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ABSTRACT
Dietary protein provides essential amino acids (EAAs) for the syn-
thesis of new proteins plus an array of other metabolic functions;
many of these functions are sensitive to postprandial plasma and in-
tracellular amino acid concentrations. Recent research has focused
on amino acids as metabolic signals that influence the rate of protein
synthesis, inflammation responses, mitochondrial activity, and sati-
ety, exerting their influence through signaling systems including
mammalian/mechanistic target of rapamycin complex 1 (mTORC1),
general control nonrepressed 2 (GCN2), glucagon-like peptide 1
(GLP-1), peptide YY (PYY), serotonin, and insulin. These signals
represent meal-based responses to dietary protein. The best charac-
terized of these signals is the leucine-induced activation of mTORC1,
which leads to the stimulation of skeletal muscle protein synthesis
after ingestion of a meal that contains protein. The response of this
metabolic pathway to dietary protein (i.e., meal threshold) declines
with advancing age or reduced physical activity. Current dietary rec-
ommendations for protein are focused on total daily intake of 0.8 g/kg
body weight, but new research suggests daily needs for older adults
of $1.0 g/kg and identifies anabolic and metabolic benefits to con-
suming at least 20–30 g protein at a given meal. Resistance exercise
appears to increase the efficiency of EAA use for muscle anabolism
and to lower the meal threshold for stimulation of protein synthesis.
Applying this information to a typical 3-meal-a-day dietary plan
results in protein intakes that are well within the guidelines of
the Dietary Reference Intakes for acceptable macronutrient intakes.
The meal threshold concept for dietary protein emphasizes a
need for redistribution of dietary protein for optimum metabolic
health. Am J Clin Nutr 2015;101(Suppl):1330S–8S.
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INTRODUCTION

Dietary protein intakes needed for optimal long-term health
remain controversial. Studies investigating physiologic and
metabolic changes during aging (1, 2), weight loss (3, 4), bed rest
(5), and treatments for type 2 diabetes (6) or metabolic syndrome
(7) reported benefits of diets with protein intakes of 1.2–1.6 g/kg
body weight or .20% of energy intake. These intakes are above
the Recommended Dietary Allowance (RDA).6 Contrary to
these reports, there are studies that reported no beneficial effects
of higher protein (8–10); and the 2010 Dietary Guidelines Ad-
visory Committee report stated, “Protein intake in the United

States is more than adequate” and that inadequate protein in the
United States is rare (11). These divergent views, at least in part,
arise from definitions of protein adequacy based on measures of
nitrogen balance compared with evaluation of metabolic roles of
individual amino acids.

Metabolic roles for amino acids are diverse and include at
least 4 categorical functions or roles: substrates for messenger
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RNA (mRNA) translation; initiators of signal transduction and
neurotransmission; biosynthesis of other nitrogen-containing com-
pounds such as glutathione, creatine, taurine, carnitine, nitric oxide,
serotonin, and thyroxin; and formation of nonnitrogenous com-
pounds for gluconeogenesis, one-carbon methyl reactions, and
anaplerotic balance of the tricarboxylic acid cycle. For each of
these roles, plasma or intracellular amino acid concentrations,
and ultimately dietary intake, affect the amino acid flux through
the pathway and physiologic outcome. These metabolic pathways
and outcomes that are sensitive to dietary protein intake and
relate to recognized indexes of health should be considered in
determining optimum dietary goals for protein. This review ex-
plores the metabolic consequences of dietary amino acids and
positions this information within the context of defining protein
needs for adults. New information about optimummeal distribution
of protein for muscle health and satiety will be emphasized.

IS THE RDA REALLY THE BEST MEASURE OF DIETARY
PROTEIN NEEDS?

Nitrogen balance is the conventional measure of protein needs
used in crafting the RDA, and it reflects efficiency of nitrogen
retention under conditions of energy balance (12–14). In this
context, additional protein intake above that required for at-
taining nitrogen balance has been viewed as unnecessary or
possibly unsafe. The RDA for both men and women ($19 y old)
is 0.80 g high-quality protein per kilogram of body weight per
day and is based on the minimum dietary protein required to
achieve nitrogen balance. Nitrogen losses reflect the daily re-
quirement to replace essential amino acids (EAAs) lost to deg-
radation pathways and are estimated by collection of nitrogen in
urine, stool, breath, skin, and hair and extrapolated to dietary
protein (15). For estimation of the RDA, or more specifically,
the Estimated Average Requirement (EAR), dietary protein is
titrated down to the minimum amount that allows the body to
achieve nitrogen balance and uses a monolinear regression to
calculate a breakpoint for the EAR (16). This represents an
obligatory rate of amino acid degradation; however, the rate of
nitrogen loss has no direct relation to other metabolic roles of
amino acids. Inherent in the nitrogen balance approach is the
assumption that dietary goals for protein intake equate with
efficiency of amino acid use for nitrogen-containing molecules
only. This singular focus on attaining the lowest possible amino
acid oxidation suggests that increases in the intracellular con-
centrations of amino acids or their keto acid carbon skeletons
are unnecessary and perhaps unfavorable.

Although the RDA may represent a minimum amino acid
requirement for most healthy individuals, higher intakes of
EAAs or indispensible amino acids may impart metabolic ben-
efits, including improved body composition (e.g., maintenance,
growth, or function of lean mass), enhanced satiety, increased
thermogenesis, or improved glycemic regulation (17), and may
aid in recovery after trauma, surgery, or prolonged bed rest (5).
Variables related to muscle mass, strength, and metabolic
function have been proposed as other relevant endpoints (18).
Furthermore, nitrogen balance and amino acid oxidation provide
estimates of total daily amino acid needs but do not address the
distribution of protein intake at individual meals. Many of the
metabolic roles of amino acids support targeting the quantity of
dietary amino acids or protein needs at individual meals dis-

tributed throughout the day as opposed to net daily recom-
mendations or an overall percentage of daily energy intake (19).

