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Abstract: Preserving skeletal muscle mass and functional capacity is essential for healthy ageing.
Transient periods of disuse and/or inactivity in combination with sub-optimal dietary intake have
been shown to accelerate the age-related loss of muscle mass and strength, predisposing to disability
and metabolic disease. Mechanisms underlying disuse and/or inactivity-related muscle deterioration
in the older adults, whilst multifaceted, ultimately manifest in an imbalance between rates of muscle
protein synthesis and breakdown, resulting in net muscle loss. To date, the most potent intervention
to mitigate disuse-induced muscle deterioration is mechanical loading in the form of resistance
exercise. However, the feasibility of older individuals performing resistance exercise during disuse
and inactivity has been questioned, particularly as illness and injury may affect adherence and safety,
as well as accessibility to appropriate equipment and physical therapists. Therefore, optimising
nutritional intake during disuse events, through the introduction of protein-rich whole-foods, isolated
proteins and nutrient compounds with purported pro-anabolic and anti-catabolic properties could
offset impairments in muscle protein turnover and, ultimately, the degree of muscle atrophy and
recovery upon re-ambulation. The current review therefore aims to provide an overview of nutritional
countermeasures to disuse atrophy and anabolic resistance in older individuals.

Keywords: skeletal muscle; atrophy; nutrition; disuse; ageing; inactivity; metabolism; protein

1. Introduction

Human skeletal muscle mass and strength are of great importance for maintaining cardio-metabolic
health and locomotion in older age [1]. With advancing age, a loss of muscle mass and strength is
observed (sarcopenia), increasing the risk of falls, fractures and mortality [2]. The age-related decline
in muscle mass and strength occurs at an annual rate of ~1% and 3%, respectively, from the fifth
decade of life onwards [3,4]. Sarcopenia is estimated to affect as many as ~32 million older individuals
across Europe in the coming decades [5], at an annual cost to the UK health services of ~£2.5 billion
(1.2% of GDP). Therefore, developing strategies to counteract this phenomenon are essential to extend
the number of years lived in good health, as well as reduce the burden on health care systems and the
global economy.

The maintenance of human skeletal muscle hinges on the dynamic balance between muscle
protein synthesis (MPS) and muscle protein breakdown (MPB). To increase skeletal muscle mass, MPS
must exceed MPB, which can be achieved by performing regular resistance exercise training (RET) in
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combination with adequate protein nutrition [6,7]. However, whilst young individuals demonstrate
a pronounced response to these anabolic stimuli, a blunted response has been observed in older
adults [8]. Indeed, maximal stimulation of MPS occurs at much lower relative dosages in younger
adults (~0.24 g·kg−1

·BW), compared with older adults (~0.4 g·kg−1
·BW) [9]. The phenomenon of

“anabolic resistance” in older adults was first established by Volpi and colleagues, who infused older
adults intravenously with an amino acid-glucose mixture thereby bypassing splanchnic uptake [10].
Following a ~3-h infusion period, a blunted MPS response was observed in older compared with
younger adults [10]. This was subsequently confirmed in seminal work by Cuthbertson et al. [11]
following an oral dose–response (i.e., 0, 2.5, 5, 10, 20 and 40 g) of crystalline essential amino acids
(EAAs). The authors observed a maximally stimulating effect of ~10 g of EAAs in younger adults;
however, a large (~40 g) bolus failed to elicit similar increases in MPS to the smaller ~10 g provision
observed in younger adults and is likely explained by a decrease in postprandial anabolic sensitivity
and diminished mTORC1 phosphorylation in older adults [11]. This age-related anabolic resistance is
likely an important driving factor in age-related muscle loss and, importantly, is exacerbated during
intermittent periods of musculoskeletal disuse and reduced physical activity (PA) [12,13]. Furthermore,
anabolic resistance can also occur in younger adults following brief periods of disuse [14,15], although
evidence suggests that younger individuals recover losses in muscle mass and strength at a quicker rate
than older individuals upon re-ambulation (Figure 1) [16,17]. These transient and intermittent episodes
of inactivity result in significant muscle wasting, predominantly in the lower limbs, affecting activities
of locomotion and daily living. Indeed, it has been shown that five days of bed-rest (BR) results in
quadriceps muscle loss equivalent to ~5 years of ageing [18]. This disuse-induced accelerated model of
sarcopenia leads to a downward spiral of health, resulting in a greater risk of hospital (re)admission
and an increased length of hospital stay [19,20]. In 2017, ~18.7 million adult hospital admissions were
recorded, of which ~7.6 million were aged 65 and over [21]. Simultaneously bed occupancy rates
soared to nearly 90% in the UK [22]. As a result, minimising muscle deterioration during disuse events
in older individuals will likely reduce the length of hospital stay, complications following discharge
and readmission rates to inpatient facilities.
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Figure 1. Skeletal muscle atrophy younger and older adults in response to a period of unloading and a
subsequent period of exercise rehabilitation. The black dotted lines indicate phenotypical differences in
absolute levels of muscle mass. The yellow dotted line indicates a level in which low levels of leg lean
mass results in disability and reduced functional ability (i.e., disability threshold). The red line indicates
traditional trajectory in loss of muscle mass observed by disuse. The green dotted line indicates the
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potential of a nutritional strategy to offset muscle loss during disuse and improve rates of recovery
following reambulation and rehabilitation. Importantly, the red dotted line indicates a proportion
of older adults may not return to pre-disuse levels of muscle mass, particularly in the absence of
aggressive retraining (Adapted from Perkin et al. 2016 [17]).

2. Experimental Models of Disuse and Inactivity

Several experimental models have been used to explore the effects of reduced PA and/or disuse on
human skeletal muscle mass. The use of step-reduction (SR) in experimental research is highly relevant
to numerous situations of old age in which activity levels are reduced, including transient periods of
inactivity (e.g., illness and elective surgery) [23]. Previous investigations using SR typically reduce daily
step-count to ≤2000/day over 7–14 days [12,15,24]. To place this in context, ~750 steps/day represents
typical ambulatory activity during an acute hospital stay [12,15,23]. SR studies consistently show a
reduction in postprandial [12] and free-living MPS [15,24], as well as marked reductions in muscle
mass [12]. Another model of disuse atrophy, with clinical relevance, is unilateral limb immobilisation
(ULI), achieved by the casting (or bracing) of a given limb over days to weeks [14,25], with the
non-immobilised contralateral limb often serving as a within-subject control [26]. During ULI, limbs
can be immobilised at specific angles to investigate the effects of passive shortening or lengthening
on muscle fibres, thereby inducing significant muscle atrophy and strength loss. Mechanistically,
ULI has consistently been reported to impair postabsorptive [27], postprandial [14,28] and free-living
MPS [29] and elevate markers of proteolysis [30,31]. The use of bed-rest (BR) in experimental research
has also provided an excellent platform to enhance understanding of the impacts of reduce PA on
skeletal muscle health, particularly in older individuals [32–34]. This mode of disuse is of particular
importance as older individuals experience a greater number of hospital admissions that typically
last for 5–6 days on average and are particularly vulnerable to metabolic complications. Experimental
studies of BR typically occur over 5–14 days [32,33,35], but ~28 days [36,37] and ~90 days of BR with
a 6◦ head-down tilt (to mimic spaceflight) [38] have also been used. Similar to other disuse models,
BR has been reported to impair postabsorptive [39], postprandial [40] and free-living MPS [41] and
elevate markers of proteolysis [18], as well as reduce muscle mass, strength and function [42].

Undoubtedly, studies implementing these experimental models of disuse and inactivity have
furthered our understanding of the mechanisms regulating muscle deconditioning during unloading.
However, questions remain around the clinical relevance and translation of these studies to patient
populations. Specifically, whilst younger and older research volunteers are likely to be in good health,
older patients admitted to hospital often suffer from illness and trauma/injury in the presence of
several other comorbidities. This could, therefore, render many older hospital patients in a state
of hyper-metabolism or auto-cannibalism, resulting in excessive loss of muscle mass that may not
be apparent in pre-clinical studies in healthy volunteers [43–45]. RET and protein nutrition are
undoubtedly the most potent non-pharmacological interventions to maintain, or even increase, muscle
mass and function with advancing age [46]. Nevertheless, as performing RET may not be viable during
acute episodes of disuse, such as SR, ULI and BR, the purpose of this review is to summarise the
literature on nutritional strategies to minimise the loss of skeletal muscle mass and function in humans
during different experimental models of disuse. As such, nutritional interventions with the potential
to offset disuse atrophy may be a preferred approach in some clinical settings. Given the knowledge
that alterations in MPS appear to be a primary driver of disuse atrophy in young and old (at least
in healthy individuals), nutritional stimulation of MPS may be an effective way to arrest the decline
in muscle mass. Due to difficulties in the direct measurement of in vivo MPB rates, little is known
about the temporal time-course of MPB during different models of disuse and the overall contributing
role of MPB in disuse atrophy. As such, the effect of nutritional interventions on disuse-induced MPB
are relatively unknown. Hence, the primary focus of nutritional interventions to attenuate disuse
atrophy in older adults is on stimulation of MPS (i.e., overcoming anabolic resistance), the success of
which would likely differ between healthy older adults and those with a compromised health status
(Figure 2).
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Figure 2. Illustration of the effects of disuse events on mechanisms of disuse atrophy in older healthy and
diseased phenotypes and theoretical potential for nutritional interventions to mitigate these detrimental
effects. (A–C) The effects of disuse (bed-rest and unilateral limb immobilisation) and inactivity
(step reduction) on muscle protein synthesis (MPS), breakdown (MPB), net protein balance (NPB)
and muscle mass in healthy older adults, with the worst-case scenario (i.e., disuse with no nutritional
strategy) and best-case scenario (i.e., with potentially effective nutritional strategy). (D–F) The effects
of disuse and inactivity on MPS, MPB, NPB and muscle mass in older adults with compromised health
status (frailty, malnutrition syndrome, cachexia and chronic inflammatory disease) and the worst-
and best-case scenario. With nutritional intervention-only, the best-case scenario may result in more
positive NPB (albeit still negative) and an attenuated rate of muscle atrophy. NB: The improvement
in NPB outlined in the best-case scenario panels is driven primarily through nutritional stimulation
of MPS, whereas nutrient-induced MPB suppression plays a lesser role (due to the absence of clear
evidence demonstrating MPB suppression with nutritional interventions during disuse).

3. Nutritional Strategies during Disuse

3.1. Whole Food and Mixed-Meal Approaches

The “food-first” (or “whole-food”) approach, unlike isolated protein components (e.g., whey
protein and casein protein, discussed below), contain a variety of other non-protein derived nutrients
that may facilitate intramuscular anabolic signalling, MPS and tissue remodelling [47]. This approach
has gained interest in human metabolic research where, compared with studies using isolated proteins,
several recent investigations have focused on the muscle anabolic response following consumption of
protein-rich whole-foods, such as beef [48–50], eggs [51,52], skimmed milk [50], poultry [53,54] and
other mixed macronutrient meals [55–58]. However, an in-depth discussion of the food-first approach
vs. isolated proteins is beyond the scope of this review and has been discussed elsewhere [47,59].

It has recently been suggested that a high-quality protein whole-food approach can support muscle
mass throughout the lifespan [59], likely due to nutrient density, and non-nutritive components that
may facilitate muscle remodelling compared to pure, isolated protein sources [51]. High protein quality,
as measured by the protein digestibility-corrected amino acid score (PDCAAS) [60], the digestible
indispensable amino acid score (DIAAS) [61] or the leucine amino acid reference ratio (Leu-AARR) [62],
are critical in the promotion of MPS and long-term accrual of muscle mass [59]. However, as a blunting
of the MPS response to protein provision is observed with advancing age [56,63–65], one might
question whether providing protein-dense whole-foods is desirable in older or clinical populations
considering their prolonged satiating effect and relatively slow rate of gastric emptying [66,67],
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which may negatively affect overall daily dietary protein intake in a population already prone to
protein malnourishment. Indeed, it has previously been shown that older adults in an acute care
facility only consumed ~10 g of a commendably large ~40 g serving of protein at each meal [68].
The authors postulated that food taste, temperature, texture and preferences all play a role in protein
consumption within acute medical inpatient facilities. Furthermore, similar issues with sub-optimal
dietary protein consumption have also been observed in older adults undergoing elective hip/knee
surgery [69], whereby only ~30% of meal-time protein was consumed [9], clearly identifying the need
to consider other strategies to ensure sufficient protein to attenuate muscle loss is consumed by older
adults undergoing protracted disuse events. More specifically, following short-term hospitalisation
in patients with elective hip/knee surgery, it was shown that, despite patients being provided with
~0.8 g·kg−1

·BW·day−1 of protein in self-selected hospital meals, actual protein consumption fell below
0.6 g·kg−1

·BW·day−1. This was accompanied by a ~4% reduction in thigh cross-sectional area [69,70].
Furthermore, a recent seven-day BR protocol, with a diet composed of traditional inpatient mixed
macronutrient meals (~1.0 g·kg−1

·BW·day−1 [~70% animal, ~30% plant proteins]) failed to attenuate the
decline in leg lean mass and strength in healthy older adults [71]. Although total provided protein intake
in both investigations provided the current RDA (0.8 g·kg−1

·BW·day−1), they fell short of the current
clinical recommendations for older individuals during hospitalisation (~1.6 g·kg−1

·BW·day−1) [72].
Therefore, the ingestion of additional volume of mixed meal proteins potentially may have offset
muscle loss but may also come at the expense of increased and prolonged satiety. Furthermore, it is
also pertinent to note that the amount of protein per kcal of food is less. Therefore, besides satiety, the
subdivision of macronutrients from the total daily caloric intake is likely sub-optimal.

An often-overlooked aspect of protein-rich whole-food approaches, when compared with isolated
sources, is the texture of the foods. This is particularly important for older adults who may have
impaired food chewing capabilities [73]. Evidence suggests that the partial processing via mincing of
protein-rich lean meats, such as beef, has been shown to increase protein digestion and absorption in
older adults, resulting in greater postprandial protein incorporation when compared with ingestion
of whole beefsteak [49]. However, it is important to note that, in this study, MPS rates did not
differ between these conditions when assessed over a 6-h postprandial period [49]. Nevertheless,
this method of protein processing and/or enhanced mastication of ingested foods may be a novel
method of increasing the amount, digestibility, and absorption of amino acids (AA) from protein-rich
whole foods, which may be especially important for older adults, particularly those undergoing disuse
or inactivity. Indeed, novel data in elderly volunteers who were edentulous, found a significantly
reduced postprandial rise in circulating plasma EAAs following a serving of lean beef meat, which
subsequently resulted in an ~18% reduction in whole-body protein synthesis compared with older
adults who had healthy natural dentition [74]. This poses the question as to whether older adults
may need softer textured or partially processed foods to increase protein consumption and, therefore,
postprandial AA availability and muscle anabolism. A comparison of distinct protein whole-foods
with divergent AA delivery profiles in healthy younger adults was conducted by Burd et al. in response
to protein dose-matched, skimmed milk or lean beef [50]. Although beef consumption resulted in
a ~7% greater AA availability over the initial 2 h postprandial period, skimmed milk consumption
stimulated a greater MPS response during this time frame. However, there were no differences in
MPS stimulation between beef and milk ingestion when assessed over a 5 h postprandial period [50].
Nevertheless, the trade-off between ease of ingestion and postprandial AA availability between these
common protein-rich food sources could present different muscle anabolic responses in older adults
during periods of disuse.

Protein-rich whole-foods undoubtedly promote muscle anabolism in the acute postprandial period
(~2–6 h) in healthy younger [51,52], older [49,50,75] and inflammatory disease patients [56]. Therefore,
the role of high-quality whole-food protein mixed meals in maintaining muscle mass should provide a
solid nutritional foundation in which supplementation can support (Figure 2). The anabolic concept of
the food matrix is principally demonstrated in the form of whole-egg and isonitrogenous amounts of
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egg-whites consumed post-RET [51]. Van Vliet and colleagues observed a greater post-RET stimulation
of MPS following whole-egg consumption, than that of egg whites [51]. Interestingly, the authors
detected no differences in postprandial leucine availability or intracellular anabolic signalling [51].
The authors therefore speculated that whole eggs are more than the sum of their parts. In particular,
non-nutritive components [i.e., bioactive peptides, microRNAs, lipids (phosphatidic acid, palmitic
and DHA) and minerals] may orchestrate the greater MPS response observed with whole-eggs and
not egg white consumption [51]. Follow-up investigations from the same group have established
whole-egg consumption results in greater co-localisation of mTOR-Rheb complexes to the lysosome
following RET than that of egg whites [52]. Nevertheless, the anabolic role of the food matrix is yet to
be established in older adults. Accordingly, older adults should seek to consume the recommended
dietary protein intake (~1.6 g·kg−1

·BW·day−1), rich in nutrient-dense foods to attenuate loss of muscle
mass during disuse events. Unfortunately, in many disuse scenarios, the practicality of large daily
whole-food consumption in older adults is low. Therefore, the addition of rapidly digested isolated
proteins may be necessary to enhance protein quality, quantity and the net muscle anabolic effect of
typical sub-optimal protein-containing meals in older and clinical populations.

