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Abstract
Purpose of review—To draw attention to recent work on the role of protein and the amount of
protein needed with each meal to preserve skeletal muscle mass in ageing.

Recent findings—Ageing does not inevitably reduce the anabolic response to a high-quality
protein meal. Ingestion of approximately 25–30g of protein per meal maximally stimulates muscle
protein synthesis in both young and older individuals. However, muscle protein synthesis is blunted
in elderly when protein and carbohydrate are coingested or when the quantity of protein is less than
approximately 20g per meal. Supplementing regular mixed-nutrient meals with leucine may also
enhance the muscle protein synthetic response in elders.

Summary—On the basis of recent work, we propose a novel and specific dietary approach to prevent
or slow-muscle loss with ageing. Rather than recommending a large, global increase in the
recommended dietary allowance (RDA) for protein for all elderly individuals, clinicians should stress
the importance of ingesting a sufficient amount of protein with each meal. To maximize muscle
protein synthesis while being cognizant of total energy intake, we propose a dietary plan that includes
25–30g of high quality protein per meal.
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Introduction
Sarcopenia is a progressive, insidious process characterized by 3–8% reduction in lean muscle
mass per decade after the age of 30 years. It is thought to affect 30% of individuals over 60
years of age and more than 50% of those over 80 years [1]. Research continues to focus on the
mechanisms contributing to sarcopenia. This has included studies focusing on protein
metabolism and cell signaling, voluntary or imposed reductions in physical activity, protein
energy malnutrition and reduced anabolic efficiency to protein ingestion [2–4,5•]. Although
protein synthesis and ultimately skeletal muscle mass are regulated by a host of factors, the
fundamental prerequisite for muscle protein synthesis is dietary derived amino acids. The
purpose of this review is to highlight recent research examining the role of protein in the
prevention or management of sarcopenia and provide recommendations on the amount of
protein needed with each meal to preserve skeletal muscle mass in ageing.
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Ageing and the skeletal muscle protein synthesis response to feeding
Several studies have examined the acute and chronic effects of protein ingestion/
supplementation on muscle protein anabolism in elders and the results have been well
documented [4,5•,6–8,9••,10]. The majority of studies suggest that a moderate-to-large serving
of protein or amino acids increases muscle protein synthesis similarly in both young and elderly
[6,7,11–17]. Conversely, one recent study with a nice mix of signaling and metabolic measures
but limited cohort (n = 4 per group) reported that 10 and 20g servings of essential amino acids
were unable to stimulate muscle protein synthesis in older individuals to the same level as
noted in the young [2].

Historically, the majority of protein metabolism studies have focused on the anabolic response
to ingestion of protein or amino acids alone. However, when protein and carbohydrate are
coingested, elderly respond with a diminished anabolic response compared with their younger
counterparts. Volpi et al., [18] demonstrated that after ingestion of an amino acid glucose
mixture, muscle protein synthesis increased in the young, but remained unchanged in the
elderly. A subsequent study confirmed these results [19]. Although there is no evidence that
coingestion of protein and fat negatively or differentially effects protein anabolism in young
or elderly [9••,20], it appears that ageing may be associated with reduced anabolic efficiency
in response to a carbohydrate-containing mixed nutrient meal. Fortunately, a modest bout of
physical activity may be able to sensitize ageing muscle to subsequent nutritional stimuli. We
have recently shown that 45min of treadmill walking in older individuals, the evening prior to
an hyperinsulinemic–euglycemic clamp, restores the ability of insulin to stimulate muscle
protein synthesis [4]. More recently, we demonstrated that ingestion of leucine-enriched
essential amino acids stimulates muscle protein synthesis to a similar extent in young and
elderly (although the response was delayed in the elderly) during the first 6 hours following
exercise [21]. These data provide further supporting evidence that regular physical activity
plays an important role in restoring or maintaining the normal protein anabolic response in the
skeletal muscle of older individuals.

As mentioned, numerous studies support the notion that ingestion of a sufficient amount of
amino acids or protein results in a similar increase in muscle protein synthesis in young and
elderly [7,9••,22]. However, several recent studies have adopted a more practical approach and
sought to examine the ability of protein-rich foods (e.g., milk) to stimulate protein anabolism.
Although many of these studies have focused on a younger population [23,24], they are
important as they more closely reflect responses to actual dietary practices and hence provide
information on how meal choices may influence accrual of muscle mass and ultimately
functional capacity. In one study directly comparing young and elderly, Symons et al. [9••]
reported that a moderate 113g serving of an intact protein (that is, lean beef) contains sufficient
amino acids (30g total; ~12g essential amino acids) to increase mixed muscle protein synthesis
by 50% in both young and elderly men and women.