An alternate approach to nitrogen balance is the indicator
amino acid oxidation (IAAO) method (20). The IAAO method is
based on the concept that when one indispensible amino acid is
deficient, all other amino acids (including a tracer-labeled in-
dicator amino acid) will be oxidized. As the intake of the deficient
or limiting amino acid increases, the rate of oxidation of the other
amino acids will decline as more amino acids are incorporated
into protein. The IAAO method also uses a biphasic regression to
calculate a breakpoint for a mean EAR (16). Presumably the
IAAO method reflects the minimum amount of protein necessary
to create saturation of the transfer RNA (tRNA) for protein
synthesis. The point of the lowest oxidation of the indicator
amino acid is defined as the requirement for the limiting amino
acid. The IAAO method provides estimates of protein require-
ments at w1.2 g $ kg21 $ d21 that are 40–50% higher than
nitrogen balance and the current RDA (20).

Although the IAAO method addresses many of the limitations
of nitrogen balance, it still targets amino acid oxidation as an
undesired metabolic outcome. This is a concept consistent with
the efficient use of protein for growth, but there is no evidence
that efficiency equates to optimum metabolic health for adults.
There are numerous examples of desirable metabolic outcomes as
a result of amino acids being consumed in amounts greater than
the requirements predicted from the nitrogen balance or IAAO
methods. Examples include leucine activation of mammalian/
mechanistic target of rapamycin complex 1 (mTORC1) for
stimulation of muscle protein synthesis; tryptophan stimulation
of serotonin production, which affects satiety or mood; and ar-
ginine stimulation of nitric oxide synthase to regulate vascular
function. In each case, increases in plasma or intracellular amino
acid concentrations trigger themetabolic pathway and amino acid
oxidation (21–23). Simultaneous activation of the metabolic
signal and the degradation pathway may reflect a feedback loop
to protect the signal from chronic exposure and reset the signal
for the next meal. Note also that the oxidative catabolism of
several EAAs serves to supply important anaplerotic carbon to
maintain tricarboxylic acid cycle function (24). Thus, dietary
guidelines based solely on the efficiency of amino acid use for
growth or nitrogen balance outcomes may be neglecting the fact
that changes in intracellular amino acid concentrations and ox-
idative catabolism are an important means to regulate and sup-
port many normal metabolic responses beyond the synthesis of
nitrogen-containing compounds.

AMINO ACID ROLES BEYOND RDA DEFINITIONS:
LEUCINE AND mTORC1

There are numerous examples of cellular sensing of amino
acids and metabolic responses. Mechanisms for cellular sensing
of amino acid concentrations occur through tRNA (25), general
control nonrepressed 2 (GCN2) (26) and mTORC1 (27). The
effect of the branched-chain amino acid (BCAA) leucine on
mTORC1 is one of the most investigated signaling responses and
highlights the importance of amino acid signaling in normal
physiology.

Metabolic pathways for the BCAAs leucine, valine, and
isoleucine have been studied extensively since the 1970s when
researchers discovered that leucine had a unique role among
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EAAs in stimulating muscle protein synthesis (28, 29) and that
the liver had minimal capacity to degrade the BCAAs (30). These
2 discoveries highlighted leucine in the relation between dietary
protein and optimal muscle mass and function.

BCAAs are relatively small amino acids with aliphatic side
chains that are hydrophobic and allow them to exist in tightly
coiled positions within proteins. These characteristics allow
BCAAs to serve as predominant amino acids in structural pro-
teins such as myosin, fibrinogen, and keratin; in transcription
factors known as leucine-zipper proteins; and in globular proteins
that require both water-soluble and hydrophobic characteristics
such as hemoglobin and myoglobin. In total, BCAAs account for
.20% of the amino acids in all proteins, and leucine alone
accounts for.8% of all amino acids. Combined with their unique
chemical and structural characteristics, the absence of liver ca-
pacity to degrade BCAAs ensures that every protein-containing
meal produces BCAA-enriched plasma for peripheral tissues
(31).

In the 1990s, the development of newmethods and reagents for
studying the regulation of mRNA translation led to the discovery
that leucine activated a signal transduction pathway now known
as mTORC1. The discovery of the ability of the BCAAs or
leucine alone to stimulate muscle protein synthesis led to
a decade of intense research elucidating molecular controls of
translation initiation and the associated signal transduction
cascades. This research showed that mTORC1 serves to integrate
signals from insulin/insulin-like growth factor I (IGF-I) and
amino acids to activate key enzymes promoting ribosome bio-
genesis as well as greater translation efficiency during protein
feeding. Numerous reviews are available that describe the
mTORC1 signal transduction cascade and activation by dietary
leucine (27, 32, 33).

The discovery of the impact of leucine on mTORC1 activation
and muscle protein synthesis has been applied to evaluation of
dietary protein intake in diverse research settings (21, 24, 34–37).
These investigations provided new information leading to the
following concepts: 1) the amount of dietary protein at a meal
required to initiate an anabolic response in skeletal muscle is
driven by the leucine content; 2) there is little anabolic benefit in
skeletal muscle with protein meals larger than the minimum
amount required for maximum mTORC1 signaling and activa-
tion of mRNA translation initiation; 3) the intracellular leucine
concentration necessary to trigger muscle protein synthesis also
increases BCAA oxidation; and 4) aging produces “anabolic
resistance” requiring increased EAAs to achieve maximum
mTORC1 signaling and muscle protein synthesis. These points
lead us to propose that the distribution of protein at individual
meals is physiologically important to optimize mTORC1 sig-
naling and muscle protein synthesis. This concept is termed the
“meal threshold.”