3.2. Supplemental Protein Sources

Whey protein (WP) and casein protein (CP) nutritional supplements are produced by separating
proteins from their naturally occurring whole-food derivative (i.e., milk). Studies investigating the
metabolic profiles of dairy-derived proteins demonstrate the rapid digestion and absorption kinetics
of isolated WP compared with the more slowly digested casein [76–78] and complete whole-milk
proteins [79,80]. Indeed, evidence exists to suggest WP possesses superior muscle anabolic properties
compared with casein. Specifically, following consumption of WP, the increase in MPS is greater than
casein, potentially due to the superior AA profile and postprandial leucinemia of WP [77]. However,
not all authors have observed a benefit of WP over its whole-milk component for muscle anabolism,
despite temporal differences in aminoacidemia [81,82]. This may be partly due to the whole-food
matrix and added macro-micronutrient value of whole milk, which may facilitate the potent and rapid
increase in MPS. Moreover, the measurement duration, protein dosage and synergistic effect of RET
likely influences the subtle differences or similarities observed between whole milk protein, isolated
WP, and CP derivatives on acute measures of postprandial MPS. Nevertheless, high-quality leucine-rich
WP supplementation has been shown to induce a greater postprandial MPS response in both younger
and older adults compared with other dose-matched isolated protein sources (e.g., soy, casein and
wheat) [78,83] under conditions of rest and exercise [78]. Evidence also exists to support the use of WP
during inactivity and disuse. Indeed, recent investigations have found WP to be effective in offsetting
BR-induced muscle deterioration in older adults [71]. Furthermore, Arentson-Lantz et al. (2019)
demonstrated that replacing whole-food mixed meal proteins with WP (i.e., improving protein quality),
attenuated the decline in whole-body lean tissue during seven days of BR. Importantly, dietary protein
intake was relatively low in this study (~0.9 g·kg−1

·BW·day−1) and, therefore, more representative of
the eating habits of older adults within inpatient facilities [69].

Others have attempted to navigate the issue of dietary protein malnutrition during BR with the
implementation of blended mixed protein complete meal replacements [WP, CP, pea protein and
soy protein] [41]. Specifically, Dirks et al. (2019) provided volunteers with a standardised diet of
~1.2 g·kg−1

·BW·day−1 of dietary protein, introduced via nasogastric tube by four intermittent protein
boluses or via a 24-h continuous feeding approach [41]. Interestingly, the findings suggested that the
delivery method of dietary protein did not influence the negative consequences of BR on skeletal
muscle mass, strength and metabolic function. In addition, it is of interest to note that the total amount
of dietary protein (~1.2 g·kg−1

·BW·day−1) was insufficient at protecting losses in muscle mass [41].
During ULI, the use of isolated dietary proteins have been reported to have no effect on skeletal

muscle mass and strength loss in healthy older males when compared with a placebo [84]. Specifically,
Dirks et al. (2014) used a five-day whole-leg cast immobilisation approach with and without WP
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supplementation (2 × ~21 g daily [10.6 g EAAs, 2.8 g leucine per drink]), which increased daily
protein intake from ~1.1 to ~1.6 g·kg−1

·BW·day−1. Others have also shown no beneficial effect of
protein supplementation during more extended periods of ULI (~14 days), in healthy middle-aged
males [85], albeit with lower daily supplemental strategies (1 × 20 g). Mitchell et al. (2018) observed
no benefit of a single daily bolus of ~20 g milk protein with breakfast on preventing loss of muscle
mass and strength during a habitually skewed dietary protein intake of 1.0 g·kg−1

·BW·day−1 (breakfast
25%, lunch, 25% and dinner 50% of energy and protein requirements) to represent typical eating
habits of older individuals [85]. Although current data are inconclusive on the effects of WP during
ULI, further investigation into other WP strategies (e.g., dosage (~40 g) [86], timing [87], pre-sleep
consumption [88], pattern distribution [89] and additional free-form leucine [90]) could offer protection
against disuse atrophy.

To date, there has only currently been one randomised controlled trial (RCT) of the influence of
dietary protein during an SR model [24]. Oikawa et al. (2018) found that a high quality, high-protein
diet (~1.6 g·kg−1·BW·day−1) during SR (~750 steps day−1) and a ~500 Kcal energy deficit for two weeks,
failed to attenuate muscle atrophy in older adults. Specifically, the provision of two daily WP drinks
(providing ~30 g protein each (15.4 g EAA, 4.3 g leucine) or a protein-matched hydrolysed collagen
peptide drink (4.5 g EAA, 0.8 g leucine) during SR failed to attenuate the reduction (~14%) in free-living
MPS [24]. An important observation from this study is that a seven-day transition from energy balance
to energy restriction evoked a decline in MPS (~12%), even in the presence of double the current protein
RDA (~1.6 g·kg−1·BW·day−1). Alarmingly, Oikawa et al. (2018) also found that, following a seven-day
period of re-ambulation, MPS was not fully restored to levels pre-intervention levels, highlighting the
importance for an appropriately prescribed rehabilitation and nutrition program following a period of
disuse in older adults [24]. Nonetheless, whilst WP supplementation failed to prevent the loss of lean
tissue during SR, WP did promote a greater recovery of lean tissue upon reambulation [24].

Although isolated proteins have been shown acutely to stimulate postprandial MPS and augment
the muscle anabolic response to RET, these isolated ingredients, in particular high-quality WP, may
be relatively ineffective at attenuating muscle atrophy during disuse in older adults. This may be
due to the relatively good health of older volunteers in these studies, or possibly the relatively high
level of total combined daily dietary protein intake (meals, plus supplementation) provided in these
studies (~1.6 g·kg−1·BW·day−1 [24,84]). Therefore, greater relative daily amounts (>2 g·kg−1·BW·day−1),
combined with novel isolated intact protein blends as well as protein sources containing high relative
proportions of di- and tripeptides (i.e., protein hydrolysates), may be needed to facilitate greater
protective effects on muscle during disuse. Indeed, whilst evidence is limited, protein hydrolysates
have been observed to be superior to intact proteins, largely due to decreased splanchnic extraction,
increased postprandial AA bioavailability and rapid appearance of EAAs, in particular leucine, into
circulation [78,91–93]. Moreover, WP hydrolysates have also been observed to augment a greater acute
postprandial MPS response compared to intact protein sources in younger and older adults [78,91,93].
However, ultimately, more chronic investigations are required to assess the longer-term anabolic
potential of protein hydrolysates compared with intact (whole) proteins, particularly during periods
of disuse and inactivity. Nevertheless, protein supplementation may, however, be of use to older
adults with compromised health status (i.e., pre-existing anabolic resistance) or those who consume
low levels of dietary protein (i.e., <0.8 g·kg−1·BW·day−1) [94], which is particularly prevalent during
illness/hospitalisation.

3.3. Crystalline Amino Acids

During periods of inactivity and disuse, the consumption of whole-food mixed meals or even
isolated protein sources may not be feasible, primarily due to the aforementioned issues of appetite
and satiety regulation that are common in older adults. Therefore, constituent free-form AAs as either
a complete EAA profile (i.e., all nine EAAs) or individual AAs (i.e., leucine) that possess anabolic and
anti-catabolic properties may be an effective and energetically efficient in offsetting muscle atrophy.
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The following section discusses the efficacy of AA supplementation in a range of modes of disuse
and inactivity.

3.3.1. Essential Amino Acids

Isocaloric consumption (15 g) of EAAs (2.79 g leucine) in older individuals has been shown
to result in a >30% increase in MPS compared to a protein-matched ~15 g WP (1.75 g leucine) [95],
likely due to the higher proportion of EAAs and more rapid digestion and absorption of crystalline
EAAs. A follow-up investigation found that, when matched for EAA content, ~15 g of WP resulted
in a greater accrual of muscle proteins compared to 6.7 g of EAA, overall indicating that the content
of EAA within WP is likely not the sole explanation for its anabolic superiority to pure EAAs [96].
As discussed above, an important consideration regarding protein nutritional strategies in older adults
is the dosage required for maximal MPS stimulation (EAA, ~15 g, WP, >30 g), and their respective
effects on appetite and satiety [97]. Recent evidence comparing an EAA-matched dose of WP ~15 g
(7.5 g EAA, 1.9 g leucine) to crystalline EAA (7.5 g, 3.0 g leucine) prior to breakfast in older adults,
found that EAA supplementation resulted in greater protein and energy intake compared to WP.
In addition, consumption of EAAs did not affect appetite ratings or satiety hormones (i.e., PYY),
compared with WP [98]. Furthermore, it is pertinent to note that EAA, when ingested with meals,
is known to significantly increase the postprandial MPS response by ~30%, but without affecting
circulating glucose or insulinemia [99].

In human metabolic research, much like isolated proteins, dosing strategies for EAAs range
considerably: from ~1.5 g [100], ~3 g [101,102], ~10 g [103], ~15 g [104] and ~18 g [105] to >20 g [106,107].
Early studies showed that consumption of ~15 g EAAs thrice daily for ~28 days of BR in young males
resulted in maintenance of whole-body and leg lean mass compared with the placebo control [36],
which was associated with a maintenance of MPS. Importantly, similar observations have also been
found following ~10 days of BR in older adults [108]. Thus, supplementing with EAAs in-between
meals during periods of BR, as previously established in both younger [36,109] and older adults [108],
may offer a viable option for repeated and frequent MPS stimulation, without impacting satiety
(Figure 2) [99].

In models of ULI, recent evidence regarding AAs, particularly a novel AA blend with additional
non-essential AAs (NEAA)—arginine, glutamine and n-acetylcysteine—has been shown to mitigate
muscle atrophy associated with seven days of ULI in healthy young men [110]. Indeed, as the authors
stated, it is possible that certain NEAAs may function by attenuating catabolism (i.e., glutamine),
maintaining capillary perfusion (i.e., arginine) and reducing oxidative stress (i.e., n-acetylcysteine),
which have all been implicated in disuse atrophy [111–115]. Specifically, the consumption of an
EAA:NEAA supplement in between meals (3 × 23.7 g = ~71.1 g EAA:NEAA, totalling ~12 g leucine
per day) attenuated muscle atrophy and increased intramuscular lipid accumulation compared with
a placebo [110]. It is, however, important to note that this study implemented a seven-day loading
period of the high-dose EAA:NEAA blend, prior to and during the seven-day period of ULI, which,
whilst possible for older adults prior to anticipated disuse events (i.e., elective surgery), would not be
possible in acutely hospitalised patients. Furthermore, participants were provided with >70 g AAs
on top of a standardised 1.0 g·kg−1

·day−1 of dietary protein. The large amounts of AAs provided
by Holloway and colleagues, whilst providing proof of concept, lack real-world practicality [110].
Interestingly, however, leucine-enriched (40%) low EAA dosages of ~3 g (1.2 g leucine, 1.8 g EAA) have
been shown to augment similar increases in MPS to that of ~20 g WP (2 g leucine, 7.6 g EAA) in older
women [101]. Further, dosages as low as ~1.5 g EAA (0.6 g leucine, 0.9 g EAA) have been reported
to stimulate an equivalent MPS stimulation to a large (~40 g) bolus of WP (4 g leucine, 15.2 g EAA)
in healthy older women [100]. The addition of ~15 g of EAAs in between, and more importantly, to
sub-optimal protein containing meals may therefore be a strategy to mitigate negative effects of disuse
and inactivity (Figure 2). This is particularly applicable within in-patient facilities where low-protein
consumption and satiety may be of particular concern for older adults.
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3.3.2. Leucine

Of the EAAs, the branched-chain AA leucine, has been shown in multiple human models to be a
key mediator of postprandial MPS in healthy younger and older adults [90,100,116–118], and also in
response to acute bouts of RET in the presence of a complete protein source [100,101,119,120]. Leucine
has previously been found to have a protective effect on skeletal muscle mass and function during
14 and 7 days of BR in healthy middle-aged [37] and older adults [121], respectively, in the presence of
a complete protein source. English et al. (2016) reported that supplementation of a high dose of leucine
(0.06 g·kg−1·BW·meal−1 or ~5 g) per meal, attenuated the decline in postabsorptive MPS, muscle mass
and muscle strength following 14 days of BR compared with a placebo [37]. Similarly, following seven
days of BR in older adults, the same previously mentioned leucine strategy attenuated the loss of leg
lean mass; however, no effect was observed for muscle strength or function. Moreover, leucine did
not mitigate the effects of BR on muscle fibre CSA or intracellular catabolic protein expression [121].
However, these findings are in agreement with other seven-day ULI protocols which also found no
protective effect of leucine supplementation on quadriceps CSA or leg strength [122]. It remains
unclear whether the disuse model (BR, ULI or SR), dosage (13.2 g vs. 7.5 g per day) and/or timing of
leucine intake (i.e., with or without meals) is attributable to these observed differences and warrants
further research.

The role of leucine as a stand-alone nutritional strategy therefore displays equivocal effects at
maintaining muscle mass and anabolism. This is particularly important as it is impossible for MPS
to exceed MPB when the AA substrates are derived entirely from MPB, and therefore a net positive
protein balance cannot occur in the absence of an exogenous supply of a complete EAA profile [123,124].
Nevertheless, ~6 g of leucine containing BCAAs have been previously shown to trigger intracellular
anabolic signalling, and augment a small, but significant increase in short-term MPS in younger [125]
and older adults [126]. However, in the absence of a full EAA profile, leucine fails to provoke a
robust and prolonged state of postprandial MPS as displayed by a traditional ~20 g dose of WP [124].
Therefore, the role of leucine may not be as a stand-alone supplement, but in fortifying complete
proteins with additional free-form leucine to augment a greater anabolic effect. Indeed, this has been
observed in fortifying low, suboptimal dosages of protein that have been observed to elicit similar
acute increases in MPS to that of >25 g of protein [100]. Therefore, it is plausible to suggest that a lower
quantity, leucine-enriched protein dose may alleviate some of the satiating effects of a larger protein
bolus, as discussed above, whilst still facilitating a net positive protein balance [127], thus supporting
the maintenance and/or development of muscle mass in older adults [117,118].

3.3.3. Citrulline

With a lack of evidence to support the use of non-essential AAs (NEAA) in supporting protein
accretion, particularly models of disuse [12,13,15,24,128–131], there is currently only one study to
have utilised NEAA, albeit in the form of the single non-essential AA, citrulline [128]. Devries and
colleagues postulated that, as a precursor of nitric-oxide, the consumption of citrulline would enhance
vasodilatory nutrient delivery to skeletal muscle and attenuate inactivity-induced impairments in
MPS in older men [128]. However, purported vasodilatory nutrients have shown little success in
augmenting vasodilation, and evidence suggests that even potent pharmacological manipulations of
blood flow and tissue-specific microvascular circulation do not enhance postprandial MPS [132–134].
Therefore, it is unsurprising that nutrient derived vasodilatory compounds; AAs (i.e., citrulline and
arginine) [112,128,135–137] and other nutraceuticals with purported vasodilatory properties (i.e., cacao
flavanols and Montmorency tart cherry) [138,139] have failed to elicit any notable muscle anabolic
effects. Indeed, Devries et al. were unable to demonstrate any effect of daily supplementation of
citrulline on femoral blood flow or MPS [128]. Nevertheless, one study has found a beneficial effect
of pharmacologically manipulating vasodilation on MPS under conditions of a hyperinsulinemic
clamp in older adults [140]. Notably, under normo-insulinemic conditions, such beneficial effects
on MPS have not been replicated [141]. The implementation of purported vasodilatory nutrient



Nutrients 2020, 12, 1533 10 of 26

compounds, therefore, may not be beneficial for enhancement or maintenance of MPS and muscle
mass during inactivity and/or disuse in older adults. By direct contrast, vasoconstriction (induced via
cold water immersion) has been shown to attenuate the post-exercise increase in MPS by ~20% [142],
which may have important implications during disuse and/or periods of hospital stay but warrants
further investigation.

3.4. Beta-Hydroxy-Beta-Methyl Butyrate (HMB)

Beta-Hydroxy-Beta-Methyl Butyrate (or HMB) is a downstream metabolite of leucine metabolism
in skeletal muscle, with a physiological turnover rate of ~0.2–0.4 mg per day or 0.66% of total leucine
turnover [143]. HMB, as an oral nutritional supplement, is commercially available in both calcium-salt
(Ca-HMB) and free-acid forms [144], both of which have been shown in acute in vitro [145–147] and
in vivo human models to stimulate MPS and dampen MPB [144,148]. Furthermore, it is also pertinent
to note that use of HMB may also be associated with anti-inflammatory effects, although such findings
are equivocal [149,150].

Early studies investigating the use of HMB in healthy individuals undertaking RET, demonstrated
a highly potent anabolic effect [151–154]. Specifically, one study observed significant improvements
in body composition and muscle strength, which were associated with a ~20% reduction in MPB
(assessed via urinary 3-Methylhistidine excretion) and reductions of indirect markers of muscle damage
(i.e., creatine kinase and lactate dehydrogenase) [155]. However, more recent RCTs [156–159] and
meta-analyses [160,161] have failed to detect any benefit (i.e., increases in muscle mass, strength or
function) of HMB in trained [162] or clinical populations [161]. Nevertheless, HMB is still considered a
nutritional compound that may possess the potential to attenuate the rate muscle loss during ageing
and disuse [160,163–166].

The use of HMB supplementation during 10-days BR (1.5 g Ca-HMB, twice daily) has been
shown to attenuate muscle anabolic resistance and atrophy compared with a placebo in healthy
older adults [165]. Importantly, Ca-HMB in this study, attenuated BR-induced muscle atrophy under
conditions of a sub-optimal dietary protein intake [165]. Further, following 10-day BR, the placebo
group reported a significant loss of whole-body (~5% vs. 1%), and lower limb (~7% vs. <1%) skeletal
muscle mass compared with Ca-HMB, respectively. Similarly, following a standardised liquid meal,
whilst postprandial MPS remained unchanged in the Ca-HMB group following 10-day BR, a ~23%
reduction in postprandial mixed-MPS was observed in the placebo group [165]. Subsequent follow-up
investigations by Standley et al. sought to determine the effects of Ca-HMB on skeletal muscle oxidative
function from a sub-sample of older participants, in which mediators of mitochondrial and lipid
metabolism were assessed [165,166]. In contrast to previous investigations, Ca-HMB displayed no
effect on mitochondrial oxidative phosphorylation, dynamics (fission and fusion) or autophagy between
Ca-HMB or placebo supplemented groups [166]. However, Ca-HMB supplementation did increase
the intramyocellular lipid pool, particularly triacylglycerol lipids, which the authors speculated may
have protected skeletal muscle from inflammatory and reactive oxygen species-stimulatory lipids.
In vitro data suggests HMB alters myotube lipid biosynthesis and upregulation of fatty acid synthase,
which may facilitate anabolic processes and offer protection of muscle cells from other bioactive lipid
species [167]. To date, however, the exact mechanisms through which supplemental HMB may act to
protect muscle mass during disuse events in older adults remain unclear.

