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Abstract Amino acids are major nutrient regulators of
muscle protein turnover. After protein ingestion, hyperaminoacidemia stimulates increased rates of skeletal muscle
protein synthesis, suppresses muscle protein breakdown,
and promotes net muscle protein accretion for several
hours. These acute observations form the basis for strategized protein intake to promote lean mass accretion, or
prevent lean mass loss over the long term. However, factors such as protein dose, protein source, and timing of
intake are important in mediating the anabolic effects of
amino acids on skeletal muscle and must be considered
within the context of evaluating the reported efficacy of
long-term studies investigating protein supplementation as
part of a dietary strategy to promote lean mass accretion
and/or prevent lean mass loss. Current research suggests
that dietary protein supplementation can augment resistance exercise-mediated gains in skeletal muscle mass and
strength and can preserve skeletal muscle mass during
periods of diet-induced energy restriction. Perhaps less
appreciated, protein supplementation can augment resistance training-mediated gains in skeletal muscle mass
even in individuals habitually consuming ‘adequate’ (i.e.,
[0.8 g kg-1 day-1) protein. Additionally, overfeeding
energy with moderate to high-protein intake (15–25 %
protein or 1.8–3.0 g kg-1 day-1) is associated with lean,
but not fat mass accretion, when compared to overfeeding
energy with low protein intake (5 % protein or
*0.68 g kg-1 day-1). Amino acids represent primary
nutrient regulators of skeletal muscle anabolism, capable of
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enhancing lean mass accretion with resistance exercise and
attenuating the loss of lean mass during periods of energy
deficit, although factors such as protein dose, protein
source, and timing of intake are likely important in mediating these effects.
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Introduction
It is well established that amino acid ingestion stimulates
increased rates of muscle protein synthesis (MPS) and
decreases muscle protein breakdown after resistance exercise, thereby promoting net muscle protein accretion (Biolo
et al. 1995; Tipton et al. 1999). Because of its profound
effects on muscle protein metabolism, protein/amino acid
supplementation is often promoted as a dietary strategy to
enhance resistance exercise-mediated increases in skeletal
muscle mass. Further, higher protein intake during periods
of energy restriction has been shown to help offset the lean
tissue loss typically associated with higher carbohydrate
energy-restricted diets (Krieger et al. 2006; Wycherley
et al. 2012). Additionally, higher protein intake coupled
with resistance exercise acts synergistically to maintain
(Layman et al. 2005; Mettler et al. 2010), and in some
cases increase (Josse et al. 2011), lean body mass during
diet-induced weight loss. The effectiveness of protein
supplementation as part of a dietary strategy to augment
muscle mass with resistance exercise and/or preserve lean
mass during periods of diet-induced weight loss may in
part be influenced by factors such as the protein dose,
protein source, timing or ‘spread’ of ingestion over the day
and relative to exercise, and age of the participants.
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Inter-individual variability in the size of the musculoskeletal mass is determined by differences in both the
number and/or size of the individual skeletal muscle fibers.
Skeletal muscle fiber number in particular is dependent
upon genetic factors, as fiber numbers in the vastus lateralis
have been reported to range from 3 to 9 9 105 (Lexell
et al. 1988) and do not appear to increase in human muscle
in response to prolonged resistance exercise training
(Abernethy et al. 1994). However, skeletal muscle fiber
size and consequently, lean tissue mass can be increased
following resistance exercise training (Hartman et al. 2007;
Josse et al. 2010), although the magnitude of traininginduced gains among individuals is highly variable (Hubal
et al. 2005). Additionally, consuming energy above that
required for weight maintenance, even in the absence of
resistance exercise training, can substantially increase lean
body mass (Bray et al. 2012; Forbes et al. 1986), with the
amount of lean mass gained related to the amount of excess
energy provided from dietary protein (Bray et al. 2012).
The ability of resistance exercise and dietary amino acids,
to act as stimuli capable of increasing lean tissue mass,
resides in the profound effects that these stimuli have on
muscle protein turnover.

