supplementation before intermit-
tent activity augments collagen synthesis. Am J Clin Nutr. 
2017;105(1):136–43.

	157.	 Lis DM, Baar K. Effects of different vitamin C-enriched col-
lagen derivatives on collagen synthesis. Int J Sport Nutr Exerc 
Metab. 2019;29(5):526–31.

	158.	 Close GL, Sale C, Baar K, Bermon S. Nutrition for the preven-
tion and treatment of injuries in track and field athletes. Int J 
Sport Nutr Exerc Metab. 2019;29(2):189–97.

	159.	 Paul C, Leser S, Oesser S. Significant amounts of func-
tional collagen peptides can be incorporated in the diet while 
maintaining indispensable amino acid balance. Nutrients. 
2019;11(5):1079.

	160.	 Oikawa SY, MacInnis MJ, Tripp TR, McGlory C, Baker SK, 
Phillips SM. Lactalbumin, Not collagen, augments muscle 
protein synthesis with aerobic exercise. Med Sci Sports Exerc. 
2020;52(6):1394–403.

	161.	 Oikawa SY, Kamal MJ, Webb EK, McGlory C, Baker SK, Phil-
lips SM. Whey protein but not collagen peptides stimulate acute 
and longer-term muscle protein synthesis with and without resist-
ance exercise in healthy older women: a randomized controlled 
trial. Am J Clin Nutr. 2020;111(3):708–18.

	162.	 Brook MS, Scaife P, Bass JJ, Cegielski J, Watanabe S, Wilkinson 
DJ, et al. A collagen hydrolysate/milk protein-blend stimulates 
muscle anabolism equivalently to an isoenergetic milk protein-
blend containing a greater quantity of essential amino acids in 
older men. Clin Nutr. 2021;40(6):4456–64.



S30	 D. R. Moore 

	163.	 Meléndez-Hevia E, De Paz-Lugo P, Cornish-Bowden A, Cárde-
nas ML. A weak link in metabolism: the metabolic capacity for 
glycine biosynthesis does not satisfy the need for collagen syn-
thesis. J Biosci. 2009;34(6):853–72.

	164.	 Lepers R, Cattagni T. Do older athletes reach limits in 
their performance during marathon running? Age (Dordr). 
2012;34(3):773–81.

	165.	 Miller BF, Hansen M, Olesen JL, Flyvbjerg A, Schwarz P, Babraj 
JA, et al. No effect of menstrual cycle on myofibrillar and con-
nective tissue protein synthesis in contracting skeletal muscle. 
Am J Physiol Endocrinol Metab. 2006;290(1):E163–8.

	166.	 Mercer D, Convit L, Condo D, Carr AJ, Hamilton DL, Slater G, 
et al. Protein requirements of pre-menopausal female athletes: 
systematic literature review. Nutrients. 2020;12(11):3527.

	167.	 Javed AA, Mayhew AJ, Shea AK, Raina P. Association between 
hormone therapy and muscle mass in postmenopausal women: 
a systematic review and meta-analysis. JAMA Netw Open. 
2019;2(8):e1910154.

	168.	 Brown M, Birge SJ, Kohrt WM. Hormone replacement therapy 
does not augment gains in muscle strength or fat-free mass in 
response to weight-bearing exercise. J Gerontol A Biol Sci Med 
Sci. 1997;52(3):B166–70.

	169.	 Figueroa A, Going SB, Milliken LA, Blew RM, Sharp S, Teixeira 
PJ, et al. Effects of exercise training and hormone replacement 
therapy on lean and fat mass in postmenopausal women. J Ger-
ontol A Biol Sci Med Sci. 2003;58(3):266–70.

	170.	 Smith GI, Mittendorfer B. Sexual dimorphism in skeletal mus-
cle protein turnover. J Appl Physiol (Bethesda, Md: 1985). 
2016;120(6):674–82.

	171.	 Smith GI, Reeds DN, Hall AM, Chambers KT, Finck BN, Mitten-
dorfer B. Sexually dimorphic effect of aging on skeletal muscle 
protein synthesis. Biol Sex Differ. 2012;3(1):11.

	172.	 Smith GI, Atherton P, Villareal DT, Frimel TN, Rankin D, Ren-
nie MJ, et al. Differences in muscle protein synthesis and ana-
bolic signaling in the postabsorptive state and in response to food 
in 65–80 year old men and women. PLoS ONE. 2008;3(3):e1875.

	173.	 Piasecki J, McPhee JS, Hannam K, Deere KC, Elhakeem A, 
Piasecki M, et al. Hip and spine bone mineral density are greater 
in master sprinters, but not endurance runners compared with 
non-athletic controls. Arch Osteoporos. 2018;13(1):72.

	174.	 Groenendijk I, den Boeft L, van Loon LJC, de Groot L. High 
versus low dietary protein intake and bone health in older adults: 
a systematic review and meta-analysis. Comput Struct Biotechnol 
J. 2019;17:1101–12.

	175.	 Dawson-Hughes B, Harris SS. Calcium intake influences the 
association of protein intake with rates of bone loss in elderly 
men and women. Am J Clin Nutr. 2002;75(4):773–9.

	176.	 Frassetto L, Morris RC Jr, Sellmeyer DE, Todd K, Sebastian 
A. Diet, evolution and aging—the pathophysiologic effects 
of the post-agricultural inversion of the potassium-to-sodium 
and base-to-chloride ratios in the human diet. Eur J Nutr. 
2001;40(5):200–13.

	177.	 Sale C, Elliott-Sale KJ. Nutrition and athlete bone health. Sports 
Med (Auckland, NZ). 2019;49(Suppl 2):139–51.

	178.	 Stiefel M, Knechtle B, Lepers R. Master triathletes have not 
reached limits in their Ironman triathlon performance. Scand J 
Med Sci Sports. 2014;24(1):89–97.

	179.	 Doering TM, Reaburn PR, Cox G, Jenkins DG. Comparison of 
postexercise nutrition knowledge and postexercise carbohydrate 
and protein intake between australian masters and younger tri-
athletes. Int J Sport Nutr Exerc Metab. 2016;26(4):338–46.

	180.	 Subar AF, Freedman LS, Tooze JA, Kirkpatrick SI, Boushey C, 
Neuhouser ML, et al. Addressing current criticism regarding the 
value of self-report dietary data. J Nutr. 2015;145(12):2639–45.


	Protein Requirements for Master Athletes: Just Older Versions of Their Younger Selves
	Abstract
	1 Introduction
	2 Anabolic Resistance of Aging
	2.1 Digestion and Absorption
	2.2 Amino Acid Delivery
	2.3 Amino Acid Uptake
	2.4 mRNA Translation
	2.5 Inflammation
	2.6 Is There Evidence for Reduced Post-exercise Anabolic Resistance in Active Older Adults?

	3 Resistance Exercise Protein Requirements
	4 Endurance Exercise Protein Requirements
	5 Contemporary Sports Nutrition
	5.1 Pre-sleep Protein Ingestion
	5.2 Low Carbohydrate Availability Training
	5.3 Intermittent Fasting
	5.4 Protein Type

	6 Impact of Sex
	7 Protein Intake and Bone Health
	8 Is There Scope for Improvement in Master Athletes?
	9 Conclusion
	Acknowledgements 
	References