Should protein intake be increased in the elderly?
The adequacy of the recommended dietary allowance (RDA) for protein has been the subject
of renewed debate over the past 12 months [25–30]. The current recommendation for protein
intake for all men and women aged 19 years and older is 0.8g.kg−1.d−1. The recommendations
were established by the Institute of Medicine and based on short-duration nitrogen balance
studies in young adults [31,32]. Much of the recent commentary has argued that the current
RDA for protein, while fulfilling the criteria as the ‘minimal daily average dietary intake level
that meets the nutritional requirements of nearly all healthy individuals’, does not promote
optimal health or protect elders from sarcopenic muscle loss [27,33,34,35••]. Although there
is no consensus on the degree to which dietary protein needs change with advancing age, there
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is general agreement that additional longer term trials with defined health outcomes are needed
to firmly establish the optimal protein intake range for various population groups [35••].
Although absolutely necessary, this process is certainly complicated by the host of mechanisms
that contributing to sarcopenia. In the following sections, we argue that whereas a modest
increase in protein intake beyond 0.8g.kg−1.d−1 may indeed be beneficial for some elders, there
is a greater need to specifically examine the dose and distribution of protein across each meal.

An adequate amount of protein intake with each meal is essential
Although specialized supplementation with amino acid products may be beneficial or necessary
in specific elderly or clinical populations [36,37], the most practical means of promoting
skeletal muscle protein anabolism for the majority of older adults is to include a moderate
serving of protein of high biological value during each meal. For example, an often-neglected
aspect of daily protein intake that directly impacts net protein balance is the distribution of
protein across three or more daily meals. For a 75 kg individual, the RDA represents 60g
protein/day, or if distributed evenly across three meals, 20 g protein/meal. A 20 g serving of
most animal or plant-based proteins contains 5–8 g of essential amino acids, which are
primarily responsible for stimulating muscle protein synthesis [15]. This is an important issue
because it has been recently shown that ageing is associated with an inability of skeletal muscle
to respond to low doses (~7.5 g) of essential amino acids whereas higher doses (10–15 g) are
capable of stimulating muscle protein synthesis to a similar extent as the young [7,38].

To examine the effect of protein dose on muscle protein anabolism using a protein-rich food,
we recently demonstrated that ingestion of a large single 340 g serving of lean beef (90 g
protein) in a cohort of healthy young and elderly individuals does not elicit a greater anabolic
response than a serving one-third the size (Symons et al. [9], in review). Although this response
may be influenced by physical activity (habitual and acute) and body size (lean muscle mass),
the data suggests that, despite the additional protein and energy content, ingestion of more than
30 g of protein in a single meal may be an energetically inefficient means of stimulating muscle
protein synthesis. Further, a recent study in healthy elders has shown that a large increase in
the overall daily protein intake for 10 days did not improve protein anabolism and concerns
were expressed over changes in glomerular filtration rate (GFR) [10].

If we accept that 25–30 g of high quality protein (~10 g EAA) is necessary to maximally
stimulate skeletal muscle protein synthesis, then it seems reasonable to suggest that ingestion
of this amount of high-quality protein at each meal could be a useful strategy to maintain muscle
mass in the elderly. In Fig. 1 Fig. 1, we provide a pictorial example of the proposed relationship
between the amount of protein ingested per meal and the resultant anabolic response. The
influence of factors such as physical activity notwithstanding, it is clear that the distribution
of protein depicted in Fig. 1a, would result in a greater 24 h net protein balance than the protein
distribution pattern depicted in Fig. 1b.

Leucine supplementation to prevent sarcopenia
The rationale for the use of a nutritional supplement to slow or prevent sarcopenic muscle loss
is based on the assumption that it will improve net muscle protein synthesis above that afforded
by regular meals alone. In addition to this direct anabolic effect, the additional energy/nutrient
content of a supplement should not interfere with the normal anabolic response to protein
consumed as part of daily meals [39]. Many attempts have been made to combat muscle and
strength loss in elderly via protein or amino acid supplementation see review by Milne et al.,
[40]. In some cases, protein–energy supplementation has been shown to be effective. However,
other trials, particularly those involving acutely ill or frail patient populations, have been
unsuccessful (11–13). In some instances protein supplementation increases satiety and simply
replaces voluntary ingestion of regular menu items [39,41]. For others, cost, availability or
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medical complications such as dysphagia or impaired kidney function may limit the
applicability or efficacy of protein supplementation regimens. In such instances, maximizing
protein anabolism whereas minimizing the amount or volume of supplementation ingested
would be desirable.