Studies investigating the effect HMB on disuse atrophy, unlike many nutritional strategies, have
transitioned into clinically relevant models of critically ill older adults, across a range of patient
populations, including patients suffering with malnutrition [168], within intensive care units [169],
cachexia patients [170] and patients with HIV [171]. A recent systematic review and meta-analysis
conducted by Bear et al. (2019) showed that the data surrounding HMB supplementation are relatively
limited (n = 13 studies), particularly when provided in isolation and not as part of a mixed nutrient
“cocktail” (n = 3). For example, HMB is often consumed with other AAs (i.e., arginine and glutamine)
or as part of a multi-ingredient oral nutritional supplement (e.g., with additional protein and vitamin
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D) [161,172,173]. Therefore, as a stand-alone nutritional supplement, more high-quality RCTs are
needed to establish HMB’s role in mitigating the loss of muscle mass and strength during disuse events,
particularly in older clinical populations.

3.5. Creatine Monohydrate

Creatine monohydrate (CM) has been a popular sports supplement with athletic populations
for over three decades, with purported significant improvements in muscle mass and strength when
combined with RET in young and older adults [174–176]. The potential mechanisms through which
creatine exerts its beneficial effects are founded on three underlying anabolic constituents. Firstly,
CM has been reported to increase osmo-sensing proteins related to signal transduction [177] and
targeted mRNA gene expression [178]. Secondly, CM is purported to have an indirect role in muscle
anabolism through the phosphorylation of primary downstream anabolic signalling proteins and
inhibition of the myokine, myostatin [179]. However, isotopically labelled tracer studies have failed
to detect any increases in mixed-muscle, myofibrillar and/or sarcoplasmic MPS following RET and
CM supplementation [180–182]. However, CM has been reported to have anti-catabolic properties
via a reduction in leucine oxidation [181] and urinary 3-methylhistidine excretion [183]. Finally, CM
has been suggested to augment muscle satellite cell activation [184,185]. Therefore, with a growing
body of literature suggesting that CM can increase muscle mass and strength in older adults [175,176],
it has been postulated that CM may also provide some muscle anabolic benefit during periods of
musculoskeletal disuse [186,187].

During periods of disuse, Johnston et al. showed that oral CM supplementation (~20 g per day)
provided up to three weeks of beneficial effects during a period of upper-arm ULI in healthy younger
adults by supporting the maintenance of lean muscle mass, strength, and endurance to a greater
extent than a placebo [186]. The potential for CM to attenuate muscle deterioration has also been
studied in the context of lower-limb ULI in younger adults [187]. Specifically, following a seven-day
loading phase and seven-day maintenance dose pattern of oral CM supplementation (loading Phase:
4 × 5 g day, maintenance: 1 × 5 g day), CM did not attenuate the loss of muscle mass or strength
following ~7 days of ULI compared to a placebo control [187]. Whilst, the mechanisms of CM in
models of disuse remain unclear, an exploration into the effects of in vivo skeletal muscle creatine
sensitivity and transportation may offer insight into the uptake of creatine into muscle cells [188,189].
Nevertheless, the current available evidence regarding its lack of stimulatory effect on MPS, combined
with the requirement of a loading phase, suggests that CM supplementation is likely an inadequate
and impractical nutritional intervention, at least in isolation, during models of disuse. However, MPS
methodologies and disuse interventions have yet to be established in older adults, therefore, we cannot
rule out a potential therapeutic benefit of CM in such populations.

3.6. Omega 3 (n-3) Fatty Acids

Marine fish oils, particularly n-3 FAs rich in Eicosatetraenoic (EPA) and Docosahexaenoic (DHA),
have been shown in both young and older adults to be key signalling mediators of skeletal muscle
anabolism [190–192], insulin sensitivity [193,194] and inflammation [195]. Human studies utilising
intravenous hyperinsulinemic and hyperaminoacidemic clamps have shown a moderate dose (~4 g) of
n-3 FA supplementation, augments MPS rates in healthy young [190], middle-aged [190] and older
adults [192]. Further, McGlory et al. demonstrated that eight weeks of daily n-3 FA supplementation
resulted in a ~23% increase in myofibrillar MPS, compared with a placebo, following a bolus feeding of
WP in young men, although this was not statistically significant [196]. However, n-3 FA supplementation
was associated with a suppression of resistance exercise and feeding-induced increases in anabolic
signalling phosphorylation [196]. In older adults, data suggest ~16 weeks of moderate-to-high dosage
of n-3 FA (~4 g·day−1) increase the postabsorptive and post-RET (~15–18 h) rates of mitochondrial and
myofibrillar protein fractions in healthy older adults [191]. Moreover, long-term supplementation of
n-3 FA (~6 months) resulted in significant increase in thigh muscle volume and strength in the absence
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of RET [197]. Collectively, evidence from these studies forms the basis of n-3 FA supplementation as a
potential strategy to counteract disuse atrophy in older adults.

During a 14-day period of ULI, n-3 FA have been shown to attenuate declines in muscle mass in
healthy young women compared with an isoenergetic placebo (i.e., sunflower oil) [198]. In addition,
daily supplementation of dosages of ~5 g·day−1 of n-3 FA resulted enhanced myofibrillar MPS and
restored muscle mass over 14 days of reambulation following disuse [198]. The mechanism through
which n-3 FA may protect against disuse atrophy might be, in part, explained by an increase in the
total phospholipid content of the muscle cell [199]. It is, however, pertinent to note the methodological
considerations in the implementation of n-3 FA, in particular, the fundamental loading phase prior
to a period disuse. Whilst McGlory and colleagues observed temporal changes in skeletal muscle
phospholipid content, a minimum of two weeks (and up to four weeks) of supplementation was
required to sufficiently elevate and saturate muscle cell membranes with EPA:DHA [200]. Importantly,
it would seem that higher doses of EPA+DHA are required to achieve a more rapid saturation
(~2-fold increase in four weeks) [200,201] of muscle cell phospholipids than previous used lower doses
(~2-fold increase in eight weeks) [190,192]. However, the temporal changes in skeletal muscle EPA:DHA
content have yet to be established in older adults [202]. Moreover, n-3 FA have currently yet to begin
translation into older adults and across other experimental models of disuse and inactivity [202].

Interestingly, when considering a food-first approach to nutrient delivery in older adults
undergoing disuse events, recent evidence suggests that consuming n-3 FA rich foods offer similar
benefits to EPA:DHA status as dietary n-3 FA supplementation [203]. Carboni et al. recently reported
thrice-weekly feeding of cooked mussels consumed for lunch over four weeks, resulted in an ~18%
increase in n-3 index, as well as a ~40% increase in whole-blood levels of EPA:DHA [203]. Importantly,
the EPA:DHA content of cooked mussels in this study was considerably lower (~300 mg) compared
with previous investigations (>3000 mg) [190,191,199,200], suggesting that a substantially longer
period of time and/or larger doses of n-3 FA rich meals would be required to achieve an optimal
n-3 status. Taken together, whilst there is a lack of research across different models of disuse/inactivity,
particularly in older patient populations [202,204], the available data suggest a potential benefit of
daily n-3 FA supplementation for maintenance of muscle mass in older adults during periods of
disuse and/or inactivity, with the caveat that any protective effect may depend on whether a loading
phase is possible prior to disuse (i.e., elective surgery patients). However, it is pertinent to note that
n-3 FA are also anti-inflammatory and thus, may provide additional benefit to inflammatory disease
patients [205,206]. Indeed, lowering inflammation would have a plethora of potential beneficial effects
besides maintaining muscle mass [205,206]. However, more studies are required to investigate this
further, particularly in models of disuse.

3.7. Multi-Ingredient Supplements

In isolation, the use of single-ingredient nutritional compounds, previously mentioned, may not
be sufficient to fully attenuate disuse atrophy in both younger and older adults. Nevertheless, a more
comprehensive multi-ingredient supplement (MIS) with several purportedly beneficial compounds
(i.e., WP, EAAs, creatine, vitamin D, leucine, glutamine, HMB and n-3 FA’s) [207], may be a superior
alternative to help support the maintenance of muscle mass and strength during ageing. However,
whilst a recent systematic review and meta-analysis encompassing ~35 RCTs utilising MIS as part of a
~6-week training intervention observed MIS as not superior to WP alone in healthy trained populations;
MIS was shown to be beneficial in older and untrained adults undertaking a period of multi-modal
concurrent exercise [208–210]. Furthermore, the majority of studies investigating the use of MIS also
implement RET as part of the intervention, and therefore, this may mask any beneficial effects that
might been seen with the supplement alone.

Nevertheless, evidence has emerged to demonstrate that a MIS compromising of WP (30 g),
creatine (2.5 g), vitamin D (500 IU), calcium (400 mg) and n-3 FAs (1500 mg) may have a beneficial effect
on skeletal muscle mass and strength [208,211], inflammation [212] and cognition [213] in older adults,
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although no effect on exercise-induced myogenesis was observed [214]. MIS, however, did not benefit
the adaptive remodelling response to a 12-week multi-modal, concurrent RET and high-intensity
interval training intervention in older men [215]. Specifically, Bell and colleagues observed no benefit
of twice-daily consumption of a WP-based MIS (WP 30 g, creatine 2.5 g, vitamin D 500 IU, calcium
1500 mg, n-3 polyunsaturated fatty acid 1500 mg) on integrated measures of myofibrillar MPS compared
with a carbohydrate-based placebo. This is intriguing as the treatment group consumed ~30–40 g
(0.4–0.5 g·kg−1

·BW·day−1) more protein over the experimental period than the carbohydrate control
group [208,215]. Although there is currently no evidence supporting the MIS approach both acutely
and in older adults during disuse, it is plausible that a blend of multiple beneficial compounds
(i.e., EAA, creatine, leucine, HMB, vitamin D and n-3 FAs) may be advantageous in targeting multiple
dysfunctional signalling mechanisms associated with disuse and/or inactivity, when combined.

4. Conclusions

BR, ULI and SR models can result in dramatic losses of muscle mass, strength and ultimately,
functional capacity in a relatively short period of time (2–14 days), with important implications for the
functional and metabolic health of older individuals. Although RET interventions are undoubtedly the
most potent regulator of muscle protein turnover and promising means of maintaining muscle mass
during inactivity, this approach may not always be feasible. Therefore, optimising nutritional intake
via high-quality proteins, food-fortification and/or oral nutritional supplements could potentially
attenuate disuse-induced impairments in muscle protein turnover that drive the atrophy process.
An underlying theme throughout the present review is the lack of translational research from healthy
younger and older adults, to frail and hospitalised older patient populations. Current clinical research
often includes older adults with high functional capacity and physical activity status, who consume a
nutritionally complete diet. Targeting musculoskeletal disuse in older adults with a compromised
health status is a stern test of whether or not a nutritional food/ingredient is efficacious, due to
the multifaceted nature of mechanical unloading and the progression of sarcopenia. We suggest
that a nutrient-rich whole-food dietary approach, providing adequate levels of high-quality protein,
is the foremost strategy to protect muscle mass and function in older adults undergoing disuse events.
Additional targeted single and/or multi-ingredient supplements may facilitate accrual and retention
of muscle tissue during disuse events, and may be a preferable strategy in older adults who are
unable to consume adequate high-quality dietary protein from whole-foods alone. Further research
should, therefore, seek to determine the temporal change in muscle protein turnover during disuse
events and translate promising evidence of potentially beneficial nutritional supplements/ingredients
into a clinically relevant setting. This approach will allow researchers to identify optimal times at
which to intervene with pragmatic nutritional strategies that can effectively attenuate/prevent muscle
metabolic dysfunction, atrophy and impairments in whole-body metabolism in older adults across
the health spectrum. Finally, it is worth noting that, in this review, our focus is predominantly on
positively influencing MPS and MPB and, thus, not explicitly on the potential beneficial effects that each
supplemental strategy might have on other metabolic functions. In this regard, whole-body protein
turnover studies need to be conducted to improve our understanding on the impacts to whole-body
(protein) metabolism during periods of disuse.

Author Contributions: R.N.M. completed the literature searches, review and drafted the manuscript. R.N.M.,
B.S., P.T.M., L.B. reviewed, edited, and approved the manuscript for its intellectual content. All authors have read
and agreed to the published version of the manuscript.

Funding: R.N.M. is funded by the MRC-Versus Arthritis, Centre for Musculoskeletal Ageing Research, Doctoral
Training Partnership between the University of Birmingham and University of Nottingham.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.



Nutrients 2020, 12, 1533 14 of 26

References

1. Wolfe, R.R. The underappreciated role of muscle in health and disease. Am. J. Clin. Nutr. 2006, 84, 475–482.
[CrossRef] [PubMed]

2. Janssen, I.; Heymsfield, S.B.; Ross, R. Low relative skeletal muscle mass (sarcopenia) in older persons
is associated with functional impairment and physical disability. J. Am. Geriatr. Soc. 2002, 50, 889–896.
[CrossRef] [PubMed]

3. Cherin, P.; Voronska, E.; Fraoucene, N.; de Jaeger, C. Prevalence of sarcopenia among healthy ambulatory
subjects: The sarcopenia begins from 45 years. Aging Clin. Exp. Res. 2014, 26, 137–146. [CrossRef] [PubMed]

4. Reid, K.F.; Pasha, E.; Doros, G.; Clark, D.J.; Patten, C.; Phillips, E.M.; Frontera, W.R.; Fielding, R.A. Longitudinal
decline of lower extremity muscle power in healthy and mobility-limited older adults: Influence of muscle
mass, strength, composition, neuromuscular activation and single fiber contractile properties. Eur. J.
Appl. Physiol. 2014, 114, 29–39. [CrossRef] [PubMed]

5. Ethgen, O.; Beaudart, C.; Buckinx, F.; Bruyère, O.; Reginster, J.-Y. The future prevalence of sarcopenia in
Europe: A claim for public health action. Calcif. Tissue Int. 2017, 100, 229–234. [CrossRef] [PubMed]

6. Wolfe, R.R. Regulation of muscle protein by amino acids. J. Nutr. 2002, 132, 3219S–3224S. [CrossRef]
7. Biolo, G.; Maggi, S.P.; Williams, B.D.; Tipton, K.D.; Wolfe, R.R. Increased rates of muscle protein turnover

and amino acid transport after resistance exercise in humans. Am. J. Physiol. Metab. 1995, 268, E514–E520.
[CrossRef]

8. Shad, B.J.; Thompson, J.L.; Breen, L. Does the muscle protein synthetic response to exercise and amino
acid-based nutrition diminish with advancing age? A systematic review. Am. J. Physiol.-Endocrinol. Metab.
2016, 311, E803–E817. [CrossRef]

9. Moore, D.R.; Churchward-Venne, T.A.; Witard, O.; Breen, L.; Burd, N.A.; Tipton, K.D.; Phillips, S.M. Protein
ingestion to stimulate myofibrillar protein synthesis requires greater relative protein intakes in healthy older
versus younger men. J. Gerontol. Ser. A Biomed. Sci. Med. Sci. 2014, 70, 57–62. [CrossRef]

10. Volpi, E.; Mittendorfer, B.; Rasmussen, B.B.; Wolfe, R.R. The response of muscle protein anabolism to
combined hyperaminoacidemia and glucose-induced hyperinsulinemia is impaired in the elderly. J. Clin.
Endocrinol. Metab. 2000, 85, 4481–4490. [CrossRef]

11. Cuthbertson, D.; Smith, K.; Babraj, J.; Leese, G.; Waddell, T.; Atherton, P.; Wackerhage, H.; Taylor, P.M.;
Rennie, M.J. Anabolic signaling deficits underlie amino acid resistance of wasting, aging muscle. FASEB J.
2005, 19, 422–424. [CrossRef]

12. Breen, L.; Stokes, K.A.; Churchward-Venne, T.A.; Moore, D.R.; Baker, S.K.; Smith, K.; Atherton, P.J.;
Phillips, S.M. 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, 2604–2612. [CrossRef]

13. Knudsen, S.H.; Hansen, L.S.; Pedersen, M.; Dejgaard, T.; Hansen, J.; Hall, G.V.; Thomsen, C.; Solomon, T.P.J.;
Pedersen, B.K.; Krogh-Madsen, R. Changes in insulin sensitivity precede changes in body composition
during 14 days of step reduction combined with overfeeding in healthy young men. J. Appl. Physiol. 2012,
113, 7–15. [CrossRef] [PubMed]

14. Wall, B.T.; Dirks, M.L.; Snijders, T.; van Dijk, J.W.; Fritsch, M.; Verdijk, L.B.; van Loon, L.J. Short-term muscle
disuse lowers myofibrillar protein synthesis rates and induces anabolic resistance to protein ingestion. Am. J.
Physiol. Endocrinol. Metab. 2016, 310, E137–E147. [CrossRef] [PubMed]

15. Shad, B.J.; Thompson, J.L.; Holwerda, A.M.; Stocks, B.; Elhassan, Y.S.; Philp, A.; van Loon, L.J.C.; Wallis, G.A.
One Week of Step Reduction Lowers Myofibrillar Protein Synthesis Rates in Young Men. Med. Sci.
Sports Exerc. 2019. [CrossRef]

16. Suetta, C.; Hvid, L.G.; Justesen, L.; Christensen, U.; Neergaard, K.; Simonsen, L.; Ortenblad, N.;
Magnusson, S.P.; Kjaer, M.; Aagaard, P. Effects of aging on human skeletal muscle after immobilization and
retraining. J. Appl. Physiol. 2009, 107, 1172–1180. [CrossRef]