The rationale for protein/amino acid intake
within the context of resistance exercise training
to enhance lean mass
In skeletal muscle, protein accretion or loss is determined
by net protein balance, which is the algebraic difference
between MPS and protein breakdown (Phillips et al. 2005).
The effects of amino acids on MPS are driven by their
uptake from circulation after a protein containing meal and
subsequent incorporation into skeletal muscle proteins.
Additionally, amino acids are important in inhibiting the
process of muscle protein breakdown (Biolo et al. 1997). In
healthy active individuals, skeletal muscle protein synthesis and breakdown, collectively termed protein turnover
occurs at a rate of *1.5–2 %/day and exists in a state of
dynamic equilibrium. In the fasted state, the rate of skeletal
muscle protein breakdown exceeds skeletal muscle protein
synthesis resulting in a net negative protein balance and a
net loss of protein (Biolo et al. 1997). This situation is
reversed following amino acid provision as amino acids
stimulate increased rates of MPS (Churchward-Venne et al.
2012a; Tipton et al. 1999; Moore et al. 2009b), which
ultimately results in a positive net protein balance and
protein accretion (Biolo et al. 1997). Additionally, amino
acid provision immediately after resistance exercise results
in greater rates of MPS and greater net protein balance than
amino acid provision at rest (Biolo et al. 1997). Therefore,
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it is the synergistic effect of amino acid intake and resistance exercise on MPS that forms the rationale for the
recommendation to consume protein in close temporal
proximity to the performance of resistance exercise.
However, factors such as protein/amino acid dose, protein
source, and timing relative to exercise have all been shown
to be important in regulating the response of skeletal
muscle protein synthesis to protein intake (for a recent
review see Churchward-Venne et al. 2012b).