The concept of a meal threshold for adult protein is supported
by animal and human studies investigating mechanisms regu-
lating muscle protein synthesis. Animal studies that used free
leucine or proteins with differences in leucine content showed
direct relations of activation of mTORC1 and muscle protein
synthesis with dietary leucine (38, 39). These responses require
a 2- to 3-fold increase in plasma or intracellular leucine con-
centrations for maximum activation of mTORC1 and stimulation
of muscle protein synthesis (35, 39). Furthermore, once the
threshold concentration is achieved, additional leucine has no

additional effect on mTORC1 or translation initiation. Human
studies confirmed that mTORC1 is a critical regulatory signal for
initiating muscle protein synthesis after a meal (40, 41).

A precise leucine threshold for activation of mTORC1 and
stimulation of muscle protein synthesis has not been established
in human dose-response trials. Animal studies that used large
numbers of animals, controlled feeding conditions, and short-
term flooding-dose isotope methods showed a leucine threshold
for translation initiation (34, 38). However, subject numbers and
the use of prolonged steady state isotope methods for determining
short-term meal effects limit similar studies in humans. Although
dose-response trials are not available, there is a general pattern
that appears from clinical trials that meals containing .2.2 g
leucine in the form of EAA mixtures (39, 42, 43) or whey
protein (43–45) stimulate muscle protein synthesis and meals
containing ,1.8 g leucine produce little to no response (39, 42–
45). It is important to note that these studies were performed in
older, sedentary adults and represent the minimum response
threshold.

Although activation of mTORC1 is essential for initiation of
muscle protein synthesis, mTORC1 does not appear to be
a predictor of the duration of muscle protein synthesis after
a meal (34, 46, 47). Studies have shown that the mTORC1 signal
is activated within 30 min after a meal, with maximum protein
synthesis at w60–90 min. The rate of protein synthesis declines
between 2–3 h postmeal, although mTORC1 signals remain
activated and plasma leucine concentrations remain elevated
(34, 47). The duration of the anabolic period cannot be extended
even with continuous infusion of additional EAAs (48). This
discordance between the anabolic signals and protein synthesis
has been termed a “refractory period,” and muscle is thought to
require time to recover or reset before a subsequent meal (49).

Protein-containing meals that stimulate mTORC1 also activate
the BCAA catabolic pathway (21). This parallel activation of the
anabolic pathway of muscle protein synthesis and BCAA oxi-
dation challenges the concept of efficiency of amino acid use as
defined by achieving perfect nitrogen balance. Contrary to the
RDA goal of minimum nitrogen loss, the maximum anabolic
response in skeletal muscle is achieved alongside greater amino
acid oxidation (44). This apparent “inefficient” use of amino
acids may instead serve as part of the metabolic feedback reg-
ulation required to reset the molecular machinery for the next
meal. Cellular mechanisms are known to inhibit translation
elongation in response to ATP depletion in the muscle (50).
The need to allow muscle to recover before the next meal is
consistent with the parallel activation of mTORC1 and BCAA
catabolism [i.e., activation of the branched-chain keto acid de-
hydrogenase complex (BCKDC)] (21). Skeletal muscle responds
to a leucine-rich meal by initiating the energy-expensive process
of muscle protein synthesis, and simultaneously leucine stimu-
lates the BCKDC system to return leucine to premeal baseline
levels. Consistent with the increased BCAA oxidation, the leu-
cine degradation pathway serves to stimulate mitochondrial
activity to provide energy within the muscle (50).

Sarcopenia is the age-related decline in muscle mass and
function and appears to arise, in part, from a reduced capacity for
muscle to initiate protein synthesis after a meal (19). The anabolic
effect of protein and the threshold at which protein triggers
signaling pathways for muscle protein synthesis differ with age,
with older individuals requiring a higher intake than younger
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individuals. The reduced muscle protein synthesis response to
a meal has been termed “anabolic resistance” because of reduced
metabolic response to anabolic factors including amino acids,
insulin, and resistance exercise (46, 49). Studies have shown that
the anabolic resistance can be overcome with meals containing
higher amounts of EAAs, and the response appears to be related
to the leucine content of the meal. These findings led to dietary
recommendations for older adults that emphasize a meal thresh-
old of .20 g protein containing .2.2 g leucine to optimize that
anabolic response in skeletal muscle (51).

AMINO ACID SIGNALING AND SATIETY

Other examples of cell sensing of amino acids relate to dietary
protein intake, appetite, and satiety. Research evidence has long
supported a role for dietary protein in the regulation of food intake.
Animals and humans modify food intake associated with diets that
have an amino acid imbalance (26), are deficient in an EAA (52),
have a low protein density (53), or are rich in protein (54). There is
general consensus that meals higher in protein produce greater
satiety than meals high in either carbohydrates or fats. These
findings translate into reduced food intake at next meals (55) and
reduced snacking behavior (56). Proposed mechanisms include
mechanical distention of the stomach, incretin responses from
the small intestine, neurotransmitter responses in the brain, fuel
changes in the hypothalamus, and leptin production (54, 57, 58).
Amino acid sensing is believed to contribute to the homeostatic
regulation of food intake and body weight.