17. Perkin, O.; McGuigan, P.; Thompson, D.; Stokes, K. A reduced activity model: A relevant tool for the study
of ageing muscle. Biogerontology 2016, 17, 435–447. [CrossRef] [PubMed]

18. Tanner, R.E.; Brunker, L.B.; Agergaard, J.; Barrows, K.M.; Briggs, R.A.; Kwon, O.S.; Young, L.M.; Hopkins, P.N.;
Volpi, E.; Marcus, R.L.; et al. Age-related differences in lean mass, protein synthesis and skeletal muscle
markers of proteolysis after bed rest and exercise rehabilitation. J. Physiol. 2015, 593, 4259–4273. [CrossRef]
[PubMed]

http://dx.doi.org/10.1093/ajcn/84.3.475
http://www.ncbi.nlm.nih.gov/pubmed/16960159
http://dx.doi.org/10.1046/j.1532-5415.2002.50216.x
http://www.ncbi.nlm.nih.gov/pubmed/12028177
http://dx.doi.org/10.1007/s40520-013-0132-8
http://www.ncbi.nlm.nih.gov/pubmed/24129803
http://dx.doi.org/10.1007/s00421-013-2728-2
http://www.ncbi.nlm.nih.gov/pubmed/24122149
http://dx.doi.org/10.1007/s00223-016-0220-9
http://www.ncbi.nlm.nih.gov/pubmed/28012107
http://dx.doi.org/10.1093/jn/131.10.3219S
http://dx.doi.org/10.1152/ajpendo.1995.268.3.E514
http://dx.doi.org/10.1152/ajpendo.00213.2016
http://dx.doi.org/10.1093/gerona/glu103
http://dx.doi.org/10.1210/jc.85.12.4481
http://dx.doi.org/10.1096/fj.04-2640fje
http://dx.doi.org/10.1210/jc.2013-1502
http://dx.doi.org/10.1152/japplphysiol.00189.2011
http://www.ncbi.nlm.nih.gov/pubmed/22556394
http://dx.doi.org/10.1152/ajpendo.00227.2015
http://www.ncbi.nlm.nih.gov/pubmed/26578714
http://dx.doi.org/10.1249/MSS.0000000000002034
http://dx.doi.org/10.1152/japplphysiol.00290.2009
http://dx.doi.org/10.1007/s10522-015-9613-9
http://www.ncbi.nlm.nih.gov/pubmed/26506931
http://dx.doi.org/10.1113/JP270699
http://www.ncbi.nlm.nih.gov/pubmed/26173027


Nutrients 2020, 12, 1533 15 of 26

19. Covinsky, K.E.; Justice, A.C.; Rosenthal, G.E.; Palmer, R.M.; Landefeld, C.S. Measuring prognosis and case
mix in hospitalized elders. The importance of functional status. J. Gen. Intern. Med. 1997, 12, 203–208.
[PubMed]

20. Fortinsky, R.H.; Covinsky, K.E.; Palmer, R.M.; Landefeld, C.S. Effects of functional status changes before and
during hospitalization on nursing home admission of older adults. J. Gerontol. A Biol. Sci. Med. Sci. 1999, 54,
M521–M526. [CrossRef]

21. England, N.H.S. Bed Availability and Occupancy Data. Available online: https://www.england.nhs.uk/statist
ics/statistical-work-areas/bed-availability-and-occupancy/bed-data-overnight/ (accessed on 21 May 2020).

22. England, N.H.S. Hospital Admissions Hit Record High as Population Ages. Available
online: https://digital.nhs.uk/news-and-events/news-archive/2016-news-archive/hospital-admissions-hit-
record-high-as-population-ages (accessed on 9 October 2018).

23. Fisher, S.R.; Goodwin, J.S.; Protas, E.J.; Kuo, Y.; Graham, J.E.; Ottenbacher, K.J.; Ostir, G.V. Ambulatory
activity of older adults hospitalized with acute medical illness. J. Am. Geriatr. Soc. 2011, 59, 91–95. [CrossRef]
[PubMed]

24. Oikawa, S.Y.; McGlory, C.; D’Souza, L.K.; Morgan, A.K.; Saddler, N.I.; Baker, S.K.; Parise, G.; Phillips, S.M.
A randomized controlled trial of the impact of protein supplementation on leg lean mass and integrated
muscle protein synthesis during inactivity and energy restriction in older persons. Am. J. Clin. Nutr. 2018,
108, 1060–1068. [CrossRef] [PubMed]

25. Hvid, L.G.; Ortenblad, N.; Aagaard, P.; Kjaer, M.; Suetta, C. Effects of ageing on single muscle fibre contractile
function following short-term immobilisation. J. Physiol. 2011, 589, 4745–4757. [CrossRef] [PubMed]

26. MacInnis, M.J.; McGlory, C.; Gibala, M.J.; Phillips, S.M. Investigating human skeletal muscle physiology
with unilateral exercise models: When one limb is more powerful than two. Appl. Physiol. Nutr. Metab. 2017,
42, 563–570. [CrossRef]

27. Glover, E.I.; Phillips, S.M.; Oates, B.R.; Tang, J.E.; Tarnopolsky, M.A.; Selby, A.; Smith, K.; Rennie, M.J.
Immobilization induces anabolic resistance in human myofibrillar protein synthesis with low and high dose
amino acid infusion. J. Physiol. 2008, 586, 6049–6061. [CrossRef]

28. Wall, B.T.; Snijders, T.; Senden, J.M.G.; Ottenbros, C.L.P.; Gijsen, A.P.; Verdijk, L.B.; van Loon, L.J.C. Disuse
impairs the muscle protein synthetic response to protein ingestion in healthy men. J. Clin. Endocrinol. Metab.
2013, 98, 4872–4881. [CrossRef]

29. Kilroe, S.P.; Fulford, J.; Holwerda, A.M.; Jackman, S.R.; Lee, B.P.; Gijsen, A.P.; van Loon, L.J.C.; Wall, B.T.
Short-term muscle disuse induces a rapid and sustained decline in daily myofibrillar protein synthesis rates.
Am. J. Physiol. Metab. 2019. [CrossRef]

30. Jones, S.W.; Hill, R.J.; Krasney, P.A.; O’CONNER, B.; Peirce, N.; Greenhaff, P.L. Disuse atrophy and exercise
rehabilitation in humans profoundly affects the expression of genes associated with the regulation of skeletal
muscle mass. FASEB J. 2004, 18, 1025–1027. [CrossRef]

31. Dirks, M.L.; Wall, B.T.; Snijders, T.; Ottenbros, C.L.P.; Verdijk, L.B.; Van Loon, L.J.C. Neuromuscular electrical
stimulation prevents muscle disuse atrophy during leg immobilization in humans. Acta Physiol. 2014, 210,
628–641. [CrossRef]

32. Dirks, M.L.; Wall, B.T.; van de Valk, B.; Holloway, T.M.; Holloway, G.P.; Chabowski, A.; Goossens, G.H.;
van Loon, L.J.C. One week of bed rest leads to substantial muscle atrophy and induces whole-body insulin
resistance in the absence of skeletal muscle lipid accumulation. Diabetes 2016, 65, 2862–2875. [CrossRef]

33. Kortebein, P.; Ferrando, A.; Lombeida, J.; Wolfe, R.; Evans, W.J. Effect of 10 days of bed rest on skeletal
muscle in healthy older adults. Jama 2007, 297, 1769–1774. [CrossRef] [PubMed]

34. Ferrando, A.A.; Lane, H.W.; Stuart, C.A.; DavisStreet, J.; Wolfe, R.R. Prolonged bed rest decreases skeletal
muscle and whole body protein synthesis. Am. J. Physiol. Metab. 1996, 270, E627–E633. [CrossRef] [PubMed]

35. Arentson-Lantz, E.J.; English, K.L.; Paddon-Jones, D.; Fry, C.S. 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.
2016, 120, 965–975. [CrossRef] [PubMed]

36. Paddon-Jones, D.; Sheffield-Moore, M.; Urban, R.J.; Sanford, A.P.; Aarsland, A.; Wolfe, R.R.; Ferrando, A.A.
Essential amino acid and carbohydrate supplementation ameliorates muscle protein loss in humans during
28 days bedrest. J. Clin. Endocrinol. Metab. 2004, 89, 4351–4358. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/9127223
http://dx.doi.org/10.1093/gerona/54.10.M521
https://www.england.nhs.uk/statistics/statistical-work-areas/bed-availability-and-occupancy/bed-data-overnight/
https://www.england.nhs.uk/statistics/statistical-work-areas/bed-availability-and-occupancy/bed-data-overnight/
https://digital.nhs.uk/news-and-events/news-archive/2016-news-archive/hospital-admissions-hit-record-high-as-population-ages
https://digital.nhs.uk/news-and-events/news-archive/2016-news-archive/hospital-admissions-hit-record-high-as-population-ages
http://dx.doi.org/10.1111/j.1532-5415.2010.03202.x
http://www.ncbi.nlm.nih.gov/pubmed/21158744
http://dx.doi.org/10.1093/ajcn/nqy193
http://www.ncbi.nlm.nih.gov/pubmed/30289425
http://dx.doi.org/10.1113/jphysiol.2011.215434
http://www.ncbi.nlm.nih.gov/pubmed/21825028
http://dx.doi.org/10.1139/apnm-2016-0645
http://dx.doi.org/10.1113/jphysiol.2008.160333
http://dx.doi.org/10.1210/jc.2013-2098
http://dx.doi.org/10.1152/ajpendo.00360.2019
http://dx.doi.org/10.1096/fj.03-1228fje
http://dx.doi.org/10.1111/apha.12200
http://dx.doi.org/10.2337/db15-1661
http://dx.doi.org/10.1001/jama.297.16.1772-b
http://www.ncbi.nlm.nih.gov/pubmed/17456818
http://dx.doi.org/10.1152/ajpendo.1996.270.4.E627
http://www.ncbi.nlm.nih.gov/pubmed/8928769
http://dx.doi.org/10.1152/japplphysiol.00799.2015
http://www.ncbi.nlm.nih.gov/pubmed/26796754
http://dx.doi.org/10.1210/jc.2003-032159


Nutrients 2020, 12, 1533 16 of 26

37. English, K.L.; Mettler, J.A.; Ellison, J.B.; Mamerow, M.M.; Arentson-Lantz, E.; Pattarini, J.M.; Ploutz-Snyder, R.;
Sheffield-Moore, M.; Paddon-Jones, D. Leucine partially protects muscle mass and function during bed rest
in middle-aged adults, 2. Am. J. Clin. Nutr. 2016, 103, 465–473. [CrossRef]

38. Konda, N.N.; Karri, R.S.; Winnard, A.; Nasser, M.; Evetts, S.; Boudreau, E.; Caplan, N.; Gradwell, D.;
Velho, R.M. A comparison of exercise interventions from bed rest studies for the prevention of musculoskeletal
loss. npj Microgravity 2019, 5, 12. [CrossRef]

39. Drummond, M.J.; Dickinson, J.M.; Fry, C.S.; Walker, D.K.; Gundermann, D.M.; Reidy, P.T.; Timmerman, K.L.;
Markofski, M.M.; Paddon-Jones, D.; Rasmussen, B.B.; et al. Bed rest impairs skeletal muscle amino acid
transporter expression, mTORC1 signaling, and protein synthesis in response to essential amino acids in
older adults. AJP Endocrinol. Metab. 2012, 302, E1113–E1122. [CrossRef]

40. Biolo, G.; Pišot, R.; Mazzucco, S.; Di Girolamo, F.G.; Situlin, R.; Lazzer, S.; Grassi, B.; Reggiani, C.; Passaro, A.;
Rittweger, J. Anabolic resistance assessed by oral stable isotope ingestion following bed rest in young
and older adult volunteers: Relationships with changes in muscle mass. Clin. Nutr. 2017, 36, 1420–1426.
[CrossRef]

41. Dirks, M.L.; Smeets, J.S.J.; Holwerda, A.M.; Kouw, I.W.K.; Marzuca-Nassr, G.N.; Gijsen, A.P.; Holloway, G.P.;
Verdijk, L.B.; van Loon, L.J.C. Dietary feeding pattern does not modulate the loss of muscle mass or the
decline in metabolic health during short-term bed rest. Am. J. Physiol. Endocrinol. Metab. 2019, 316,
E536–E545. [CrossRef]

42. Kortebein, P.; Symons, T.B.; Ferrando, A.; Paddon-Jones, D.; Ronsen, O.; Protas, E.; Conger, S.; Lombeida, J.;
Wolfe, R.; Evans, W.J. Functional impact of 10 days of bed rest in healthy older adults. J. Gerontol. Ser. A Biol.
Sci. Med. Sci. 2008, 63, 1076–1081. [CrossRef]

43. Simsek, T.; Simsek, H.U.; Canturk, N.Z. Response to trauma and metabolic changes: Posttraumatic
metabolism. Ulus. Cerrahi Derg. 2014, 30, 153–159. [CrossRef]

44. Wolfe, R.R. The 2017 Sir David P Cuthbertson lecture. Amino acids and muscle protein metabolism in critical
care. Clin. Nutr. 2018, 37, 1093–1100. [CrossRef] [PubMed]

45. Cerra, F.B.; Siegel, J.H.; Coleman, B.; Border, J.R.; McMENAMY, R.R. Septic autocannibalism. A failure of
exogenous nutritional support. Ann. Surg. 1980, 192, 570. [CrossRef] [PubMed]

46. Breen, L.; Phillips, S.M. Skeletal muscle protein metabolism in the elderly: Interventions to counteract the
“anabolic resistance” of ageing. Nutr. Metab. (Lond.) 2011, 8, 68. [CrossRef] [PubMed]

47. Burd, N.A.; Beals, J.W.; Martinez, I.G.; Salvador, A.F.; Skinner, S.K. Food-First Approach to Enhance the
Regulation of Post-exercise Skeletal Muscle Protein Synthesis and Remodeling. Sports Med. 2019, 49, 59–68.
[CrossRef] [PubMed]

48. Robinson, M.J.; Burd, N.A.; Breen, L.; Rerecich, T.; Yang, Y.; Hector, A.J.; Baker, S.K.; Phillips, S.M.
Dose-dependent responses of myofibrillar protein synthesis with beef ingestion are enhanced with resistance
exercise in middle-aged men. Appl. Physiol. Nutr. Metab. 2012, 38, 120–125. [CrossRef] [PubMed]

49. Pennings, B.; Groen, B.B.L.; van Dijk, J.-W.; de Lange, A.; Kiskini, A.; Kuklinski, M.; Senden, J.M.G.;
Van Loon, L.J.C. Minced beef is more rapidly digested and absorbed than beef steak, resulting in greater
postprandial protein retention in older men. Am. J. Clin. Nutr. 2013, 98, 121–128. [CrossRef]

50. Burd, N.A.; Gorissen, S.H.; Van Vliet, S.; Snijders, T.; Van Loon, L.J.C. Differences in postprandial protein
handling after beef compared with milk ingestion during postexercise recovery: A randomized controlled
trial, 2. Am. J. Clin. Nutr. 2015, 102, 828–836. [CrossRef]

51. Van Vliet, S.; Shy, E.L.; Abou Sawan, S.; Beals, J.W.; West, D.W.D.; Skinner, S.K.; Ulanov, A.V.; Li, Z.;
Paluska, S.A.; Parsons, C.M. Consumption of whole eggs promotes greater stimulation of postexercise
muscle protein synthesis than consumption of isonitrogenous amounts of egg whites in young men. Am. J.
Clin. Nutr. 2017, 106, 1401–1412. [CrossRef]

52. Abou Sawan, S.; van Vliet, S.; West, D.W.D.; Beals, J.W.; Paluska, S.A.; Burd, N.A.; Moore, D.R. Whole egg,
but not egg white, ingestion induces mTOR colocalization with the lysosome after resistance exercise. Am. J.
Physiol. Physiol. 2018, 315, C537–C543. [CrossRef]

53. Van Vliet, S.; Beals, J.W.; Parel, J.T.; Hanna, C.D.; Utterback, P.L.; Dilger, A.C.; Ulanov, A.V.; Li, Z.; Paluska, S.A.;
Moore, D.R. Development of intrinsically labeled eggs and poultry meat for use in human metabolic research.
J. Nutr. 2016, 146, 1428–1433. [CrossRef] [PubMed]

http://dx.doi.org/10.3945/ajcn.115.112359
http://dx.doi.org/10.1038/s41526-019-0073-4
http://dx.doi.org/10.1152/ajpendo.00603.2011
http://dx.doi.org/10.1016/j.clnu.2016.09.019
http://dx.doi.org/10.1152/ajpendo.00378.2018
http://dx.doi.org/10.1093/gerona/63.10.1076
http://dx.doi.org/10.5152/UCD.2014.2653
http://dx.doi.org/10.1016/j.clnu.2017.12.010
http://www.ncbi.nlm.nih.gov/pubmed/29291898
http://dx.doi.org/10.1097/00000658-198010000-00015
http://www.ncbi.nlm.nih.gov/pubmed/6775605
http://dx.doi.org/10.1186/1743-7075-8-68
http://www.ncbi.nlm.nih.gov/pubmed/21975196
http://dx.doi.org/10.1007/s40279-018-1009-y
http://www.ncbi.nlm.nih.gov/pubmed/30671904
http://dx.doi.org/10.1139/apnm-2012-0092
http://www.ncbi.nlm.nih.gov/pubmed/23438221
http://dx.doi.org/10.3945/ajcn.112.051201
http://dx.doi.org/10.3945/ajcn.114.103184
http://dx.doi.org/10.3945/ajcn.117.159855
http://dx.doi.org/10.1152/ajpcell.00225.2018
http://dx.doi.org/10.3945/jn.115.228338
http://www.ncbi.nlm.nih.gov/pubmed/27281809


Nutrients 2020, 12, 1533 17 of 26

54. Kashyap, S.; Shivakumar, N.; Varkey, A.; Duraisamy, R.; Thomas, T.; Preston, T.; Devi, S.; Kurpad, A.V. Ileal
digestibility of intrinsically labeled hen’s egg and meat protein determined with the dual stable isotope
tracer method in Indian adults. Am. J. Clin. Nutr. 2018, 108, 980–987. [CrossRef] [PubMed]