Role of dietary protein supplementation in enhancing
the anabolic effects of resistance exercise training
A recent meta-analysis examining the efficacy of protein
supplementation to increase lean body mass and strength
during prolonged resistance exercise training concluded
that protein supplementation resulted in a significant
increase in fat-free mass (*0.7 kg) and strength (13.5 kg
for single repetition maximum in the leg press) in both
young and elderly subjects (Cermak et al. 2012). However,
the ability of protein intake to enhance the adaptive
response of skeletal muscle to prolonged resistance exercise may be modulated by factors such as the timing of
intake relative to the training stimulus (Esmarck et al.
2001; Burk et al. 2009; Cribb and Hayes 2006; Hartman
et al. 2007), the source of dietary protein ingested (Hartman et al. 2007; Cribb et al. 2006; Candow et al. 2006a),
and/or to the dose of protein consumed (Verdijk et al.
2009). For example, our research group reported that postexercise ingestion of bovine milk resulted in more favorable changes in body composition (i.e., greater lean mass
accretion and greater fat mass loss) than consumption of
an isonitrogenous, isoenergetic soy protein beverage or
an energy matched carbohydrate beverage following
12 weeks of resistance training in young men (Hartman
et al. 2007). In addition, Cribb et al. (2006) reported significantly greater gains in muscle mass in subjects ingesting supplemental whey protein vs. supplemental casein
protein (5.0 kg with whey vs. 0.8 kg with casein) following
10 weeks of resistance training in recreational bodybuilders. Other studies have, however, been unable to detect
protein source-dependent differences in lean mass gain
following prolonged resistance training. For example,
Candow et al. (2006a) reported that while supplemental
protein enhanced lean mass accrual following 6 weeks of
resistance training when compared to supplemental carbohydrate, gains in lean mass with training were similar
following supplemental whey (2.5 kg) and soy (1.7 kg).
Discrepancies between the studies of Hartman et al. (2007)
and Candow et al. (2006a) in the ability to detect differences between dairy- and soy-based proteins may relate to
differences in the duration of the resistance exercise
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training program (12 vs. 6 weeks) and/or to differences in
sample size (n = 56 vs. 27).
The temporal pattern of protein/amino acid intake relative to exercise may also impact the amount of lean mass
accrual following more long-term resistance exercise
training. Some (Esmarck et al. 2001; Cribb and Hayes 2006;
Burk et al. 2009) but not all studies (Hoffman et al. 2009)
have reported greater lean mass accrual when supplement
timing occurs in close temporal proximity to resistance
exercise (i.e., immediately before and/or after exercise) as
compared to the same supplement provided at times temporally dissociated from the exercise stimulus (i.e., in the
morning several hours before exercise). For example,
delaying protein intake by 2 h after resistance exercise in a
group of elderly men ablated lean mass gains and greatly
diminished strength gains when compared to a group of
elderly men who ingested protein within *5 min after
resistance exercise (Esmarck et al. 2001). It is, however,
hard to envision that delaying protein intake by such a short
period of time would have such a marked impact on muscle
protein accretion since we know that exercise in and of itself
will stimulate increased rates of MPS for up to 48 h in young
subjects (Phillips et al. 1997). Differences between studies
may relate to factors such as the age of the participants,
training status, or protein source administered during the
study. The temporal meal-to-meal pattern of protein/amino
acid ingestion may also be an important consideration during the implementation of nutrition-based strategies to
promote skeletal muscle anabolism. Areta et al. (2013)
demonstrated greater rates of MPS over 12 h following
resistance exercise after ingestion of 4 9 20 g protein
feedings spaced every 3 h as compared to both 2 9 40 g
protein feedings every 6 h and 8 9 10 g protein feedings
every 1.5 h in young men. Research is warranted to investigate the impact of the temporal meal-to-meal pattern of
protein intake in both young and elderly when practiced over
several weeks on lean body mass accretion within the context of resistance exercise training. Indeed, an important
consideration in our view when examining the potential
efficacy of supplemental protein/amino acids within the
context of enhancing lean body mass accretion with resistance exercise training is the dose of protein administered,
particularly in studies involving elderly participants. Recent
studies have shown that *35 of protein during a single
feeding stimulates a greater incorporation of dietary proteinderived amino acids into muscle in elderly subjects than
20 g of protein at rest (Pennings et al. 2012), while 40 g
protein following resistance exercise stimulates greater rates
of MPS than 20 g (Yang et al. 2012a, b). This is in contrast to
young subjects in whom 20 g protein is sufficient to maximally stimulate rates of MPS after resistance exercise
(Moore et al. 2009a); see Fig. 1. This may explain why some
studies in the elderly that have utilized less than 35–40 g
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Fig. 1 Comparison of the protein dose response of myofibrillar
protein synthesis per protein dose in young and elderly subjects from
Moore et al. (2009a) and Yang et al. (2012a) is shown. Note that the
proteins used were egg for young and whey for elderly which may
favor increased amplitude of response per gram of protein (due to
leucine content) in the elderly. Also, values from Moore et al. (2009a)
have been corrected from mixed to myofibrillar protein based on
comparisons of standard differences observed in our laboratory

protein in a per meal serving have been unable to detect a
benefit from supplemental protein/amino acids (Candow
et al. 2006b; Verdijk et al. 2009).