A concept that encompasses many of these responses is the
protein leverage hypothesis (59). The hypothesis states that
humans and animals eat to obtain a physiologically desirable
amount of protein. When the protein density of the diet is low
because of dilution with carbohydrates or fats, both animals and
humans consumemore total calories to obtain the desired protein.
Animal research suggests that signaling pathways exist that
link hypothalamic nutrient sensing to behavioral determinants of
energy balance (54, 60). A basic mechanism exists to recognize
a deficiency of EAAs in the diet and to initiate foraging for
dietary sources of these EAAs. The protein leverage hypothesis
proposes that humans prioritize protein when regulating food
intake and that a decline in the ratio of protein to carbohydrate or
fat in the diet drives excess energy intake and could promote
obesity (53, 59). A hyperphagic response in rodents given EAA-
restricted diets suggests the engagement of such a nutrient-sensing
mechanism (52).

The inverse is also true that when the diet is rich in protein, the
desired protein amount is obtained with less total food and satiety
is high. Evidence to support the protein leverage hypothesis in
humans was found in a 12-d randomized crossover study in men
and women to determine energy intake, body weight change, and
appetite profile in response to changes in the protein to carbo-
hydrate or fat ratios in which individuals reduce total energy
consumption when consuming high-protein (30% of energy)
diets (61). A longitudinal analysis of a female population found
that calories from dietary protein remained more constant over
time than calories from dietary carbohydrates or fat, which is
consistent with the protein leverage hypothesis (62). The control
of food intake is a complex integration of more than one
mechanism, and the evidence supports a central role of dietary
protein in the regulation of ingestive behavior.

PHYSICAL ACTIVITY ENHANCES THE MEAL
RESPONSE TO AMINO ACIDS

Physical activity changes metabolic regulation and amino acid
utilization in skeletal muscle (44, 63–66). A single bout of re-
sistance exercise produces increases in both protein synthesis
and protein breakdown, but the rate of muscle protein break-
down exceeds synthesis under fasting conditions, resulting in net
breakdown of muscle protein and increased amino acid oxida-
tion (64, 65). The ultimate impact of exercise on muscle mass is
dependent on protein intake, which can dramatically enhance
the rate of muscle protein synthesis in relation to breakdown,
resulting in a positive net balance (44, 62).

The rapid changes in muscle protein synthesis after a single
bout of exercise suggest regulation through mRNA translation
mechanisms. Many of the exercise-induced effects on muscle
protein turnover are mediated through insulin and the mTORC1
signaling pathway (63, 66). Numerous studies showed that
exercise improves insulin sensitivity in muscle, especially in
insulin-resistant conditions of metabolic syndrome or type 2
diabetes (67, 68), and activates mTORC1 signaling and down-
stream targets including the 70-kDa S6 protein kinase (p70S6K)
and the 4E binding protein 1 (4EBP1) (66, 69, 70). Physical
activity also modifies the relation of dietary protein to muscle
protein synthesis by lowering the threshold at which protein
triggers the mTORC1 signaling pathway (44, 45).

The degree to which muscle responds to exercise and dietary
protein depends on the type of exercise, timing of the protein
meal, quantity of protein, and amount of training. In general, all
physical activity has positive effects on maintaining muscle mass
and function, but anabolic effects are proportional to resistance
and intensity. Exercise at .70% of maximum effort is most
often used to induce gains in muscle mass, whereas intensities
,20% of maximum effort fail to produce measureable changes
in muscle protein synthesis unless the exercise is performed to
fatigue (63).

Because exercise appears to enhance anabolic signaling
through stimulation of the mTORC1 initiation signal (69), it is
logical that protein consumed after exercise would be most
beneficial. Although some studies showed benefits of consuming
protein before (71) or during (72) exercise, the consensus is that
the greatest benefits are observed when protein is consumed after
exercise (68, 73). The optimal postexercise timing differs with the
degree of training. In untrained subjects, the exercise effects last at
least 24 h postexercise, with studies showing that untrained
subjects had a greater response to a meal 24 h after a single bout
of resistance exercise than did a control group who consumed the
same meal but without exercise (41). Furthermore, the exercise
response is most dramatic in untrained subjects who produce the
largest changes in muscle protein synthesis. The higher the degree
of training, the more rapidly the postexercise anabolic response
returns to baseline; this implies that a protein meal is most ef-
fective when delivered more closely to the exercise, with some
studies showing attenuation of training-induced increases in lean
mass if protein feeding is delayed beyond 2 h postexercise (74).

The meal threshold for protein to induce muscle protein
synthesis is influenced by physical activity and age of the sub-
jects. Acknowledging inherent risks for comparing dietary
treatments across studies, the optimum meal threshold for older
sedentary adults appears to be .25 g protein (43–45), whereas
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healthy, young, active men respond to meals with 15 g protein
(63). Furthermore, exercise enhances the protein synthesis re-
sponse in older adults (44, 45) and appears to reduce the min-
imum meal threshold (45). Likewise, if protein intakes increase,
older individuals can achieve rates of muscle protein synthesis
similar to young adults (42–44). Increasing the EAA content of
the meal can overcome the anabolic resistance (39), and the
effects of exercise and dietary protein appear to be additive for
muscle protein synthesis response (45).