55. Yoshii, N.; Sato, K.; Ogasawara, R.; Nishimura, Y.; Shinohara, Y.; Fujita, S. Effect of Mixed Meal and Leucine
Intake on Plasma Amino Acid Concentrations in Young Men. Nutrients 2018, 10, 1543. [CrossRef]

56. Van Vliet, S.; Skinner, S.K.; Beals, J.W.; Pagni, B.A.; Fang, H.-Y.; Ulanov, A.V.; Li, Z.; Paluska, S.A.; Mazzulla, M.;
West, D.W.D. Dysregulated Handling of Dietary Protein and Muscle Protein Synthesis After Mixed-Meal
Ingestion in Maintenance Hemodialysis Patients. Kidney Int. Rep. 2018, 3, 1403–1415. [CrossRef] [PubMed]

57. Milan, A.M.; D’Souza, R.F.; Pundir, S.; Pileggi, C.A.; Barnett, M.P.G.; Markworth, J.F.; Cameron-Smith, D.;
Mitchell, C. Older adults have delayed amino acid absorption after a high protein mixed breakfast meal.
J. Nutr. Health Aging 2015, 19, 839–845. [CrossRef]

58. Kim, I.-Y.; Schutzler, S.; Schrader, A.; Spencer, H.J.; Azhar, G.; Ferrando, A.A.; Wolfe, R.R. 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. Metab. 2015, 310, E73–E80. [CrossRef]

59. Burd, N.A.; McKenna, C.F.; Salvador, A.F.; Paulussen, K.J.M.; Moore, D.R. Dietary protein quantity, quality,
and exercise are key to healthy living: A muscle-centric perspective across the lifespan. Front. Nutr. 2019, 6,
83. [CrossRef]

60. Schaafsma, G. The protein digestibility–corrected amino acid score. J. Nutr. 2000, 130, 1865S–1867S. [CrossRef]
61. Consultation, F.A.O.E. Dietary protein quality evaluation in human nutrition. FAO Food Nutr. Pap. 2011, 92,

1–66.
62. Phillips, S.M. Current concepts and unresolved questions in dietary protein requirements and supplements

in adults. Front. Nutr. 2017, 4, 13. [CrossRef]
63. 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,
3535–3545. [CrossRef] [PubMed]

64. Murton, A.J.; Marimuthu, K.; Mallinson, J.E.; Selby, A.L.; Smith, K.; Rennie, M.J.; Greenhaff, P.L. Obesity
appears to be associated with altered muscle protein synthetic and breakdown responses to increased
nutrient delivery in older men, but not reduced muscle mass or contractile function. Diabetes 2015, 64,
3160–3171. [CrossRef] [PubMed]

65. Beals, J.W.; Skinner, S.K.; McKenna, C.F.; Poozhikunnel, E.G.; Farooqi, S.A.; van Vliet, S.; Martinez, I.G.;
Ulanov, A.V.; Li, Z.; Paluska, S.A. Altered anabolic signalling and reduced stimulation of myofibrillar protein
synthesis after feeding and resistance exercise in people with obesity. J. Physiol. 2018, 596, 5119–5133.
[CrossRef] [PubMed]

66. Paddon-Jones, D.; Westman, E.; Mattes, R.D.; Wolfe, R.R.; Astrup, A.; Westerterp-Plantenga, M. Protein,
weight management, and satiety. Am. J. Clin. Nutr. 2008, 87, 1558S–1561S. [CrossRef] [PubMed]

67. Lonnie, M.; Hooker, E.; Brunstrom, J.; Corfe, B.; Green, M.; Watson, A.; Williams, E.; Stevenson, E.; Penson, S.;
Johnstone, A. Protein for life: Review of optimal protein intake, sustainable dietary sources and the effect on
appetite in ageing adults. Nutrients 2018, 10, 360. [CrossRef]

68. Paddon-Jones, D.; Coss-Bu, J.A.; Morris, C.R.; Phillips, S.M.; Wernerman, J. Variation in protein origin and
utilization: Research and clinical application. Nutr. Clin. Pract. 2017, 32, 48S–57S. [CrossRef]

69. Weijzen, M.E.G.; Kouw, I.W.K.; Verschuren, A.A.J.; Muyters, R.; Geurts, J.A.; Emans, P.J.; Geerlings, P.;
Verdijk, L.B.; van Loon, L.J.C. Protein Intake Falls Below 0.6 g·kg−1

·d−1 in Healthy, Older Patients Admitted
for Elective Hip or Knee Arthroplasty. J. Nutr. Health Aging 2019. [CrossRef]

70. Kouw, I.W.K.; Groen, B.B.L.; Smeets, J.S.J.; Kramer, I.F.; van Kranenburg, J.M.X.; Nilwik, R.; Geurts, J.A.P.;
ten Broeke, R.H.M.; Poeze, M.; van Loon, L.J.C.; et al. One Week of Hospitalization Following Elective Hip
Surgery Induces Substantial Muscle Atrophy in Older Patients. J. Am. Med. Dir. Assoc. 2018, 6–13. [CrossRef]

71. Arentson-Lantz, E.J.; Galvan, E.; Ellison, J.; Wacher, A.; Paddon-Jones, D. Improving Dietary Protein Quality
Reduces the Negative Effects of Physical Inactivity on Body Composition and Muscle Function. J. Gerontol.
Ser. A 2019. [CrossRef]

72. Deutz, N.E.P.; Bauer, J.M.; Barazzoni, R.; Biolo, G.; Boirie, Y.; Bosy-Westphal, A.; Cederholm, T.;
Cruz-Jentoft, A.; Krznariç, Z.; Nair, K.S.; et al. Protein intake and exercise for optimal muscle function with
aging: Recommendations from the ESPEN Expert Group. Clin. Nutr. 2014, 33, 929–936. [CrossRef]

http://dx.doi.org/10.1093/ajcn/nqy178
http://www.ncbi.nlm.nih.gov/pubmed/30272112
http://dx.doi.org/10.3390/nu10101543
http://dx.doi.org/10.1016/j.ekir.2018.08.001
http://www.ncbi.nlm.nih.gov/pubmed/30450467
http://dx.doi.org/10.1007/s12603-015-0500-5
http://dx.doi.org/10.1152/ajpendo.00365.2015
http://dx.doi.org/10.3389/fnut.2019.00083
http://dx.doi.org/10.1093/jn/130.7.1865S
http://dx.doi.org/10.3389/fnut.2017.00013
http://dx.doi.org/10.1210/jc.2017-00869
http://www.ncbi.nlm.nih.gov/pubmed/28911148
http://dx.doi.org/10.2337/db15-0021
http://www.ncbi.nlm.nih.gov/pubmed/26015550
http://dx.doi.org/10.1113/JP276210
http://www.ncbi.nlm.nih.gov/pubmed/30113718
http://dx.doi.org/10.1093/ajcn/87.5.1558S
http://www.ncbi.nlm.nih.gov/pubmed/18469287
http://dx.doi.org/10.3390/nu10030360
http://dx.doi.org/10.1177/0884533617691244
http://dx.doi.org/10.1007/s12603-019-1157-2
http://dx.doi.org/10.1016/j.jamda.2018.06.018
http://dx.doi.org/10.1093/gerona/glz003
http://dx.doi.org/10.1016/j.clnu.2014.04.007


Nutrients 2020, 12, 1533 18 of 26

73. Mioche, L.; Bourdiol, P.; Monier, S.; Martin, J.-F.; Cormier, D. Changes in jaw muscles activity with age:
Effects on food bolus properties. Physiol. Behav. 2004, 82, 621–627. [CrossRef] [PubMed]

74. Rémond, D.; Machebeuf, M.; Yven, C.; Buffière, C.; Mioche, L.; Mosoni, L.; Mirand, P.P. Postprandial
whole-body protein metabolism after a meat meal is influenced by chewing efficiency in elderly subjects.
Am. J. Clin. Nutr. 2007, 85, 1286–1292. [CrossRef] [PubMed]

75. Symons, T.B.; Sheffield-Moore, M.; Mamerow, M.M.; Wolfe, R.R.; Paddon-Jones, D. The anabolic response to
resistance exercise and a protein-rich meal is not diminished by age. J. Nutr. Health Aging 2011, 15, 376–381.
[CrossRef]

76. Boirie, Y.; Dangin, M.; Gachon, P.; Vasson, M.-P.; Maubois, J.-L.; Beaufrère, B. Slow and fast dietary proteins
differently modulate postprandial protein accretion. Proc. Natl. Acad. Sci. USA 1997, 94, 14930–14935.
[CrossRef] [PubMed]

77. Burd, N.A.; Yang, Y.; Moore, D.R.; Tang, J.E.; Tarnopolsky, M.A.; Phillips, S.M. Greater stimulation of
myofibrillar protein synthesis with ingestion of whey protein isolate v. micellar casein at rest and after
resistance exercise in elderly men. Br. J. Nutr. 2012, 108, 958–962. [CrossRef] [PubMed]

78. Tang, J.E.; Moore, D.R.; Kujbida, G.W.; Tarnopolsky, M.A.; Phillips, S.M. Ingestion of whey hydrolysate,
casein, or soy protein isolate: Effects on mixed muscle protein synthesis at rest and following resistance
exercise in young men. J. Appl. Physiol. 2009, 107, 987–992. [CrossRef]

79. Hamarsland, H.; Nordengen, A.L.; Aas, S.N.; Holte, K.; Garthe, I.; Paulsen, G.; Cotter, M.; Børsheim, E.;
Benestad, H.B.; Raastad, T. Native whey protein with high levels of leucine results in similar post-exercise
muscular anabolic responses as regular whey protein: A randomized controlled trial. J. Int. Soc. Sports Nutr.
2017, 14, 43. [CrossRef]

80. Kanda, A.; Nakayama, K.; Sanbongi, C.; Nagata, M.; Ikegami, S.; Itoh, H. Effects of whey, caseinate, or milk
protein ingestion on muscle protein synthesis after exercise. Nutrients 2016, 8, 339. [CrossRef]

81. Mitchell, C.J.; McGregor, R.A.; D’Souza, R.F.; Thorstensen, E.B.; Markworth, J.F.; Fanning, A.C.; Poppitt, S.D.;
Cameron-Smith, D. Consumption of milk protein or whey protein results in a similar increase in muscle
protein synthesis in middle aged men. Nutrients 2015, 7, 8685–8699. [CrossRef]

82. Reitelseder, S.; Agergaard, J.; Doessing, S.; Helmark, I.C.; Lund, P.; Kristensen, N.B.; Frystyk, J.; Flyvbjerg, A.;
Schjerling, P.; van Hall, G. Whey and casein labeled with L-[1-13C] leucine and muscle protein synthesis:
Effect of resistance exercise and protein ingestion. Am. J. Physiol. Metab. 2010, 300, E231–E242. [CrossRef]

83. Pennings, B.; Boirie, Y.; Senden, J.M.G.; Gijsen, A.P.; Kuipers, H.; van Loon, L.J.C. Whey protein stimulates
postprandial muscle protein accretion more effectively than do casein and casein hydrolysate in older men.
Am. J. Clin. Nutr. 2011, 93, 997–1005. [CrossRef] [PubMed]

84. Dirks, M.L.; Wall, B.T.; Nilwik, R.; Weerts, D.H.J.M.; Verdijk, L.B.; van Loon, L.J.C. Skeletal Muscle Disuse
Atrophy Is Not Attenuated by Dietary Protein Supplementation in Healthy Older Men1, 2. J. Nutr. 2014, 144,
1196–1203. [CrossRef] [PubMed]

85. Mitchell, C.J.; D’Souza, R.F.; Mitchell, S.M.; Figueiredo, V.C.; Miller, B.F.; Hamilton, K.L.; Peelor, F.F., 3rd;
Coronet, M.; Pileggi, C.A.; Durainayagam, B. Impact of dairy protein during limb immobilization and
recovery on muscle size and protein synthesis; a randomized controlled trial. J. Appl. Physiol. 2017, 124,
717–728. [CrossRef] [PubMed]

86. Yang, Y.; Breen, L.; Burd, N.A.; Hector, A.J.; Churchward-Venne, T.A.; Josse, A.R.; Tarnopolsky, M.A.;
Phillips, S.M. Resistance exercise enhances myofibrillar protein synthesis with graded intakes of whey
protein in older men. Br. J. Nutr. 2012, 108, 1780–1788. [CrossRef] [PubMed]

87. Areta, J.L.; Burke, L.M.; Ross, M.L.; Camera, D.M.; West, D.W.D.; Broad, E.M.; Jeacocke, N.A.; Moore, D.R.;
Stellingwerff, T.; Phillips, S.M. Timing and distribution of protein ingestion during prolonged recovery from
resistance exercise alters myofibrillar protein synthesis. J. Physiol. 2013, 591, 2319–2331. [CrossRef]

88. Kouw, I.W.K.; Holwerda, A.M.; Trommelen, J.; Kramer, I.F.; Bastiaanse, J.; Halson, S.L.; Wodzig, W.K.W.H.;
Verdijk, L.B.; van Loon, L.J.C. Protein ingestion before sleep increases overnight muscle protein synthesis
rates in healthy older men: A randomized controlled trial. J. Nutr. 2017, 147, 2252–2261. [CrossRef]

89. Mamerow, M.M.; Mettler, J.A.; English, K.L.; Casperson, S.L.; Arentson-Lantz, E.; Sheffield-Moore, M.;
Layman, D.K.; Paddon-Jones, D. Dietary protein distribution positively influences 24-h muscle protein
synthesis in healthy adults. J. Nutr. 2014, 144, 876–880. [CrossRef]

http://dx.doi.org/10.1016/j.physbeh.2004.05.012
http://www.ncbi.nlm.nih.gov/pubmed/15327909
http://dx.doi.org/10.1093/ajcn/85.5.1286
http://www.ncbi.nlm.nih.gov/pubmed/17490964
http://dx.doi.org/10.1007/s12603-010-0319-z
http://dx.doi.org/10.1073/pnas.94.26.14930
http://www.ncbi.nlm.nih.gov/pubmed/9405716
http://dx.doi.org/10.1017/S0007114511006271
http://www.ncbi.nlm.nih.gov/pubmed/22289570
http://dx.doi.org/10.1152/japplphysiol.00076.2009
http://dx.doi.org/10.1186/s12970-017-0202-y
http://dx.doi.org/10.3390/nu8060339
http://dx.doi.org/10.3390/nu7105420
http://dx.doi.org/10.1152/ajpendo.00513.2010
http://dx.doi.org/10.3945/ajcn.110.008102
http://www.ncbi.nlm.nih.gov/pubmed/21367943
http://dx.doi.org/10.3945/jn.114.194217
http://www.ncbi.nlm.nih.gov/pubmed/24919692
http://dx.doi.org/10.1152/japplphysiol.00803.2017
http://www.ncbi.nlm.nih.gov/pubmed/29122965
http://dx.doi.org/10.1017/S0007114511007422
http://www.ncbi.nlm.nih.gov/pubmed/22313809
http://dx.doi.org/10.1113/jphysiol.2012.244897
http://dx.doi.org/10.3945/jn.117.254532
http://dx.doi.org/10.3945/jn.113.185280


Nutrients 2020, 12, 1533 19 of 26

90. Devries, M.C.; McGlory, C.; Tuerke, D.; Bolster, D.R.; Kamil, A.; Rahn, M.; Harkness, L.; Phillips, S.M.
Greater Leucine Content Enhances the Acute and Integrated Muscle Protein Synthetic Responses Versus an
Isonitrogenous, Isoenergetic Protein Beverage in Healthy Older Women. FASEB J. 2017, 31, 140–141.