Amino acids can increase lean body mass even
in the absence of resistance exercise training
Although the notion of increasing lean body mass from
‘over-consumption’ of dietary protein has been questioned
due to the transient nature of feeding-induced increases in
MPS (Atherton and Smith 2012), recent evidence demonstrates that in conditions of excess energy intake, dietary
protein can result in significant lean mass accrual even in
the absence of a resistance exercise training program (Bray
et al. 2012). In an elegant study, Bray et al. (2012) confined
healthy participants to an in-house environment where they
were overfed *1,000 kcal daily (corresponding to a
*40 % increase in energy above that required for weight
maintenance) for 8 weeks with diets composed of either
low (5 % or *0.68 g kg-1 day-1), medium (15 % or
*1.79 g kg-1 day-1), or high (25 % or * 3.0 g kg-1
day-1) protein. The excess energy from overfeeding
resulted in significantly less overall weight gain in the low
protein group (3.16 kg) compared with the normal
(6.05 kg) or high-protein groups (6.51 kg). However, total
body fat increased similarly in all three groups (5 % protein 3.66 kg, 15 % protein 3.45 kg, 25 % protein 3.44 kg).
In addition, while the low protein group lost *0.7 kg of
lean mass, the medium and high-protein groups gained
2.87 and 3.18 kg of lean mass, respectively, and this was
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Fig. 2 The effects of over-consuming (*1,000 kcal day-1) diets
composed of low (5 %), normal (15 %), or high (25 %) amounts of
energy from protein are shown. Over-consuming diets composed of
15–25 % energy from protein resulted in significant lean mass
accretion compared to over-consuming a diet composed of 5 %
energy from protein. Note there are no differences between groups in
fat mass gain over the overfeeding intervention; the additional weight
gain (body mass) in the 15–25 % groups is accounted for by lean
body mass accretion. Redrawn from Bray et al. (2012)

associated with an increase in resting energy expenditure
(Fig. 2). However, what is not entirely clear is the exact
composition of the lean mass accretion (i.e., muscle vs.
splanchnic protein accretion) and future work is warranted
to address this question. The conclusion from this work
was that during a highly positive energy balance, a moderate to high proportion of dietary protein (15–25 %)
increases lean mass gain and resting energy expenditure
without additional fat mass gain as compared to excess
energy intake from carbohydrate and fat (Bray et al. 2012).
From the viewpoint of the athlete, future work is warranted
to examine the effects of a moderate to higher proportion
(i.e., up to 35 % of total energy intake) of dietary protein
during a period of controlled excess energy intake on lean
body mass gain, fat mass loss, and changes in muscle
function when combined with a program of resistance
exercise.

Role of protein and amino acids in the alleviation
of lean body mass loss during energy restriction
Weight loss represents a significant health goal for a
variety of population groups. The prevalence of overweight
and obesity has produced an extraordinary challenge to
healthcare systems (Finucane et al. 2011). Weight loss in
obese and overweight individuals is associated with a host
of well-established health benefits including a decreased
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risk of type 2 diabetes, cardiovascular disease and cancer
(Katzmarzyk 2006). The fundamental variable determining
weight loss is the relative energy deficit created by dietary
energy restriction, increased energy expenditure, or their
combination. While it is undisputed that energy restriction
is an effective weight loss strategy, it is often associated
with a reduction in both fat and muscle mass. In fact,
approximately 75 % of weight loss achieved through
energy restriction (with protein intakes comprising *15 %
by energy content) is composed of fat tissue, while the
remaining 25 % is composed of lean tissue (Weinheimer
et al. 2010).
The loss of muscle mass that can occur during weight
loss can have a number of deleterious short- and long-term
consequences, which may in the long run lessen or negate
some of the benefits of weight loss. Beyond its role in
locomotion, skeletal muscle plays a number of important
roles in blood glucose regulation (Samuel et al. 2010) and
lipidemia (Lewis et al. 2002), indicating that the loss of
muscle may ultimately have detrimental effects for metabolic health (Wolfe 2006). Furthermore, skeletal muscle is
a major contributor to basal metabolic rate (BMR), which
represents for many the largest component of daily energy
expenditure (Johnstone et al. 2005). Therefore, it has been
proposed that a reduction in skeletal muscle mass, and the
subsequent decrease in BMR, may hinder further weight
loss, long-term weight stability, and contribute to risk for
weight regain (Stiegler and Cunliffe 2006; Strychar et al.
2009). In addition, aging per se is characterized by a progressive loss of muscle mass and strength, termed sarcopenia, which is a contributor, along with the loss of
strength (dynapenia) to age-associated disability and loss
of independence (Baumgartner 2000). In many aging
populations, the coexistence of diminished muscle mass
and increased fat mass, referred to as ‘sarcopenic obesity’,
is emerging as an important public health problem (Li and
Heber 2012). Sarcopenic obesity presents a complex
challenge as the appropriate treatment must reduce the
health risks associated with excess fat mass, while preserving muscle mass to reduce the risk of loss of strength
and increased risk of disability in addition to the metabolic
issues incumbent with low muscle mass (Weinheimer et al.
2010). This highlights the need for weight loss interventions that are aimed at achieving high ‘quality’ weight loss,
which can be defined as the loss of body weight with the
greatest ratio of fat to lean mass (Josse et al. 2011). The last
decade has seen an increased interest in the role of protein
intake during periods of energy restriction, with manipulations of the content, type and distribution of protein
within the diet emerging as potential strategies to minimize
skeletal muscle mass loss (Frimel et al. 2008; Villareal
et al. 2011).