Although physical activity enhances the cell’s sensitivity to
the presence of amino acids, inactivity blunts the activation of
the mTORC1 pathway. Short-term bed rest, whether due to
hospitalization, illness, or injury, results in a significant loss of
lean tissue in both young and older adults (75, 76). Bed rest
reduces the meal responses of mTORC1 signaling and amino
acid transporter capacity (77). Likewise, declining daily activity
also blunts the signaling response. A recent study found that
older adults who reduced their daily step-count by w76% dur-
ing a 140-d period reduced muscle protein synthesis and in-
creased insulin resistance and the inflammatory markers TNF-a
and C-reactive protein (78), but a single bout of resistance ex-
ercise before ingesting a sufficient amount of amino acids re-
verses the anabolic resistance seen during aging (79).

Possible mechanisms for the interaction of exercise with di-
etary protein include improvements in endothelial function or
muscle perfusion, increased amino acid uptake, enhanced insulin
sensitivity or amino acid sensing within the cell, and prolonged
activation of mTORC1 after exercise (49, 77, 80). High-intensity
exercise increases muscle sensitivity to insulin and IGF-I,
resulting in prolonged activation of the protein kinase B (PKB)-
mTORC1-p70S6K signaling axis that increases the capacity for
total muscle protein synthesis (49). Exercise also improves blood
flow to muscles and increases receptor sensitivity and amino acid
transporters, thereby enhancing delivery of nutrients and hor-
mone signals. Thus, it is clear that exercise, nonexercise physical
activity, and age interact to affect tissue sensitivity to amino acid
signaling and ultimately dietary protein needs. Dietary recom-
mendations need to more fully consider these variables, which
can differ significantly across ages and lifestyles.

SAFE UPPER LIMITS FOR PROTEIN AND AMINO ACID
INTAKES

As already indicated, there is a case to be made that the current
RDA for protein, which is based largely on minimum amounts
needed to avoid deficiency and to maintain growth and de-
velopment, may not be adequate to support overall metabolic
health. With respect to possible negative health effects of protein
intakes above the RDA, an Upper Limit (UL) for protein intake,
after which intakes become “excessive,” should be considered.
However, amino acid and protein ULs have not been established
and definitions of what constitutes the UL are controversial.
Proposed estimates of protein or amino acid ULs include intakes
that are just adequate to achieve nitrogen balance, result in
a maximal rate of urea synthesis/maximal rate of urea excretion,
or yield a maximal rate of oxidation to carbon dioxide (81, 82).

ULs for most amino acids have not been extensively studied,
but individual EAAs appear to have high safety limits. Pre-
liminary data exist for leucine, tryptophan, lysine, and methio-
nine. The UL for leucine is reported to be.500 mg $ kg21 $ d21

or w38 g/d for a 75-kg individual (83). Leucine, on average,
accounts for w8% of amino acids in protein, which means the
UL for leucine equates to a daily intake of w475 g total protein.
Currently, the intake of leucine in the United States is w8 g/d.
The UL for tryptophan has been estimated at w100–200 mg $
kg21 $ d21 or w8–15 g/d (84). Tryptophan accounts for
w1–1.7% of amino acids in protein. A tryptophan intake of
8 g/d equates to .470 g total protein/d, whereas current US
intake of tryptophan is w1 g/d. The UL for lysine is suggested
to be 300–400 mg $ kg21 $ d21 or w22–30 g/d (85). Lysine
accounts for w6.5% of amino acids in protein, and an intake of
22 g/d equates to w340/g total protein. The present intake of
lysine is w8 g/d. The UL for methionine is estimated to be
w100 mg $ kg21 $ d21 or w7 g/d (86). Methionine accounts
for w2% of amino acids in protein, meaning that an intake of
7 g/d equates to w350 g total protein/d. The US intake of
methionine is w1.4 g/d. Thus, ULs for amino acids are gener-
ally 3- to 5-fold greater than typical intakes in the United States
(87), and it is unlikely (without supplementation) that American
diets ever exceed the suggested UL for amino acids. Notably, the
Institute of Medicine recommends an Acceptable Macronutrient
Distribution Range for protein as 10–35% of energy intake, with
current US intakes atw16% of daily energy. Consuming protein
in a distributed pattern as described above fits within the Acceptable
Macronutrient Distribution Range and the IAAO calculations.

Whereas amino acids appear to have high safety margins as
judged by measures of nitrogen metabolism, maximal oxidation,
or urea production, the impact of increasing intakes on other
metabolic pathways and physiologic systems not measured by
these methods should be considered in future research. For in-
stance, higher plasma concentrations of BCAAs are commonly
associated with insulin resistance, leading some investigators to
propose that excess BCAAs promote metabolic dysregulation
(88). Both leucine and insulin stimulate mTORC1, resulting in
downstream activation of the p70S6K that is thought to phos-
phorylate insulin receptor substrate 1 (IRS-1) and reduce insulin
sensitivity. Contrary to this perspective, most studies showed that
leucine supplementation or leucine-rich diets improve insulin
sensitivity (89, 90), and multiple studies for weight loss or di-
abetes management showed that increasing dietary protein as
a substitute for carbohydrates improves insulin sensitivity (6, 91–
95). In addition, some studies showed that leucine promotes
mitochondrial biogenesis and increased fatty acid oxidation (94,
95). Thus, the elevated blood BCAA profile is quite possibly
a biomarker of metabolic dysregulation rather than an initiating
event of insulin resistance (89, 90, 96, 97).