91. Koopman, R.; Crombach, N.; Gijsen, A.P.; Walrand, S.; Fauquant, J.; Kies, A.K.; Lemosquet, S.; Saris, W.H.M.;
Boirie, Y.; van Loon, L.J.C. Ingestion of a protein hydrolysate is accompanied by an accelerated in vivo
digestion and absorption rate when compared with its intact protein. Am. J. Clin. Nutr. 2009, 90, 106–115.
[CrossRef]

92. Kanda, A.; Nakayama, K.; Fukasawa, T.; Koga, J.; Kanegae, M.; Kawanaka, K.; Higuchi, M. Post-exercise
whey protein hydrolysate supplementation induces a greater increase in muscle protein synthesis than its
constituent amino acid content. Br. J. Nutr. 2013, 110, 981–987. [CrossRef]

93. Moro, T.; Brightwell, C.R.; Velarde, B.; Fry, C.S.; Nakayama, K.; Sanbongi, C.; Volpi, E.; Rasmussen, B.B.
Whey Protein Hydrolysate Increases Amino Acid Uptake, mTORC1 Signaling, and Protein Synthesis in
Skeletal Muscle of Healthy Young Men in a Randomized Crossover Trial. J. Nutr. 2019. [CrossRef] [PubMed]

94. Churchward-Venne, T.A.; Breen, L.; Di Donato, D.M.; Hector, A.J.; Mitchell, C.J.; Moore, D.R.; Stellingwerff, T.;
Breuille, D.; Offord, E.A.; Baker, S.K.; et al. Leucine supplementation of a low-protein mixed macronutrient
beverage enhances myofibrillar protein synthesis in young men: A double-blind, randomized trial. Am. J.
Clin. Nutr. 2013, 99, 276–286. [CrossRef] [PubMed]

95. Paddon-Jones, D.; Sheffield-Moore, M.; Katsanos, C.S.; Zhang, X.-J.; Wolfe, R.R. Differential stimulation of
muscle protein synthesis in elderly humans following isocaloric ingestion of amino acids or whey protein.
Exp. Gerontol. 2006, 41, 215–219. [CrossRef] [PubMed]

96. Katsanos, C.S.; Chinkes, D.L.; Paddon-Jones, D.; Zhang, X.; Aarsland, A.; Wolfe, R.R. Whey protein ingestion
in elderly persons results in greater muscle protein accrual than ingestion of its constituent essential amino
acid content. Nutr. Res. 2008, 28, 651–658. [CrossRef]

97. Paddon-Jones, D.; Leidy, H. Dietary protein and muscle in older persons. Curr. Opin. Clin. Nutr. Metab. Care
2014, 17, 5. [CrossRef]

98. Butterworth, M.; Lees, M.; Harlow, P.; Hind, K.; Duckworth, L.; Ispoglou, T. Acute effects of essential amino
acid gel-based and whey protein supplements on appetite and energy intake in older women. Appl. Physiol.
Nutr. Metab. 2019, 44, 1141–1149. [CrossRef]

99. Paddon-Jones, D.; Sheffield-Moore, M.; Aarsland, A.; Wolfe, R.R.; Ferrando, A.A. Exogenous amino acids
stimulate human muscle anabolism without interfering with the response to mixed meal ingestion. Am. J.
Physiol. Metab. 2005, 288, E761–E767. [CrossRef]

100. Wilkinson, D.J.; Bukhari, S.S.I.I.; Phillips, B.E.; Limb, M.C.; Cegielski, J.; Brook, M.S.; Rankin, D.; Mitchell, W.K.;
Kobayashi, H.; Williams, J.P.; et al. Effects of leucine-enriched essential amino acid and whey protein bolus
dosing upon skeletal muscle protein synthesis at rest and after exercise in older women. Clin. Nutr. 2018, 37,
2011–2021. [CrossRef]

101. Bukhari, S.S.I.; Phillips, B.E.; Wilkinson, D.J.; Limb, M.C.; Rankin, D.; Mitchell, W.K.; Kobayashi, H.;
Greenhaff, P.L.; Smith, K.; Atherton, P.J. Intake of low-dose leucine-rich essential amino acids stimulates
muscle anabolism equivalently to bolus whey protein in older women at rest and after exercise. Am. J.
Physiol. Endocrinol. Metab. 2015, 308, E1056–E1065. [CrossRef]

102. Mitchell, W.K.; Phillips, B.E.; Williams, J.P.; Rankin, D.; Lund, J.N.; Wilkinson, D.J.; Smith, K.; Atherton, P.J.
The impact of delivery profile of essential amino acids upon skeletal muscle protein synthesis in older men:
Clinical efficacy of pulse vs. bolus supply. Am. J. Physiol. Endocrinol. Metab. 2015, 309, E450–E457. [CrossRef]

103. Pasiakos, S.M.; McClung, H.L.; McClung, J.P.; Margolis, L.M.; Andersen, N.E.; Cloutier, G.J.; Pikosky, M.A.;
Rood, J.C.; Fielding, R.A.; Young, A.J. Leucine-enriched essential amino acid supplementation during
moderate steady state exercise enhances postexercise muscle protein synthesis. Am. J. Clin. Nutr. 2011, 94,
809–818. [CrossRef] [PubMed]

104. Paddon-Jones, D.; Sheffield-Moore, M.; Zhang, X.-J.; Volpi, E.; Wolf, S.E.; Aarsland, A.; Ferrando, A.A.;
Wolfe, R.R. Amino acid ingestion improves muscle protein synthesis in the young and elderly. Am. J.
Physiol. Metab. 2004, 286, E321–E328. [CrossRef] [PubMed]

105. Volpi, E.; Kobayashi, H.; Sheffield-Moore, M.; Mittendorfer, B.; Wolfe, R.R. Essential amino acids are primarily
responsible for the amino acid stimulation of muscle protein anabolism in healthy elderly adults. Am. J.
Clin. Nutr. 2003, 78, 250–258. [CrossRef] [PubMed]

http://dx.doi.org/10.3945/ajcn.2009.27474
http://dx.doi.org/10.1017/S0007114512006174
http://dx.doi.org/10.1093/jn/nxz053
http://www.ncbi.nlm.nih.gov/pubmed/31095313
http://dx.doi.org/10.3945/ajcn.113.068775
http://www.ncbi.nlm.nih.gov/pubmed/24284442
http://dx.doi.org/10.1016/j.exger.2005.10.006
http://www.ncbi.nlm.nih.gov/pubmed/16310330
http://dx.doi.org/10.1016/j.nutres.2008.06.007
http://dx.doi.org/10.1097/MCO.0000000000000011
http://dx.doi.org/10.1139/apnm-2018-0650
http://dx.doi.org/10.1152/ajpendo.00291.2004
http://dx.doi.org/10.1016/j.clnu.2017.09.008
http://dx.doi.org/10.1152/ajpendo.00481.2014
http://dx.doi.org/10.1152/ajpendo.00112.2015
http://dx.doi.org/10.3945/ajcn.111.017061
http://www.ncbi.nlm.nih.gov/pubmed/21775557
http://dx.doi.org/10.1152/ajpendo.00368.2003
http://www.ncbi.nlm.nih.gov/pubmed/14583440
http://dx.doi.org/10.1093/ajcn/78.2.250
http://www.ncbi.nlm.nih.gov/pubmed/12885705


Nutrients 2020, 12, 1533 20 of 26

106. Edman, S.; Söderlund, K.; Moberg, M.; Apró, W.; Blomstrand, E. mTORC1 signaling in individual human
muscle fibers following resistance exercise in combination with intake of essential amino acids. Front. Nutr.
2019, 6, 96. [CrossRef]

107. Moberg, M.; Apró, W.; Ekblom, B.; van Hall, G.; Holmberg, H.-C.; Blomstrand, E. Activation of mTORC1 by
leucine is potentiated by branched-chain amino acids and even more so by essential amino acids following
resistance exercise. Am. J. Physiol. Cell Physiol. 2016, 310, C874–C884. [CrossRef]

108. Ferrando, A.A.; Paddon-Jones, D.; Hays, N.P.; Kortebein, P.; Ronsen, O.; Williams, R.H.; McComb, A.;
Symons, T.B.; Wolfe, R.R.; Evans, W. EAA supplementation to increase nitrogen intake improves muscle
function during bed rest in the elderly. Clin. Nutr. 2010, 29, 18–23. [CrossRef]

109. Fitts, R.H.; Romatowski, J.G.; Peters, J.R.; Paddon-Jones, D.; Wolfe, R.R.; Ferrando, A.A. The deleterious
effects of bed rest on human skeletal muscle fibers are exacerbated by hypercortisolemia and ameliorated by
dietary supplementation. Am. J. Physiol.-Cell Physiol. 2007, 293, C313–C320. [CrossRef]

110. Holloway, T.M.; McGlory, C.; McKellar, S.; Morgan, A.; Hamill, M.; Afeyan, R.; Comb, W.; Confer, S.; Zhao, P.;
Hinton, M. A novel amino acid composition ameliorates short-term muscle disuse atrophy in healthy young
men. Front. Nutr. 2019, 6. [CrossRef]

111. Chantranupong, L.; Scaria, S.M.; Saxton, R.A.; Gygi, M.P.; Shen, K.; Wyant, G.A.; Wang, T.; Harper, J.W.;
Gygi, S.P.; Sabatini, D.M. The CASTOR proteins are arginine sensors for the mTORC1 pathway. Cell 2016,
165, 153–164. [CrossRef]

112. Mitchell, W.K.; Phillips, B.E.; Wilkinson, D.J.; Williams, J.P.; Rankin, D.; Lund, J.N.; Smith, K.; Atherton, P.J.
Supplementing essential amino acids with the nitric oxide precursor, L-arginine, enhances skeletal muscle
perfusion without impacting anabolism in older men. Clin. Nutr. 2017, 36, 1573–1579. [CrossRef]

113. Nishizaki, K.; Ikegami, H.; Tanaka, Y.; Imai, R.; Matsumura, H. Effects of supplementation with a combination
of beta-hydroxy-beta-methyl butyrate, L-arginine, and L-glutamine on postoperative recovery of quadriceps
muscle strength after total knee arthroplasty. Asia Pac. J. Clin. Nutr. 2015, 24, 412.

114. Powers, S.K.; Kavazis, A.N.; McClung, J.M. Oxidative Stress disuse muscle atrophy. J. Appl. Physiol. 2007,
102, 2389–2397. [CrossRef]

115. Powers, S.K.; Morton, A.B.; Ahn, B.; Smuder, A.J. Free radical biology and medicine redox control of skeletal
muscle atrophy. Free Radic. Biol. Med. 2016, 98, 208–217. [CrossRef]

116. Koopman, R.; Verdijk, L.; Manders, R.J.F.; Gijsen, A.P.; Gorselink, M.; Pijpers, E.; Wagenmakers, A.J.M.; van
Loon, L.J.C. Co-ingestion of protein and leucine stimulates muscle protein synthesis rates to the same extent
in young and elderly lean men. Am. J. Clin. Nutr. 2006, 84, 623–632. [CrossRef]

117. Devries, M.C.; McGlory, C.; Bolster, D.R.; Kamil, A.; Rahn, M.; Harkness, L.; Baker, S.K.; Phillips, S.M. Protein
leucine content is a determinant of shorter-and longer-term muscle protein synthetic responses at rest and
following resistance exercise in healthy older women: A randomized, controlled trial. Am. J. Clin. Nutr.
2018, 107, 217–226. [CrossRef]

118. Murphy, C.H.; Saddler, N.I.; Devries, M.C.; McGlory, C.; Baker, S.K.; Phillips, S.M. Leucine supplementation
enhances integrative myofibrillar protein synthesis in free-living older men consuming lower-and
higher-protein diets: A parallel-group crossover study. Am. J. Clin. Nutr. 2016, 104, 1594–1606. [CrossRef]

119. Atherton, P.J.; Kumar, V.; Selby, A.L.; Rankin, D.; Hildebrandt, W.; Phillips, B.E.; Williams, J.P.; Hiscock, N.;
Smith, K. Enriching a protein drink with leucine augments muscle protein synthesis after resistance exercise
in young and older men. Clin. Nutr. 2017, 36, 888–895. [CrossRef]

120. Churchward-Venne, T.A.; Burd, N.A.; Mitchell, C.J.; West, D.W.D.; Philp, A.; Marcotte, G.R.; Baker, S.K.;
Baar, K.; Phillips, S.M. Supplementation of a suboptimal protein dose with leucine or essential amino acids:
Effects on myofibrillar protein synthesis at rest and following resistance exercise in men. J. Physiol. 2012, 590,
2751–2765. [CrossRef]

121. Arentson-Lantz, E.J.; Fiebig, K.N.; Anderson-Catania, K.J.; Deer, R.R.; Wacher, A.; Fry, C.S.; Lamon, S.;
Paddon-Jones, D. Countering disuse atrophy in older adults with low volume leucine supplementation.
J. Appl. Physiol. 2020. [CrossRef]

122. Backx, E.M.P.; Horstman, A.M.H.; Marzuca-Nassr, G.N.; van Kranenburg, J.; Smeets, J.S.; Fuchs, C.J.;
Janssen, A.A.W.; de Groot, L.C.; Snijders, T.; Verdijk, L.B. Leucine Supplementation Does Not Attenuate
Skeletal Muscle Loss during Leg Immobilization in Healthy, Young Men. Nutrients 2018, 10, 635. [CrossRef]

123. Wolfe, R.R. Branched-chain amino acids and muscle protein synthesis in humans: Myth or reality? J. Int. Soc.
Sports Nutr. 2017, 14. [CrossRef]

http://dx.doi.org/10.3389/fnut.2019.00096
http://dx.doi.org/10.1152/ajpcell.00374.2015
http://dx.doi.org/10.1016/j.clnu.2009.03.009
http://dx.doi.org/10.1152/ajpcell.00573.2006
http://dx.doi.org/10.3389/fnut.2019.00105
http://dx.doi.org/10.1016/j.cell.2016.02.035
http://dx.doi.org/10.1016/j.clnu.2016.09.031
http://dx.doi.org/10.1152/japplphysiol.01202.2006
http://dx.doi.org/10.1016/j.freeradbiomed.2016.02.021
http://dx.doi.org/10.1093/ajcn/84.3.623
http://dx.doi.org/10.1093/ajcn/nqx028
http://dx.doi.org/10.3945/ajcn.116.136424
http://dx.doi.org/10.1016/j.clnu.2016.04.025
http://dx.doi.org/10.1113/jphysiol.2012.228833
http://dx.doi.org/10.1152/japplphysiol.00847.2019
http://dx.doi.org/10.3390/nu10050635
http://dx.doi.org/10.1186/s12970-017-0184-9


Nutrients 2020, 12, 1533 21 of 26

124. Van Vliet, S.; Smith, G.I.; Porter, L.; Ramaswamy, R.; Reeds, D.N.; Okunade, A.L.; Yoshino, J.; Klein, S.;
Mittendorfer, B. The muscle anabolic effect of protein ingestion during a hyperinsulinaemic euglycaemic
clamp in middle-aged women is not caused by leucine alone. J. Physiol. 2018, 596, 4681–4692. [CrossRef]

125. Jackman, S.R.; Witard, O.C.; Philp, A.; Wallis, G.A.; Baar, K.; Tipton, K.D. Branched-chain amino acid ingestion
stimulates muscle myofibrillar protein synthesis following resistance exercise in humans. Front. Physiol.
2017, 8, 390. [CrossRef]

126. Fuchs, C.J.; Hermans, W.J.H.; Holwerda, A.M.; Smeets, J.S.J.; Senden, J.M.; van Kranenburg, J.; Gijsen, A.P.;
Wodzig, W.K.H.W.; Schierbeek, H.; Verdijk, L.B. Branched-chain amino acid and branched-chain ketoacid
ingestion increases muscle protein synthesis rates in vivo in older adults: A double-blind, randomized trial.
Am. J. Clin. Nutr. 2019, 110, 862–872. [CrossRef]

127. Devries, M.C.; McGlory, C.; Bolster, D.R.; Kamil, A.; Rahn, M.; Harkness, L.; Baker, S.K.; Phillips, S.M.
Leucine, Not Total Protein, Content of a Supplement Is the Primary Determinant of Muscle Protein Anabolic
Responses in Healthy Older Women. J. Nutr. 2018. [CrossRef]

128. Devries, M.C.; Breen, L.; Von Allmen, M.; MacDonald, M.J.; Moore, D.R.; Offord, E.A.; Horcajada, M.-N.N.;
Breuillé, D.; Phillips, S.M.; Breuille, D.; 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,
1–13. [CrossRef]

129. Krogh-Madsen, R.; Thyfault, J.P.; Broholm, C.; Mortensen, O.H.; Olsen, R.H.; Mounier, R.; Plomgaard, P.; van
Hall, G.; Booth, F.W.; Pedersen, B.K. A two-week reduction of ambulatory activity attenuates peripheral
insulin sensitivity. J. Appl. Physiol. 2010. [CrossRef]

130. McGlory, C.; von Allmen, M.; Stokes, T.; Phillips, S. Only Two Weeks of Physical Inactivity Induces Insulin
Resistance and Impairs Glycemic Control in Older Adults. FASEB J. 2016, 30, 732–734.

131. McGlory, C.; von Allmen, M.T.; Stokes, T.; Morton, R.W.; Hector, A.J.; Lago, B.A.; Raphenya, A.R.; Smith, B.K.;
McArthur, A.G.; Steinberg, G.R. Failed Recovery of Glycemic Control and Myofibrillar Protein Synthesis
With 2 wk of Physical Inactivity in Overweight, Prediabetic Older Adults. J. Gerontol. Ser. A 2017. [CrossRef]

132. Phillips, B.E.; Atherton, P.J.; Varadhan, K.; Wilkinson, D.J.; Limb, M.; Selby, A.L.; Rennie, M.J.; Smith, K.;
Williams, J.P. Pharmacological enhancement of leg and muscle microvascular blood flow does not augment
anabolic responses in skeletal muscle of young men under fed conditions. Am. J. Physiol. Endocrinol. Metab.
2014, 306, E168–E176. [CrossRef]

133. Kouw, I.W.K.; Cermak, N.M.; Burd, N.A.; Churchward-Venne, T.A.; Senden, J.M.; Gijsen, A.P.; van Loon, L.J.C.
Sodium nitrate co-ingestion with protein does not augment postprandial muscle protein synthesis rates in
older, type 2 diabetes patients. Am. J. Physiol. Metab. 2016, 311, E325–E334. [CrossRef] [PubMed]

134. Fuchs, C.J.; Smeets, J.S.J.; Senden, J.M.; Zorenc, A.H.; Goessens, J.P.B.; van Marken Lichtenbelt, W.D.;
Verdijk, L.B.; van Loon, L.J.C. Hot-water immersion does not increase postprandial muscle protein synthesis
rates during recovery from resistance-type exercise in healthy, young males. J. Appl. Physiol. 2020, 128,
1012–1022. [CrossRef] [PubMed]

135. Tang, J.E.; Lysecki, P.J.; Manolakos, J.J.; MacDonald, M.J.; Tarnopolsky, M.A.; Phillips, S.M. Bolus arginine
supplementation affects neither muscle blood flow nor muscle protein synthesis in young men at rest or after
resistance exercise. J. Nutr. 2010, 141, 195–200. [CrossRef]

136. Churchward-Venne, T.A.; Cotie, L.M.; MacDonald, M.J.; Mitchell, C.J.; Prior, T.; Baker, S.K.; Phillips, S.M.
Citrulline does not enhance blood flow, microvascular circulation, or myofibrillar protein synthesis in elderly
men at rest or following exercise. Am. J. Physiol. Metab. 2014, 307, E71–E83. [CrossRef]

137. Bouillanne, O.; Melchior, J.-C.; Faure, C.; Paul, M.; Canouï-Poitrine, F.; Boirie, Y.; Chevenne, D.; Forasassi, C.;
Guery, E.; Herbaud, S. Impact of 3-week citrulline supplementation on postprandial protein metabolism
in malnourished older patients: The Ciproage randomized controlled trial. Clin. Nutr. 2019, 38, 564–574.
[CrossRef]