Leucine is an insulin secretagogue with well described effects on translation initiation and
muscle protein synthesis [22,42–44]. Notably, leucine is a potent activator of the mammalian
target of rapamycin (mTOR) nutrient and energy-sensing signaling pathway, in skeletal
muscle. Increased insulin availability increases muscle protein synthesis by enhancing
phosphorylation of Akt/PKB (an upstream regulator of mTOR), whereas increased leucine
availability promotes the phosphorylation and activation of the downstream effectors of
mTOR, 4E-BP1 and S6K1 [3,21]. With increasing age, muscle may become resistant to the
stimulatory effects of normal postprandial concentrations of leucine [42]. Although such a
deficit could contribute to reduced muscle protein anabolism and a loss of muscle mass, recent
acute studies in both animals [42,45,46] and humans [47–49] suggest that the addition of
supplemental leucine to normal mixed nutrient meals may improve or normalize muscle protein
synthesis in aging muscle. Specifically, Rieu et al. [46] reported that in older rats, muscle
protein synthesis following a normal mixed nutrient meal, was blunted compared with younger
animals. However, the addition of supplemental leucine to the meal restored muscle protein
synthesis to youthful levels in the older rats [46]. In a follow-up study in older humans, the
addition of leucine to a mixed nutrient meal also resulted in a significant increase in muscle
protein synthesis (0.053 ± 0.009%/h vs. 0.083 ± 0.008 %/h, P < 0.05) [47]. Pansarasa et al.
[50] recently reported that amino acid supplementation in rats can prevent sarcopenia
apparently through increased activation of the mTOR signaling pathway. These new findings
are promising for the potential use of added leucine to regular meals in an effort to maximally
stimulate muscle protein synthesis in the elderly.

Ageing and the interaction of physical activity and protein/nutrient intake
Elderly individuals are at increased risk of being physically incapacitated or placed on bed rest
for an extended period. The loss of lean body mass is dramatically increased during inactivity
and is driven by a chronic imbalance between muscle protein synthesis and breakdown and
facilitated by decreased activation of the mTOR nutrient signaling pathway [51,52•,53]. In
recent studies examining changes in protein synthesis and muscle mass in healthy adults
subjected to bed rest, older individuals experienced an approximate three-fold greater loss of
lean leg muscle mass compared with a cohort of younger individuals confined to bed for 28
days [12,52•]. In a medically compromised inpatient population, this could contribute to
decreased immune function, impaired wound healing impact and delayed recovery following
discharge [54]. The standard treatment modality for hospitalized elders is weight-bearing
exercise [55,56]. Unfortunately, a substantial number of hospitalized or institutionalized
elderly are severely limited in their ability to perform any physical activity [57]. In such
instances, protein–energy supplementation represents one of the few viable alternatives.

The benefits of regular resistance exercise in elders have been well described. However, unlike
younger individuals, the chronic additive or synergistic effects of combined protein
supplementation and resistance exercise on muscle mass and function are less clear (37–39).
In a recent study, 36 older men and women performed 12 week of resistance training in
association with a lower (0.9 g protein kg−1.d−1) or higher protein (1.2 g protein kg−1.d−1)
intake. There was general improvement in all outcome measures (e.g., strength, whole-body
protein accretion and reduced fat mass), however, there were no significant differences between
the lower-protein groups and higher-protein groups (38). Similarly, using a postexercise
supplement, Andrews et al. (37) reported that differences in daily protein intake (1.35 vs. 0.72
g protein kg−1.d−1) did not differentially affect lean mass gains following a 12-week resistance
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exercise program in older men and women (60–69 years). Further studies designed to clarify
this apparent age-related difference and identify key mechanistic event are needed.

Conclusion
Ageing is associated with a reduced ability to stimulate skeletal muscle protein synthesis in
response to feeding, insulin, and resistance exercise. We propose a novel and specific dietary
approach to. To prevent or slow sarcopenic muscle loss, clinicians should stress the importance
of ingesting a sufficient amount of protein with each meal. To maximize muscle protein
synthesis whereas being cognizant of total energy intake, we propose a dietary plan that
includes 25–30 g of high quality protein per meal.
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Figure 1. A pictorial example of the proposed relationship between the amount of protein ingested
per meal and the resultant anabolic response gr1
(a) Ingestion of 90 g of protein, distributed evenly over 3 meals. (b) Ingestion of 90 g of proteins
unevenly distributed throughout the day. Stimulating muscle protein synthesis to a maximal
extent during the meals shown in Figure 1A is more likely to provide a greater 24 h protein
anabolic response than an unequal protein distribution.
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