Arguably the most frequent concern expressed about higher
protein intakes is impairment of renal function. Protein intake
beyond the minimum necessary for nitrogen balance promotes
urea formation and increases glomerular filtration rate and renal
nitrogen load (98, 99). However, there is no evidence that in-
creased urea formation or changes in glomerular filtration rate
elicit pathologic outcomes in healthy persons, because clearance
becomes more efficient with higher protein intakes (51). For
patients with existing kidney disease, the International Society of
Renal Nutrition and Metabolism (100) consensus statement
recommends that patients consume 0.6–0.8 g/kg body weight if
not undergoing dialysis but to increase to 1.0 g/kg during any
illness that is catabolic or limits physical activity. For those
undergoing dialysis, International Society of Renal Nutrition
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and Metabolism recommends daily protein .1.2 g/kg, with at
least 50% being of high biological value (100). Higher protein
intakes are typically not recommended for individuals with type
2 diabetes because of potentially compromised renal function
derived from glucose-induced vascular damage. However, a re-
cent study in overweight and obese individuals with type 2 dia-
betes who consumed moderate amounts of protein (90–120 g/d)
found no negative effects on renal function during a 2-y
period (101).

Another concern about long-term use of higher protein diets
has been bone health. Increased dietary protein can result in
increased urinary calcium, which has been suggested to con-
tribute to bone loss and potential development of osteopenia and
osteoporosis. However, the role that protein plays in bone health
is far more complex. Studies of the association between protein
intake and bone status reported beneficial associations (102),
no association (103), and detrimental effects (104), sometimes
within the same study population (105). A recent review em-
phasized a positive effect of protein intake on bone health under
conditions of adequate calcium intake (106), whereas a recent
clinical trial concluded that there was no effect of high-protein
diets on calcium homeostasis during weight maintenance or
energy restriction (107). In support of this, a systematic review
concluded that the evidence was inconclusive for a significant
relation (either positive or negative) for protein intake and bone
health (108). It should be noted that calcium and protein interact
and both must be adequate to support optimal bone health (109).
Substantial evidence exists to establish an association between
dietary protein and increased peak bone mass in both young and
older adults (102, 105, 106, 109, 110).

In summary, current US intakes are well below proposed ULs
that are based on nitrogen balance, maximal amino acid oxi-
dation, or urea production. Additional research is warranted to
move beyond these measures to leverage complementary tech-
nologies such as metabolomics to form a comprehensive un-
derstanding of how increasing intakes of protein above the RDA
affects whole-body physiology and metabolism.

MOVING BEYOND THE MINIMUM: OPTIMUM
PROTEIN INTAKES FOR ADULT HEALTH

Each metabolic pathway for amino acids has different
minimum concentration thresholds for stimulation and max-
imum capacity. Some amino acid roles such as charging of
tRNA for protein synthesis appear to be saturated at cellular
concentrations below normal fasted values. The body main-
tains a high priority for baseline levels of protein synthesis,
especially in critical organs such as liver, heart, and di-
aphragm, and maintains tRNA in fully charged states by using
amino acids released from the breakdown of existing proteins.
Even during short-term catabolic periods, the liver maintains
essential protein synthesis (64).

Other pathways such as the mTORC1 signaling pathway for
muscle protein synthesis are dependent on the dietary supply
of protein and especially the protein content of meals (34, 41,
46, 63, 111). In studies that examined meal distribution, in-
vestigators showed that providing daily protein in one or more
large “bolus” or “pulse” meals (.30 g) had positive effects on
lean mass or muscle protein synthesis compared with providing
the same total amount of protein in a “spread” distribution with

multiple small meals (,20 g) or continuous intragastric in-
fusion (17, 112–116).

Most adults in the United States have an unbalanced meal
distribution of protein (18) with .60% of daily protein con-
sumed during a single evening meal and #15 g at breakfast
(117, 118). If the protein distribution (and quantity of leucine) is
critical for optimum muscle protein synthesis, the typical
American meal pattern should be altered to maximize metabolic
health. The average protein intake for men.20 y isw98 g/d and
for women is w68 g/d, but the unbalanced distribution may
reduce the effectiveness of the daily intake for muscle health
and modulate ingestive behavior. Also not addressed in existing
protein recommendations are the changes that occur in amino
acid utilization as a result of aging, with increased physical
activity, or with physical inactivity.

This article focused on metabolic regulation and outcomes that
suggest that protein should be distributed in specific amounts at
meals. The current hypothesis is that the regulation of protein
synthesis determine net balance of protein turnover except during
extreme catabolic conditions (63). To our knowledge, there are no
data concerning protein breakdown and the impact of dietary
protein distribution at meals (119), but this is an important area
for future research.

In summary, there is a need to review how protein requirements
should be defined or expressed. The difference betweenminimum
compared with optimum protein intakes and the concept of
a meal-based protein threshold for adults are not addressed in
current dietary recommendations. In the 2010Dietary Guidelines
for Americans (11), protein needs are expressed as a percentage
of energy intake (% kcal), and the 2002 Dietary Reference In-
takes define the RDA as grams per kilogram of body weight per
day (g $ kg21 $ d21). However, new research emphasizes the
relevance of protein grams per meal, and a case can be made that
a greater focus on EAA intakes is warranted to achieve optimal
health outcomes. The consensus position paper from the PROT-
AGE Study Group recommended daily protein intake of.1.0 g/kg
but emphasized the need to focus on meal quantity and timing of
protein as important factors in adult health (51). Additional re-
search is needed to define specific total daily and meal-based
protein intakes that affect health indexes and to better refine
these indexes by considering nontraditional outcome variables
such as muscle and lean body mass function, mitochondrial
dynamics, and tissue fuel partitioning.

The authors’ responsibilities were as follows—All of the authors participated

in Protein Summit 2.0 and were involved in the writing and editing of the

manuscript; and DKL: wrote the first draft of the manuscript and had primary

responsibility for the final content. None of the authors had a conflict of interest.