138. Phillips, B.E.; Atherton, P.J.; Varadhan, K.; Limb, M.C.; Williams, J.P.; Smith, K. Acute cocoa flavanol
supplementation improves muscle macro-and microvascular but not anabolic responses to amino acids in
older men. Appl. Physiol. Nutr. Metab. 2016, 41, 548–556. [CrossRef]

139. Jackman, S.R.; Brook, M.S.; Pulsford, R.M.; Cockcroft, E.J.; Campbell, M.I.; Rankin, D.; Atherton, P.; Smith, K.;
Bowtell, J.L. Tart cherry concentrate does not enhance muscle protein synthesis response to exercise and
protein in healthy older men. Exp. Gerontol. 2018, 110, 202–208. [CrossRef]

http://dx.doi.org/10.1113/JP276504
http://dx.doi.org/10.3389/fphys.2017.00390
http://dx.doi.org/10.1093/ajcn/nqz120
http://dx.doi.org/10.1093/jn/nxy091
http://dx.doi.org/10.14814/phy2.12493
http://dx.doi.org/10.1152/japplphysiol.00977.2009
http://dx.doi.org/10.1093/gerona/glx203
http://dx.doi.org/10.1152/ajpendo.00440.2013
http://dx.doi.org/10.1152/ajpendo.00122.2016
http://www.ncbi.nlm.nih.gov/pubmed/27221118
http://dx.doi.org/10.1152/japplphysiol.00836.2019
http://www.ncbi.nlm.nih.gov/pubmed/32191599
http://dx.doi.org/10.3945/jn.110.130138
http://dx.doi.org/10.1152/ajpendo.00096.2014
http://dx.doi.org/10.1016/j.clnu.2018.02.017
http://dx.doi.org/10.1139/apnm-2015-0543
http://dx.doi.org/10.1016/j.exger.2018.06.007


Nutrients 2020, 12, 1533 22 of 26

140. Timmerman, K.L.; Lee, J.L.; Fujita, S.; Dhanani, S.; Dreyer, H.C.; Fry, C.S.; Drummond, M.J.; Sheffield-Moore, M.;
Rasmussen, B.B.; Volpi, E. Pharmacological vasodilation improves insulin-stimulated muscle protein anabolism
but not glucose utilization in older adults. Diabetes 2010. [CrossRef]

141. Gundermann, D.M.; Fry, C.S.; Dickinson, J.M.; Walker, D.K.; Timmerman, K.L.; Drummond, M.J.; Volpi, E.;
Rasmussen, B.B. Reactive hyperemia is not responsible for stimulating muscle protein synthesis following
blood flow restriction exercise. J. Appl. Physiol. 2012, 112, 1520–1528. [CrossRef]

142. Fuchs, C.J.; Kouw, I.W.K.; Churchward-Venne, T.A.; Smeets, J.S.J.; Senden, J.M.; van Marken Lichtenbelt, W.D.;
Verdijk, L.B.; van Loon, L.J.C. Postexercise cooling impairs muscle protein synthesis rates in recreational
athletes. J. Physiol. 2020, 598, 755–772. [CrossRef]

143. Walker, D.K.; Thaden, J.J.; Wierzchowska-McNew, A.; Engelen, M.P.K.J.; Deutz, N.E.P. Determination of
β-hydroxy-β-methylbutyrate concentration and enrichment in human plasma using chemical ionization gas
chromatography tandem mass spectrometry. J. Chromatogr. B 2017, 1040, 233–238. [CrossRef]

144. Wilkinson, D.J.; Hossain, T.; Limb, M.C.; Phillips, B.E.; Lund, J.; Williams, J.P.; Brook, M.S.; Cegielski, J.;
Philp, A.; Ashcroft, S.; et al. Impact of the calcium form of β-hydroxy-β-methylbutyrate upon human skeletal
muscle protein metabolism. Clin. Nutr. 2017, 4–11. [CrossRef]

145. Girón, M.D.; Vílchez, J.D.; Shreeram, S.; Salto, R.; Manzano, M.; Cabrera, E.; Campos, N.; Edens, N.K.;
Rueda, R.; López-Pedrosa, J.M. β-Hydroxy-β-methylbutyrate (HMB) normalizes dexamethasone-induced
autophagy-lysosomal pathway in skeletal muscle. PLoS ONE 2015, 10, e0117520.

146. Aversa, Z.; Alamdari, N.; Castillero, E.; Muscaritoli, M.; Fanelli, F.R.; Hasselgren, P.-O.β-Hydroxy-β-methylbutyrate
(HMB) prevents dexamethasone-induced myotube atrophy. Biochem. Biophys. Res. Commun. 2012, 423, 739–743.
[CrossRef]

147. Sato, S.; Nomura, M.; Yamana, I.; Uchiyama, A.; Furuichi, Y.; Manabe, Y.; Fujii, N.L. A new in vitro muscle
contraction model and its application for analysis of mTORC1 signaling in combination with contraction
and beta-hydroxy-beta-methylbutyrate administration. Biosci. Biotechnol. Biochem. 2019, 1–7. [CrossRef]

148. Wilkinson, D.J.; Hossain, T.; Hill, D.S.; Phillips, B.E.; Crossland, H.; Williams, J.; Loughna, P.; Churchward-Venne, T.A.;
Breen, L.; Phillips, S.M.; et al. Effects of leucine and its metabolite β-hydroxy-β-methylbutyrate on human skeletal
muscle protein metabolism. J. Physiol. 2013, 591, 2911–2923. [CrossRef]

149. Arazi, H.; Asadi, A.; Suzuki, K. The effects of beta-hydroxy-beta-methylbutyrate-free acid supplementation
and resistance training on oxidative stress markers: A randomized, double-blind, placebo-controlled study.
Antioxidants 2018, 7, 76. [CrossRef]

150. Hsieh, L.; Chien, S.; Huang, M.; Tseng, H.; Chang, C. Anti-inflammatory and anticatabolic effects of short-term
beta-hydroxy-beta-methylbutyrate supplementation on chronic obstructive pulmonary disease patients in
intensive care unit. Asia Pac. J. Clin. Nutr. 2006, 15, 544.

151. Kraemer, W.J.; Hatfield, D.L.; Volek, J.S.; Fragala, M.S.; Vingren, J.L.; Anderson, J.M.; Spiering, B.A.;
Thomas, G.A.; Ho, J.Y.; Quann, E.E. Effects of amino acids supplement on physiological adaptations to
resistance training. Med. Sci. Sports Exerc. 2009, 41, 1111–1121. [CrossRef]

152. Kreider, R.B.; Ferreira, M.; Wilson, M.; Almada, A.L. Effects of calcium â-Hydroxy-â-methylbutyrate (HMB)
supplementation during resistance-training on markers of catabolism, body composition and strength. Int. J.
Sports Med. 1999, 20, 503–509. [CrossRef]

153. Wilson, J.M.; Lowery, R.P.; Joy, J.M.; Andersen, J.C.; Wilson, S.M.C.; Stout, J.R.; Duncan, N.; Fuller, J.C.;
Baier, S.M.; Naimo, M.A.; et al. The effects of 12 weeks of beta-hydroxy-beta-methylbutyrate free acid
supplementation on muscle mass, strength, and power in resistance-trained individuals: A randomized,
double-blind, placebo-controlled study. Eur. J. Appl. Physiol. 2014, 114, 1217–1227. [CrossRef]

154. Lowery, R.P.; Joy, J.M.; Rathmacher, J.A.; Baier, S.M.; Fuller, J.C.; Shelley, M.C.; Jäger, R.; Purpura, M.; Wilson, S.;
Wilson, J.M. Interaction of beta-hydroxy-beta-methylbutyrate free acid and adenosine triphosphate on muscle
mass, strength, and power in resistance trained individuals. J. Strength Cond. Res. 2016, 30, 1843–1854.
[CrossRef]

155. Nissen, S.; Sharp, R.; Ray, M.; Rathmacher, J.A.; Rice, D.; Fuller, J.C., Jr.; Connelly, A.S.; Abumrad, N. Effect of
leucine metabolite β-hydroxy-β-methylbutyrate on muscle metabolism during resistance-exercise training.
J. Appl. Physiol. 1996, 81, 2095–2104. [CrossRef]

156. Teixeira, F.J.; Matias, C.N.; Monteiro, C.P.; Valamatos, M.J.; Reis, J.F.; Morton, R.W.; Alves, F.; Sardinha, L.B.;
Phillips, S.M. Leucine metabolites do not attenuate training-induced inflammation in young resistance
trained men. J. Sports Sci. 2019, 1–8. [CrossRef]

http://dx.doi.org/10.2337/db10-0415
http://dx.doi.org/10.1152/japplphysiol.01267.2011
http://dx.doi.org/10.1113/JP278996
http://dx.doi.org/10.1016/j.jchromb.2016.11.010
http://dx.doi.org/10.1016/j.clnu.2017.09.024
http://dx.doi.org/10.1016/j.bbrc.2012.06.029
http://dx.doi.org/10.1080/09168451.2019.1625261
http://dx.doi.org/10.1113/jphysiol.2013.253203
http://dx.doi.org/10.3390/antiox7060076
http://dx.doi.org/10.1249/MSS.0b013e318194cc75
http://dx.doi.org/10.1055/s-1999-8835
http://dx.doi.org/10.1007/s00421-014-2854-5
http://dx.doi.org/10.1519/JSC.0000000000000482
http://dx.doi.org/10.1152/jappl.1996.81.5.2095
http://dx.doi.org/10.1080/02640414.2019.1617503


Nutrients 2020, 12, 1533 23 of 26

157. Teixeira, F.J.; Matias, C.N.; Monteiro, C.P.; Valamatos, M.J.; Reis, J.F.; Batista, A.; Oliveira, A.C.; Alves, F.;
Sardinha, L.B.; Phillips, S.M. No effect of HMB or α-HICA supplementation on training-induced changes in
body composition. Eur. J. Sport Sci. 2019, 19, 802–810. [CrossRef]

158. Teixeira, F.J.; Matias, C.N.; Monteiro, C.P.; Valamatos, M.J.; Reis, J.F.; Tavares, F.; Batista, A.; Domingos, C.;
Alves, F.; Sardinha, L.B. Leucine Metabolites Do Not Enhance Training-induced Performance or Muscle
Thickness. Med. Sci. Sports Exerc. 2019, 51, 56–64. [CrossRef]

159. Jakubowski, J.S.; Wong, E.P.T.; Nunes, E.A.; Noguchi, K.S.; Vandeweerd, J.K.; Murphy, K.T.; Morton, R.W.;
McGlory, C.; Phillips, S.M. Equivalent Hypertrophy and Strength Gains in β-Hydroxy-β-Methylbutyrate-or
Leucine-supplemented Men. Med. Sci. Sports Exerc. 2019, 51, 65. [CrossRef]

160. Wu, H.; Xia, Y.; Jiang, J.; Du, H.; Guo, X.; Liu, X.; Li, C.; Huang, G.; Niu, K. Effect of beta-hydroxy-beta-
methylbutyrate supplementation on muscle loss in older adults: A systematic review and meta-analysis.
Arch. Gerontol. Geriatr. 2015, 61, 168–175. [CrossRef]

161. Bear, D.E.; Langan, A.; Dimidi, E.; Wandrag, L.; Harridge, S.D.R.; Hart, N.; Connolly, B.; Whelan, K.
β-Hydroxy-β-methylbutyrate and its impact on skeletal muscle mass and physical function in clinical
practice: A systematic review and meta-analysis. Am. J. Clin. Nutr. 2019, 109, 1119–1132. [CrossRef]

162. Sanchez-Martinez, J.; Santos-Lozano, A.; Garcia-Hermoso, A.; Sadarangani, K.P.; Cristi-Montero, C. Effects
of beta-hydroxy-beta-methylbutyrate supplementation on strength and body composition in trained and
competitive athletes: A meta-analysis of randomized controlled trials. J. Sci. Med. Sport 2018, 21, 727–735.
[CrossRef]

163. Engelen, M.P.K.J.; Deutz, N.E.P. Is β-hydroxy β-methylbutyrate an effective anabolic agent to improve
outcome in older diseased populations? Curr. Opin. Clin. Nutr. Metab. Care 2018, 21, 207–213. [CrossRef]

164. Oktaviana, J.; Zanker, J.; Vogrin, S.; Duque, G. The Effect of β-Hydroxy-β-Methylbutyrate (HMB) on
Sarcopenia and Functional Frailty in Older Persons: A Systematic Review. J. Nutr. Health Aging 2019, 23,
145–150. [CrossRef]

165. Deutz, N.E.P.; Pereira, S.L.; Hays, N.P.; Oliver, J.S.; Edens, N.K.; Evans, C.M.; Wolfe, R.R. Effect of
β-hydroxy-β-methylbutyrate (HMB) on lean body mass during 10 days of bed rest in older adults. Clin. Nutr.
2013, 32, 704–712. [CrossRef]

166. Standley, R.A.; Distefano, G.; Pereira, S.L.; Tian, M.; Kelly, O.J.; Coen, P.M.; Deutz, N.E.P.; Wolfe, R.R.;
Goodpaster, B.H. Effects of β-hydroxy-β-methylbutyrate (HMB) on skeletal muscle mitochondrial content
and dynamics, and lipids after 10 days of bed rest in older adults. J. Appl. Physiol. 2017, 123, 1092–1100.
[CrossRef]

167. Schnuck, J.K.; Johnson, M.A.; Gould, L.M.; Gannon, N.P.; Vaughan, R.A. Acute β-hydroxy-β-methyl butyrate
suppresses regulators of mitochondrial biogenesis and lipid oxidation while increasing lipid content in
myotubes. Lipids 2016, 51, 1127–1136. [CrossRef]

168. Deutz, N.E.; Matheson, E.M.; Matarese, L.E.; Luo, M.; Baggs, G.E.; Nelson, J.L.; Hegazi, R.A.; Tappenden, K.A.;
Ziegler, T.R.; Group, N.S. Readmission and mortality in malnourished, older, hospitalized adults treated with
a specialized oral nutritional supplement: A randomized clinical trial. Clin. Nutr. 2016, 35, 18–26. [CrossRef]

169. Nakamura, K.; Kihata, A.; Naraba, H.; Kanda, N.; Takahashi, Y.; Sonoo, T.; Hashimoto, H.; Morimura, N.
β-Hydroxy-β-methylbutyrate, Arginine, and Glutamine Complex on Muscle Volume Loss in Critically Ill
Patients: A Randomized Control Trial. J. Parenter. Enter. Nutr. 2019. [CrossRef]

170. May, P.E.; Barber, A.; T D’Olimpio, J.; Hourihane, A.; Abumrad, N.N. Reversal of cancer-related wasting
using oral supplementation with a combination of β-hydroxy-β-methylbutyrate, arginine, and glutamine.
Am. J. Surg. 2002, 183, 471–479. [CrossRef]

171. Clark, R.H.; Feleke, G.; Din, M.; Yasmin, T.; Singh, G.; Khan, F.A.; Rathmacher, J.A. Nutritional Treatment for
Acquired Immunodeficiency Virus-Associated Wasting Using β-Hydroxy β-Methylbutyrate, Glutamine,
and Arginine: A Randomized, Double-Blind, Placebo-Controlled Study. J. Parenter. Enter. Nutr. 2000, 24,
133–139. [CrossRef]

172. Cramer, J.T.; Cruz-Jentoft, A.J.; Landi, F.; Hickson, M.; Zamboni, M.; Pereira, S.L.; Hustead, D.S.; Mustad, V.A.
Impacts of high-protein oral nutritional supplements among malnourished men and women with sarcopenia:
A multicenter, randomized, double-blinded, controlled trial. J. Am. Med. Dir. Assoc. 2016, 17, 1044–1055.
[CrossRef]

http://dx.doi.org/10.1080/17461391.2018.1552723
http://dx.doi.org/10.1249/MSS.0000000000001754
http://dx.doi.org/10.1249/MSS.0000000000001752
http://dx.doi.org/10.1016/j.archger.2015.06.020
http://dx.doi.org/10.1093/ajcn/nqy373
http://dx.doi.org/10.1016/j.jsams.2017.11.003
http://dx.doi.org/10.1097/MCO.0000000000000459
http://dx.doi.org/10.1007/s12603-018-1153-y
http://dx.doi.org/10.1016/j.clnu.2013.02.011
http://dx.doi.org/10.1152/japplphysiol.00192.2017
http://dx.doi.org/10.1007/s11745-016-4193-2
http://dx.doi.org/10.1016/j.clnu.2015.12.010
http://dx.doi.org/10.1016/S0261-5614(19)32117-X
http://dx.doi.org/10.1016/S0002-9610(02)00823-1
http://dx.doi.org/10.1177/0148607100024003133
http://dx.doi.org/10.1016/j.jamda.2016.08.009


Nutrients 2020, 12, 1533 24 of 26

173. Sanz-Paris, A.; Camprubi-Robles, M.; Lopez-Pedrosa, J.M.; Pereira, S.L.; Rueda, R.; Ballesteros-Pomar, M.D.;
Almeida, J.M.G.; Cruz-Jentoft, A.J. Role of Oral Nutritional Supplements Enriched with B-hydroxy-B-Methylbutyrate
in Maintaining Muscle Function and Improving Clinical Outcomes in Various Clinical Settings. J. Nutr. Health Aging
2018, 22, 664–675. [CrossRef]

174. Vandenberghe, K.; Goris, M.; Van Hecke, P.; Van Leemputte, M.; Vangerven, L.; Hespel, P. Long-term creatine
intake is beneficial to muscle performance during resistance training. J. Appl. Physiol. 1997, 83, 2055–2063.
[CrossRef]

175. Chilibeck, P.D.; Kaviani, M.; Candow, D.G.; Zello, G.A. Effect of creatine supplementation during resistance
training on lean tissue mass and muscular strength in older adults: A meta-analysis. Open Access J. Sports Med.
2017, 8, 213. [CrossRef]