Role of protein and amino acids in humans

High protein during an energy deficit alleviates dietinduced lean mass loss
A substantial body of evidence shows that protein intakes
exceeding the current recommended daily allowance
(RDA) of 0.8 g kg-1 day-1 can enhance the preservation
of muscle mass during periods of energy restriction (Layman et al. 2005; Leidy et al. 2007; Mojtahedi et al. 2011;
Josse et al. 2011), although this is not a universal finding
(Campbell and Leidy 2007). One meta-analysis concluded
that diets which are higher in protein, substituted for carbohydrates, increased the loss of fat mass and the retention
of lean mass (Krieger et al. 2006; Wycherley et al. 2012).
Krieger and colleagues reported that protein intakes of
C1.05 g kg-1 day-1 were associated with 0.60 kg additional fat-free mass retention in short-term studies compared with lower protein diets. Furthermore, in studies
which extended beyond 12 weeks, this difference increased
to 1.21 kg (Krieger et al. 2006).
In addition to dietary protein, resistance exercise provides a marked anabolic stimulus for muscle and, when
performed during periods of energy restriction, can
diminish diet-induced decrements in lean mass (Campbell
et al. 2009; Villareal et al. 2011). Moreover, it appears that
a synergism exists between resistance exercise training and
high-protein intakes during weight loss, resulting in an
even greater ratio of fat to lean mass loss when the two
strategies are combined (Layman et al. 2005; Mettler et al.
2010; Weinheimer et al. 2010; Josse et al. 2011). A recent
study from our laboratory compared the effect of diets
varying in total protein and dairy content (15, 7.5, \2.0 %
of total energy) on body composition changes during
16 weeks of energy restriction and exercise training
(resistance and aerobic) in overweight and obese premenopausal women (Josse et al. 2011). Despite similar
total weight loss between diets, there was significantly
greater fat mass loss and lean mass preservation in women
consuming higher protein/dairy (15 % total energy from
dairy and *1.3 g kg-1 day-1 total protein), with almost
50 % of total protein intake coming from dairy sources,
compared to those counseled to consume protein at a level
similar to the RDA (0.8 g kg-1 day-1). A notable observation was that the higher protein/dairy group in this study
was able to gain lean body mass during the weight loss
intervention, meaning that the weight lost was exclusively
accounted for by fat. This challenges the notion that skeletal muscle mass gain and fat mass reduction cannot occur
simultaneously and corroborates the findings of a handful
of studies that have combined higher protein intakes
(1.2–2.3 g kg-1 day-1) with resistance training during
energy restriction in athletic populations (Garthe et al.
2011; Mettler et al. 2010). Importantly, Josse et al. (2011)
demonstrated that the increase in lean body mass in the