REFERENCES
1. Houston DK, Nicklas B, Ding J, Harris T, Tylavsky F, Newman A,

Lee J, Sahyoun N, Visser M, Kritchevsky S. Dietary protein intake is
associated with lean mass change in older, community-dwelling
adults: the Health, Aging, and Body Composition (Health ABC)
Study. Am J Clin Nutr 2008;87:150–5.

2. Gaffney-Stomberg E, Insogna K, Rodriguez N, Kerstetter J. In-
creasing dietary protein requirements in elderly people for optimal
muscle and bone health. J Am Geriatr Soc 2009;57:1073–9.

3. Skov AR, Toubro S, Bulow J, Krabbe K, Parving H, Astrup A.
Changes in renal function during weight loss induced by high vs low-
protein low-fat diets in overweight subjects. Int J Obes Relat Metab
Disord 1999;23:1170–7.

PROTEIN REQUIREMENT FOR OPTIMAL METABOLIC HEALTH 1335S

 by P
A

U
L B

E
R

G
N

E
R

 on June 16, 2015
ajcn.nutrition.org

D
ow

nloaded from
 

http://ajcn.nutrition.org/


4. Layman DK, Evans E, Erickson D, Seyler J, Weber J, Bagshaw D,
Griel A, Psota T, Kris-Etherton P. A moderate-protein diet produces
sustained weight loss and long-term changes in body composition and
blood lipids in obese adults. J Nutr 2009;139:514–21.

5. English KL, Paddon-Jones D. Protecting muscle mass and function in
older adults during bed rest. Curr Opin Clin Nutr Metab Care 2010;
13:34–9.

6. Gannon MC, Nuttall F. Effect of a high-protein, low-carbohydrate diet
on blood glucose control in people with type 2 diabetes. Diabetes
2004;53:2375–82.

7. Meckling KA, Sherfey R. A randomized trial of a hypocaloric high-
protein diet, with and without exercise, on weight loss, fitness, and
markers of the metabolic syndrome in overweight and obese women.
Appl Physiol Nutr Metab 2007;32:743–52.

8. Sacks FM, Bray GA, Carey VJ, Smith SR, Ryan DH, Anton SD,
McManus K, Champagne CM, Bishop LM, Laranjo N, et al. Com-
parison of weight-loss diets with different compositions of fat, pro-
tein, and carbohydrates. N Engl J Med 2009;360:859–73.

9. Walrand S, Short KR, Bigelow ML, Sweatt AJ, Hutson SM, Nair KS.
Functional impact of high protein intake on healthy elderly people.
Am J Physiol Endocrinol Metab 2008;295:E921–8.

10. Larsen RN, Mann NJ, Maclean E, Shaw JE. The effect of high-
protein, low-carbohydrate diets in the treatment of type 2 diabetes:
a 12-month randomized controlled trial. Diabetologia 2011;54:731–40.

11. Dietary Guidelines Advisory Committee. Report of the Dietary
Guidelines Advisory Committee on the Dietary Guidelines for
Americans, 2010, to the Secretary of Agriculture and the Secretary of
Health and Human Services. Washington (DC): US Department of
Agriculture, Agricultural Research Service; 2010.

12. Hegsted DM. Assessment of nitrogen requirements. Am J Clin Nutr
1978;31:1669–77.

13. Millward DJ. An adaptive metabolic demand model for protein and
amino acid requirements. Br J Nutr 2003;90:249–60.

14. Wolfe RR. The underappreciated role of muscle in health and disease.
Am J Clin Nutr 2006;84:475–82.

15. Munro H, Crim M. The proteins and amino acids. In: Shils ME,
Young VR, eds. Modern nutrition in health and disease. 7th ed.
Philadelphia: Lea & Febiger; 1988. p. 1–37.

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

17. Layman D. Protein nutrition, meal timing and muscle health. In:
Berhanier CD, Dwyer JT, Heber D, editors. Handbook of nutrition
and food. 3rd ed. Boca Raton (FL): CRC Press; 2013. p. 861–7.

18. Wolfe RR, Miller S. The recommended dietary allowance of protein:
a misunderstood concept. JAMA 2008;299:2891–3.

19. Paddon-Jones D, Rasmussen B. Dietary protein recommendations and
the prevention of sarcopenia. Curr Opin Clin Nutr Metab Care 2009;
12:86–90.

20. Elango R, Ball R, Pencharz P. Indicator amino acid oxidation: concept
and application. J Nutr 2008;138:243–6.

21. Lynch CJ, Halle B, Fujii H, Vary T, Wallin R, Damuni Z, Hutson S.
Potential role of leucine metabolism in the leucine-signaling pathway
involving mTOR. Am J Physiol Endocrinol Metab 2003;285:E854–63.

22. Price JM, Brown RR, Peters HA. Tryptophan metabolism in por-
phyria, schizophrenia, and a variety of neurologic and psychiatric
diseases. Neurology 1959;9:456–68.

23. Morris CR, Morris SM, Hager W, Warmerdam J, Claster S,
Kepka-Lemnhart D, Machado L, Kuypers FA, Vichinsky EP. Arginine
therapy. Am J Respir Crit Care Med 2003;168:63–9.

24. Li F, Yin Y, Kong X, Wu G. Leucine nutrition in animals and humans:
mTOR signaling and beyond. Amino Acids 2011;41:1185–93.

25. Han JM, Jeong S, Park M, Kim G, Kown N, Kim H, Ha S, Ryu S, Kim
S. Leucyl-tRNA synthetase is an intracellular leucine sensor for the
mTORC1-signaling pathway. Cell 2012;149:410–24.