176. Devries, M.C.; Phillips, S.M. Creatine supplementation during resistance training in older adults—A
meta-analysis. Med. Sci. Sports Exerc. 2014, 46, 1194–1203. [CrossRef]

177. Safdar, A.; Yardley, N.J.; Snow, R.; Melov, S.; Tarnopolsky, M.A. Global and targeted gene expression and
protein content in skeletal muscle of young men following short-term creatine monohydrate supplementation.
Physiol. Genom. 2008, 32, 219–228. [CrossRef]

178. Deldicque, L.; Louis, M.; Theisen, D.; Nielens, H.; Dehoux, M.; Thissen, J.-P.; Rennie, M.J.; Francaux, M.
Increased IGF mRNA in human skeletal muscle after creatine supplementation. Med. Sci. Sports Exerc. 2005,
37, 731–736. [CrossRef]

179. Saremi, A.; Gharakhanloo, R.; Sharghi, S.; Gharaati, M.R.; Larijani, B.; Omidfar, K. Effects of oral creatine and
resistance training on serum myostatin and GASP-1. Mol. Cell. Endocrinol. 2010, 317, 25–30. [CrossRef]

180. Louis, M.; Poortmans, J.R.; Francaux, M.; Berré, J.; Boisseau, N.; Brassine, E.; Cuthbertson, D.J.R.; Smith, K.;
Babraj, J.A.; Waddell, T. No effect of creatine supplementation on human myofibrillar and sarcoplasmic
protein synthesis after resistance exercise. Am. J. Physiol. Metab. 2003, 285, E1089–E1094. [CrossRef]

181. Parise, G.; Mihic, S.; MacLennan, D.; Yarasheski, K.E.; Tarnopolsky, M.A. Effects of acute creatine monohydrate
supplementation on leucine kinetics and mixed-muscle protein synthesis. J. Appl. Physiol. 2001, 91, 1041–1047.
[CrossRef]

182. Louis, M.; Poortmans, J.R.; Francaux, M.; Hultman, E.; Berré, J.; Boisseau, N.; Young, V.R.; Smith, K.;
Meier-Augenstein, W.; Babraj, J.A. Creatine supplementation has no effect on human muscle protein turnover
at rest in the postabsorptive or fed states. Am. J. Physiol. Metab. 2003, 284, E764–E770. [CrossRef]

183. Candow, D.G.; Little, J.P.; Chilibeck, P.D.; Abeysekara, S.; Zello, G.A.; Kazachkov, M.; Cornish, S.M.; Yu, P.H.
Low-dose creatine combined with protein during resistance training in older men. Med. Sci. Sports Exerc.
2008, 40, 1645–1652. [CrossRef] [PubMed]

184. Willoughby, D.S.; Rosene, J.M. Effects of oral creatine and resistance training on myogenic regulatory factor
expression. Med. Sci. Sports Exerc. 2003, 35, 923–929. [CrossRef]

185. Olsen, S.; Aagaard, P.; Kadi, F.; Tufekovic, G.; Verney, J.; Olesen, J.L.; Suetta, C.; Kjær, M. Creatine supplementation
augments the increase in satellite cell and myonuclei number in human skeletal muscle induced by strength
training. J. Physiol. 2006, 573, 525–534. [CrossRef] [PubMed]

186. Johnston, A.P.W.; Burke, D.G.; MacNeil, L.G.; Candow, D.G. Effect of creatine supplementation during
cast-induced immobilization on the preservation of muscle mass, strength, and endurance. J. Strength
Cond. Res. 2009, 23, 116–120. [CrossRef] [PubMed]

187. Backx, E.M.P.; Hangelbroek, R.; Snijders, T.; Verscheijden, M.-L.; Verdijk, L.B.; de Groot, L.C.; van Loon, L.J.C.
Creatine loading does not preserve muscle mass or strength during leg immobilization in healthy, young
males: A randomized controlled trial. Sports Med. 2017, 47, 1661–1671. [CrossRef]

188. Guerrero-Ontiveros, M.L.; Wallimann, T. Creatine supplementation in health and disease. Effects of chronic
creatine ingestion in vivo: Down-regulation of the expression of creatine transporter isoforms in skeletal
muscle. Mol. Cell. Biochem. 1998, 184, 427–437. [CrossRef] [PubMed]

189. Luo, D.; Edwards, S.; Smeuninx, B.; McKendry, J.; Nishimura, Y.; Perkins, M.; Philp, A.; Joanisse, S.; Breen, L.
Immobilization Leads to Alterations in Intracellular Phosphagen and Creatine Transporter Content in Human
Skeletal Muscle. Am. J. Physiol.-Cell Physiol. 2020. [CrossRef]

190. Smith, G.I.; Atherton, P.; Reeds, D.N.; Mohammed, B.S.; Rankin, D.; Rennie, M.J.; Mittendorfer, B.
Omega-3 polyunsaturated fatty acids augment the muscle protein anabolic response to hyperinsulinaemia–
hyperaminoacidaemia in healthy young and middle-aged men and women. Clin. Sci. 2011, 121, 267–278.
[CrossRef]

http://dx.doi.org/10.1007/s12603-018-0995-7
http://dx.doi.org/10.1152/jappl.1997.83.6.2055
http://dx.doi.org/10.2147/OAJSM.S123529
http://dx.doi.org/10.1249/MSS.0000000000000220
http://dx.doi.org/10.1152/physiolgenomics.00157.2007
http://dx.doi.org/10.1249/01.MSS.0000162690.39830.27
http://dx.doi.org/10.1016/j.mce.2009.12.019
http://dx.doi.org/10.1152/ajpendo.00195.2003
http://dx.doi.org/10.1152/jappl.2001.91.3.1041
http://dx.doi.org/10.1152/ajpendo.00338.2002
http://dx.doi.org/10.1249/MSS.0b013e318176b310
http://www.ncbi.nlm.nih.gov/pubmed/18685526
http://dx.doi.org/10.1249/01.MSS.0000069746.05241.F0
http://dx.doi.org/10.1113/jphysiol.2006.107359
http://www.ncbi.nlm.nih.gov/pubmed/16581862
http://dx.doi.org/10.1519/JSC.0b013e31818efbcc
http://www.ncbi.nlm.nih.gov/pubmed/19130643
http://dx.doi.org/10.1007/s40279-016-0670-2
http://dx.doi.org/10.1023/A:1006895414925
http://www.ncbi.nlm.nih.gov/pubmed/9746337
http://dx.doi.org/10.1152/ajpcell.00072.2020
http://dx.doi.org/10.1042/CS20100597


Nutrients 2020, 12, 1533 25 of 26

191. Lalia, A.Z.; Dasari, S.; Robinson, M.M.; Abid, H.; Morse, D.M.; Klaus, K.A.; Lanza, I.R. Influence of
omega-3 fatty acids on skeletal muscle protein metabolism and mitochondrial bioenergetics in older adults.
Aging (Albany NY) 2017, 9, 1096. [CrossRef]

192. Smith, G.I.; Atherton, P.; Reeds, D.N.; Mohammed, B.S.; Rankin, D.; Rennie, M.J.; Mittendorfer, B.
Dietary omega-3 fatty acid supplementation increases the rate of muscle protein synthesis in older adults:
A randomized controlled trial. Am. J. Clin. Nutr. 2010, 93, 402–412. [CrossRef]

193. Gao, H.; Geng, T.; Huang, T.; Zhao, Q. Fish oil supplementation and insulin sensitivity: A systematic review
and meta-analysis. Lipids Health Dis. 2017, 16, 131. [CrossRef] [PubMed]

194. Akinkuolie, A.O.; Ngwa, J.S.; Meigs, J.B.; Djoussé, L. Omega-3 polyunsaturated fatty acid and insulin
sensitivity: A meta-analysis of randomized controlled trials. Clin. Nutr. 2011, 30, 702–707. [CrossRef]
[PubMed]

195. Custodero, C.; Mankowski, R.T.; Lee, S.A.; Chen, Z.; Wu, S.; Manini, T.M.; Echeverri, J.H.; Sabba, C.;
Beavers, D.P.; Cauley, J.A. Evidence-based nutritional and pharmacological interventions targeting
chronic low-grade inflammation in middle-age and older adults: A systematic review and meta-analysis.
Ageing Res. Rev. 2018, 46, 42–59. [CrossRef] [PubMed]

196. McGlory, C.; Wardle, S.L.; Macnaughton, L.S.; Witard, O.C.; Scott, F.; Dick, J.; Bell, J.G.; Phillips, S.M.;
Galloway, S.D.R.; Hamilton, D.L. Fish oil supplementation suppresses resistance exercise and feeding-induced
increases in anabolic signaling without affecting myofibrillar protein synthesis in young men. Physiol. Rep.
2016, 4. [CrossRef]

197. Smith, G.I.; Julliand, S.; Reeds, D.N.; Sinacore, D.R.; Klein, S.; Mittendorfer, B. Fish oil–derived n− 3 PUFA
therapy increases muscle mass and function in healthy older adults. Am. J. Clin. Nutr. 2015, 102, 115–122.
[CrossRef]

198. McGlory, C.; Gorissen, S.H.M.; Kamal, M.; Bahniwal, R.; Hector, A.J.; Baker, S.K.; Chabowski, A.; Phillips, S.M.
Omega-3 fatty acid supplementation attenuates skeletal muscle disuse atrophy during two weeks of unilateral
leg immobilization in healthy young women. FASEB J. 2019, 33. [CrossRef]

199. Gerling, C.J.; Mukai, K.; Chabowski, A.; Heigenhauser, G.J.F.; Holloway, G.P.; Spriet, L.L.; Jannas-Vela, S.
Incorporation of omega-3 fatty acids into human skeletal muscle sarcolemmal and mitochondrial membranes
following 12 weeks of fish oil supplementation. Front. Physiol. 2019, 10, 348. [CrossRef]

200. McGlory, C.; Galloway, S.D.R.; Hamilton, D.L.; McClintock, C.; Breen, L.; Dick, J.R.; Bell, J.G.; Tipton, K.D.
Temporal changes in human skeletal muscle and blood lipid composition with fish oil supplementation.
Prostaglandins Leukot. Essent. Fatty Acids 2014, 90, 199–206. [CrossRef]

201. McGlory, C.; van Vliet, S.; Stokes, T.; Mittendorfer, B.; Phillips, S.M. The impact of exercise and nutrition in
the regulation of skeletal muscle mass. J. Physiol. 2018. [CrossRef]

202. McGlory, C.; Calder, P.; Nunes, E.A. The Influence of Omega-3 Fatty Acids on Skeletal Muscle Protein
Turnover in Health and Disease. Front. Nutr. 2019, 6, 144. [CrossRef]

203. Carboni, S.; Kaur, G.; Pryce, A.; McKee, K.; Desbois, A.P.; Dick, J.R.; Galloway, S.D.R.; Hamilton, D.L. Mussel
Consumption as a “Food First” Approach to Improve Omega-3 Status. Nutrients 2019, 11, 1381. [CrossRef]
[PubMed]

204. Rossato, L.T.; Schoenfeld, B.J.; de Oliveira, E.P. Is there sufficient evidence to supplement omega-3 fatty acids
to increase muscle mass and strength in young and older adults? Clin. Nutr. 2019. [CrossRef] [PubMed]

205. Calder, P.C. n− 3 polyunsaturated fatty acids, inflammation, and inflammatory diseases. Am. J. Clin. Nutr.
2006, 83, 1505S–1519S. [CrossRef] [PubMed]

206. Gil, A. Polyunsaturated fatty acids and inflammatory diseases. Biomed. Pharmacother. 2002, 56, 388–396.
[CrossRef]

207. O’Bryan, K.R.; Doering, T.M.; Morton, R.W.; Coffey, V.G.; Phillips, S.M.; Cox, G.R. Do multi-ingredient protein
supplements augment resistance training-induced gains in skeletal muscle mass and strength? A systematic
review and meta-analysis of 35 trials. Br. J. Sports Med. 2019, 54.

208. Bell, K.E.; Snijders, T.; Zulyniak, M.; Kumbhare, D.; Parise, G.; Chabowski, A.; Phillips, S.M. A whey
protein-based multi-ingredient nutritional supplement stimulates gains in lean body mass and strength in
healthy older men: A randomized controlled trial. PLoS ONE 2017, 12, e0181387. [CrossRef]

209. Bemben, M.G.; Witten, M.S.; Carter, J.M.; Eliot, K.A.; Knehans, A.W.; Bemben, D.A. The effects of
supplementation with creatine and protein on muscle strength following a traditional resistance training
program in middle-aged and older men. J. Nutr. Health Aging 2010, 14, 155–159. [CrossRef]

http://dx.doi.org/10.18632/aging.101210
http://dx.doi.org/10.3945/ajcn.110.005611
http://dx.doi.org/10.1186/s12944-017-0528-0
http://www.ncbi.nlm.nih.gov/pubmed/28673352
http://dx.doi.org/10.1016/j.clnu.2011.08.013
http://www.ncbi.nlm.nih.gov/pubmed/21959352
http://dx.doi.org/10.1016/j.arr.2018.05.004
http://www.ncbi.nlm.nih.gov/pubmed/29803716
http://dx.doi.org/10.14814/phy2.12715
http://dx.doi.org/10.3945/ajcn.114.105833
http://dx.doi.org/10.1096/fj.201801857RRR
http://dx.doi.org/10.3389/fphys.2019.00348
http://dx.doi.org/10.1016/j.plefa.2014.03.001
http://dx.doi.org/10.1113/JP275443
http://dx.doi.org/10.3389/fnut.2019.00144
http://dx.doi.org/10.3390/nu11061381
http://www.ncbi.nlm.nih.gov/pubmed/31248159
http://dx.doi.org/10.1016/j.clnu.2019.01.001
http://www.ncbi.nlm.nih.gov/pubmed/30661906
http://dx.doi.org/10.1093/ajcn/83.6.1505S
http://www.ncbi.nlm.nih.gov/pubmed/16841861
http://dx.doi.org/10.1016/S0753-3322(02)00256-1
http://dx.doi.org/10.1371/journal.pone.0181387
http://dx.doi.org/10.1007/s12603-009-0124-8


Nutrients 2020, 12, 1533 26 of 26

210. Holm, L.; Olesen, J.L.; Matsumoto, K.; Doi, T.; Mizuno, M.; Alsted, T.J.; Mackey, A.L.; Schwarz, P.; Kjær, M.
Protein-containing nutrient supplementation following strength training enhances the effect on muscle mass,
strength, and bone formation in postmenopausal women. J. Appl. Physiol. 2008, 105, 274–281. [CrossRef]

211. Negro, M.; Perna, S.; Spadaccini, D.; Castelli, L.; Calanni, L.; Barbero, M.; Cescon, C.; Rondanelli, M.;
D’Antona, G. Effects of 12 Weeks of Essential Amino Acids (EAA)-Based Multi-Ingredient Nutritional
Supplementation on Muscle Mass, Muscle Strength, Muscle Power and Fatigue in Healthy Elderly Subjects:
A Randomized Controlled Double-Blind Study. J. Nutr. Health Aging 2019, 23, 414–424. [CrossRef]

212. Bell, K.E.; Snijders, T.; Zulyniak, M.A.; Kumbhare, D.; Parise, G.; Chabowski, A.; Phillips, S.M.
A multi-ingredient nutritional supplement enhances exercise training-related reductions in markers of
systemic inflammation in healthy older men. Appl. Physiol. Nutr. Metab. 2017, 43, 299–302. [CrossRef]

213. Bell, K.E.; Fang, H.; Snijders, T.; Allison, D.J.; Zulyniak, M.A.; Chabowski, A.; Parise, G.; Phillips, S.M.;
Heisz, J.J. A Multi-Ingredient Nutritional Supplement In Combination With Resistance Exercise and
High-Intensity Interval Training Improves Cognitive Function And Increases n-3 Index In Healthy Older
Men: A Randomized Controlled Trial. Front. Aging Neurosci. 2019, 11. [CrossRef] [PubMed]

214. Snijders, T.; Bell, K.E.; Nederveen, J.P.; Saddler, N.I.; Mazara, N.; Kumbhare, D.A.; Phillips, S.M.; Parise, G.
Ingestion of a Multi-Ingredient Supplement Does Not Alter Exercise-Induced Satellite Cell Responses in
Older Men. J. Nutr. 2018, 148, 891–899. [CrossRef] [PubMed]

215. Bell, K.E.; Brook, M.S.; Snijders, T.; Kumbhare, D.; Parise, G.; Smith, K.; Atherton, P.J.; Phillips, S.M. Integrated
myofibrillar protein synthesis in recovery from unaccustomed and accustomed resistance exercise with and
without multi-ingredient supplementation in overweight older men. Front. Nutr. 2019, 6, 40. [CrossRef]
[PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1152/japplphysiol.00935.2007
http://dx.doi.org/10.1007/s12603-019-1163-4
http://dx.doi.org/10.1139/apnm-2017-0533
http://dx.doi.org/10.3389/fnagi.2019.00107
http://www.ncbi.nlm.nih.gov/pubmed/31143111
http://dx.doi.org/10.1093/jn/nxy063
http://www.ncbi.nlm.nih.gov/pubmed/29878269
http://dx.doi.org/10.3389/fnut.2019.00040
http://www.ncbi.nlm.nih.gov/pubmed/31032258
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Models of Disuse and Inactivity 
	Nutritional Strategies during Disuse 
	Whole Food and Mixed-Meal Approaches 
	Supplemental Protein Sources 
	Crystalline Amino Acids 
	Essential Amino Acids 
	Leucine 
	Citrulline 

	Beta-Hydroxy-Beta-Methyl Butyrate (HMB) 
	Creatine Monohydrate 
	Omega 3 (n-3) Fatty Acids 
	Multi-Ingredient Supplements 

	Conclusions 
	References