high-dairy protein group (1.3 g kg-1 day-1) also translated
into greater strength gains compared to the groups consuming less protein and dairy, despite identical exercise
training between groups. In a recent study by Mojtahedi
et al. (2011), some provisional evidence was provided that
the combination of exercise and higher protein intake may
offset skeletal muscle loss and also improve physical
function during weight loss in aging individuals. In this
study, overweight and obese older women performed light
exercise training during 6 months of energy restriction.
While women consuming higher protein intakes
(1.2 g kg-1 day-1) experienced larger reductions in absolute, whole-body lean mass compared to those in the normal-protein group (0.87 g kg-1 day-1), this was likely
accounted for by the fact that they lost more total bodymass than those in the normal-protein group (Mojtahedi
et al. 2011). Furthermore, using MRI the same researchers
demonstrated improved maintenance of muscle relative to
weight loss in the higher protein group, which in turn was
associated with enhanced physical function (Mojtahedi
et al. 2011). Of note, the exercise intervention in this study,
which consisted of moderate intensity walking and flexibility exercises, may not have provided a sufficient anabolic stimulus to retain muscle protein. Thus, it is plausible
that an even greater attenuation of muscle loss may have
occurred in the higher protein group if resistance exercise
had been incorporated into the training regimen, although
this thesis requires confirmation by future studies.

High-dairy protein consumption promotes lean mass
retention during diet-induced weight loss
Acute studies performed in conditions of energy balance
have shown that the amplitude and duration of increases in
MPS after feeding can be affected by the protein source,
both at rest and after resistance exercise (Burd et al. 2012;
Tang et al. 2009; Yang et al. 2012b). For example, we have
previously reported that fat-free fluid milk consumption
results in a greater nitrogen balance and MPS response
following a bout of resistance exercise as compared to an
isonitrogenous and isoenergetic soy beverage in young men
(Wilkinson et al. 2007). Similarly, the chronic consumption
of fat-free milk after resistance exercise was found to
promote greater gains in lean body mass than soy protein
over 12 weeks of training in young men (Hartman et al.
2007). Hartman et al. (2007) also observed a greater
reduction in body fat mass associated with post-exercise
milk consumption, despite participants being in positive
energy balance, suggesting that dairy foods may be
advantageous for fat loss and lean mass retention. The role
of dairy foods within the context of weight loss has been
reviewed in a recent meta-analysis of randomized
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controlled trials and reported that consumption of highdairy hypoenergetic diets result in a significantly greater
weight loss, fat mass reduction and lean mass gain compared with conventional calorie-restricted diets (Abargouei
et al. 2012). While a number of bioactive components in
dairy foods could contribute to their anti-obesity effects,
the amino acid leucine, a potent stimulus for stimulating
MPS (Churchward-Venne et al. 2012a; Smith et al. 1992),
may be critically important for the muscle-sparing effect.
To date few studies have directly compared the effect
that isonitrogenous hypoenergetic diets composed of different protein sources (i.e., dairy, vegetable, meat, and soy)
have on body composition. In one study, Yamashita et al.
(1998) reported similar weight loss between groups consuming a meat-based diet and a soy-based diet; however,
both diets were mixed-protein and contained similar
amounts of vegetable and dairy proteins (36 and 18 % of
total protein, respectively), making differentiation between
the effects of animal and plant proteins difficult. Furthermore, body composition was not assessed in this study.
Indeed, the preservation of muscle mass would result in
less weight loss overall and potentially mask the importance of protein source if lean body mass is not measured.
Recently, Abete et al. (2009) found that a hypoenergetic,
high-legume (18 % energy from protein) and high-protein
(30 % energy from protein) diet composed mainly of animal proteins resulted in similar reductions in total body
weight and lean body mass assessed by bioelectrical
impedance after 8 weeks. Regrettably, important differences in the macronutrient and fiber content between the
diets preclude a direct comparison between the two protein
sources and further work is needed to establish whether
animal or plant sources of protein may differ in their ability
to spare muscle mass during weight loss (Campbell et al.
1999; Haub et al. 2002).

The rationale for considering protein distribution
throughout the day
As mentioned previously, reports of a dose–response
relationship between protein intake and MPS have shown
that *20 g of high-quality protein [8–10 g essential amino
acids (EAA)] is sufficient to induce a maximal stimulation
of MPS in the young after resistance exercise (Moore et al.
2009a). On the other hand, doses in the range of 35–40 g
whey protein appear more effective at stimulating
increased rates of MPS in the elderly both at rest and following resistance exercise (Yang et al. 2012a; Pennings
et al. 2012), with protein doses below this threshold
resulting in a reduced MPS response in older individuals
(Katsanos et al. 2005; Yang et al. 2012a). Taken together,
these data suggest that, on a meal-to-meal basis, ingestion
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of 20–25 g (or *0.25 g kg-1 meal-1 for individuals of
normal bodyweight) of high-quality protein to provide
*10 g EAA at each meal would repeatedly stimulate
optimal rates of MPS in young participants. Given what we
know about the responses of MPS in younger versus older
persons, it seems these estimates may be even higher in
older persons. However, dietary intake data indicate that
the majority of adults do not follow a balanced pattern of
protein intake, but rather a ‘skewed’ pattern, ingesting
relatively small amounts of dietary protein with breakfast
(8–12 g) and consuming *50 % of daily protein intake
during a large protein rich evening meal (Almoosawi et al.
2012; Tieland et al. 2012).
In light of the detrimental effect of prolonged energy
deficit on skeletal muscle mass, it has been hypothesized
that a balanced dietary protein distribution may play a
particularly important role during conditions of weight loss
(Layman 2009). To date, only one study has investigated
the effect of protein distribution under conditions of energy
deficit. Adechian et al. (2012) compared the effect of an
‘unbalanced’ and a ‘balanced’ protein feeding pattern on
lean body mass and protein turnover during 6 weeks of
energy restriction in obese men and women. In this study,
total daily protein intake was matched between groups
(*1 g kg-1 day-1) and was distributed in four meals per
day in the proportion 8/80/4/8 % in ‘unbalanced’ and
25/25/25/25 % in ‘balanced’ groups. The authors reported
significant lean mass loss in both groups, with no effect of
protein distribution pattern. However, considering the
accumulating evidence that higher protein intakes (i.e.,
1.2–2.3 g kg-1 day-1) may be necessary to attenuate
muscle mass loss during energy restriction, it remains
possible that the total protein intake was simply too low in
the aforementioned study and thus may have a limited
potential muscle-sparing effect. Moreover, this study was
performed in the absence of any exercise training. Whether
an anabolic stimulus-like resistance exercise may have
amplified any benefit from protein distribution pattern
requires further examination in future studies (Fig. 3).

Rapid changes in body composition through exercise
and diet
Within the Acceptable Macronutrient Distribution Ranges
(AMDR) outlined by the US/Canadian dietary guidelines
committee, there is tremendous flexibility with the stated
recognition that health can be achieved with intakes of
carbohydrates varying from 40 to 65 %, fat from 20 to
35 %, and protein from 10 to 35 % of total energy intake.
What macronutrient range is optimal during weight loss
can vary widely; however, the main aim of weight loss
should be to promote fat mass loss while sparing lean mass.

Role of protein and amino acids in humans
Fig. 3 The factors that promote
(solid arrows) lean mass
preservation during a period of
energy restriction, and factors
that may be important (dashed
arrows) but for which more
research is needed are shown

Aggressive weight loss strategies to maximize fat mass loss
while sparing lean mass would likely involve a relatively
large energy deficit and exercise training; such a program
may be sought by competitive athletes attempting to gain
weight for a weight-class restricted sport, improve their
power-to-weight ratio, or improve leanness for estheticfocused sports. However, avoiding decrements in performance is essential to athletes who are involved in dietary/
exercise interventions aimed at promoting rapid changes in
body composition. Even though carbohydrate represents
the primary energy substrate to support sports performance,
increasing protein intake and reducing carbohydrate during
energy restriction appear to be an effective strategy to
promote lean mass retention and fat mass loss, without
negatively affecting performance (Mettler et al. 2010; Paoli
et al. 2012). For example, Mettler et al. (2010) compared
the influence of a high-protein energy-restricted diet vs. a
normal-protein energy-restricted diet on lean body mass
loss and performance in healthy, resistance-trained athletes. For both groups, energy intake was reduced to 60 %
of their baseline habitual energy intake, while protein
intake was *1.0 g kg-1 day-1 for the control group and
*2.3 g kg-1 day-1 for the high-protein group. Participants maintained their habitual training throughout the
study and changes in body composition and performance
were assessed. Although there were no differences between
groups in either fat loss (both groups lost *1.2 kg) or
performance measures, the normal-protein group experienced a significant loss of lean mass (-1.6 kg), while the
high-protein group preserved lean mass (-0.3 kg). In
another study, Paoli et al. (2012) subjected elite gymnasts
to a 30-day ketogenic diet (*22.0 g carbohydrate per day)
during which they performed their normal training. After
the diet, subjects experienced a -1.9-kg loss of fat mass,
no loss of lean body mass, and no decrements in

performance (Paoli et al. 2012). Although resistance
training is clearly the most effective exercise modality to
promote muscle anabolism, accumulating evidence suggests that high-intensity interval training (HIIT) can promote lean mass accretion (Heydari et al. 2012; Trapp et al.
2008), and prevent lean mass loss during diet-induced
energy restriction (Sartor et al. 2010). Sartor et al. (2010)
subjected participants to 14 days of a low carbohydrate (to
*35 from 54 % of the energy provided) energy-restricted
diet, while half of the participants additionally performed
HIIT at 90 %VO2peak 3 times per week, to assess the
combined effects of HIIT training and the carbohydrate
reduced diet. Although both groups lost the same amount
of fat, HIIT training resulted in a 1-kg gain in lean mass,
whereas the diet only group experienced *1 kg loss in
lean mass (Sartor et al. 2010). Therefore, resistance and
HIIT-based exercise interventions appear advantageous as
exercise modalities to promote lean mass retention during
an energy deficit, with an increased benefit from a relatively high-protein diet. It is important to note that
aggressive strategies to promote rapid changes in body
composition are unlikely to be sustained during more
prolonged time periods; however, reducing carbohydrate
drastically, increasing protein intake, and integrating HIIT
and resistance training may be useful to certain populations
(i.e., athletes, military) as part of a short-term ‘aggressive’
strategy to promote rapid, quality changes in body
composition.

Conclusions
Amino acids/protein represent the primary nutrient effectors of skeletal muscle protein metabolism through their
ability to stimulate increased rates of MPS, suppress
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protein breakdown, and promote a positive net protein
balance, (Biolo et al. 1997; Tipton et al. 1999; Phillips
et al. 1997). Perhaps underappreciated, overfeeding energy
in the form of protein (*1.8 g kg-1 day-1) can lead to
significant lean mass accretion in the complete absence of
any resistance exercise program (Bray et al. 2012); however, the effects of amino acids/protein on skeletal muscle
anabolism are greatly increased in the acute period by prior
resistance exercise (Biolo et al. 1997; Tipton et al. 1999),
and data support the use of protein supplementation as an
effective strategy to increase resistance exercise-mediated
gains in skeletal muscle mass and strength in both young
and old participants. Similarly, higher protein intake
(*1.2 g kg-1 day-1) during an energy deficit facilitates a
sparing of lean body mass, particularly when coupled with
a program of resistance exercise training (Weinheimer
et al. 2010). However, several factors appear to be
important in mediating the anabolic response of skeletal
muscle to amino acid/protein provision, including protein
source, protein dose, timing relative to exercise, age of the
participants, and potentially the meal-to-meal pattern of
protein intake over the day. We propose that consumption
of high-quality animal-based proteins such as dairy proteins, consumed at a dose of 20–25 g in the young, and
perhaps 35–40 g in the elderly equally spread into repeated
feeding of four, or at most five, times over the course of the
day may be useful to promote skeletal muscle anabolism,
particularly when coupled with a program of resistance
exercise.
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