26. Hao S, Sharp J, Ross-Inta C, McDaniel B, Anthony T, Wek R,
Cavener D, McGrath B, Rudell J, Koehnle T, et al. Uncharged tRNA
and sensing of amino acid deficiency in mammalian piriform cortex.
Science 2005;307:1776–8.

27. Vary TC, Lynch C. Nutrient signaling components controlling protein
synthesis in striated muscle. J Nutr 2007;137:1835–43.

28. Fulks RM, Li J, Goldberg A. Effects of insulin, glucose, and amino
acids on protein turnover in rat diaphragm. J Biol Chem 1975;250:
290–8.

29. Buse MG, Reid S. Leucine: a possible regulator of protein turnover in
muscle. J Clin Invest 1975;56:1250–61.

30. Harper AE, Miller R, Block K. Branched-chain amino acid metabo-
lism. Annu Rev Nutr 1984;4:409–54.

31. Brosnan JT, Brosnan M. Branched-chain amino acids: enzyme and
substrate regulation. J Nutr 2006;136(Suppl):207S–11S.

32. Kimball SR, Jefferson L. Signaling pathways and molecular mecha-
nisms through which branched-chain amino acids mediate translational
control of protein synthesis. J Nutr 2006;136(Suppl):227S–31S.

33. Sarbassov DD, Ali S, Sabatini D. Growing roles for the mTOR
pathway. Curr Opin Cell Biol 2005;17:596–603.

34. Norton LE, Layman D, Bunpo P, Anthony T, Brana D, Garlick P. The
leucine content of a complete meal directs peak activation but not
duration of skeletal muscle protein synthesis and mammalian target of
rapamycin signaling in rats. J Nutr 2009;139:1103–9.

35. Rieu I, Balage M, Sornet C, Giraudet C, Pujos E, Grizard J, Mosoni L,
Dardevet D. Leucine supplementation improves muscle protein syn-
thesis in elderly men independently of hyperaminoacidaemia. J
Physiol 2006;575:305–15.

36. Glynn EL, Fry CS, Drummond MJ, Timmerman KL, Dhanani S,
Volpi E, Rasmussen BB. Excess leucine intake enhances muscle an-
abolic signaling but not net protein anabolism in young men and
women. J Nutr 2010;140:1970–6.

37. Churchward-Venne TA, Breen L, Di Donato DM, Hector AJ, Mitchell
CJ, Moore DR, Stellingwerff T, Breuille D, Offord EA, Baker SK,
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 2014;99:276–86.

38. Crozier SJ, Kimball S, Emmert S, Anthony J, Jefferson L. Oral leu-
cine administration stimulates protein synthesis in rat skeletal muscle.
J Nutr 2005;135:376–82.

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

40. Dickinson JM, Fry CS, Drummond MJ, Gundermann DM, Walker
DK, Glynn EL, Timmerman KL, Shanani S, Volpi E, Rasmussen BB.
Mammalian target of rapamycin complex 1 activation is required for
the stimulation of human skeletal muscle protein synthesis by es-
sential amino acids. J Nutr 2011;141:856–62.

41. Burd NA, West D, Moore D, Atherton P, Staples A, Prior T, Tang J,
Rennie M, Baker S, Phillips S. Enhanced amino acid sensitivity of
myofibrillar protein synthesis persists for up to 24 h after resistance
exercise in young men. J Nutr 2011;141:568–73.

42. Katsanos CS, Kobayashi H, Sheffield-Moore M, Aarsland A, Wolfe R.
Aging is associated with diminished accretion of muscle proteins after
the ingestion of a small bolus of essential amino acids. Am J Clin
Nutr 2005;82:1065–73.

43. Paddon-Jones D, Sheffield-Moore M, Katsanos CS, Zhang X-J, Wolfe
RR. Differential stimulation of muscle protein synthesis in elderly
humans following isocaloric ingestion of amino acids or whey pro-
tein. Exp Gerontol 2006;41:215–9.

44. Pennings B, Groen B, de Lange A, Gijsen A, Zorenc A, Senden J, van
Loon L. Amino acid absorption and subsequent muscle protein ac-
cretion following graded intakes of whey protein in elderly men. Am J
Physiol Endocrinol Metab 2012;302:E992–9.

45. Yang Y, Breen L, Burd N, Hector AJ, Churchward-Venne TA, Josse
AR, Tarnopolsky MA, Phillips SM. Resistance exercise enhances
myofibrillar protein synthesis with graded intakes of whey protein in
older men. Br J Nutr 2012;108:1780–8.

46. Fry CS, Drummond M, Glynn E, Dickinson J, Gundermann D,
Timmerman K, Walker D, Dhanani S, Volpi E, Rasmussen B. Aging
impairs contraction-induced human skeletal muscle mTORC1 sig-
naling and protein synthesis. Skeletal Muscle 2011;1:11–21.

47. Atherton PJ, Etheridge T, Watt P, Wilkinson D, Selby A, Rankin D,
Smith K, Rennie M. Muscle full effect after oral protein: time-
dependent concordance and discordance between human muscle protein
synthesis and mTORC 1 signaling. Am J Clin Nutr 2010;92:1080–8.

48. Bohé J, Low J, Wolfe R, Rennie M. Latency and duration of stimu-
lation of human muscle protein synthesis during continuous infusion
of amino acids. J Physiol 2001;532:575–9.

49. Cuthbertson D, Smith K, Babraj J, Leese G, Waddell T, Atherton P,
Wakerhage H, Taylor P, Rennie M. Anabolic signaling deficits underlie
amino acid resistance of wasting, aging muscle. FASEB J 2005;19:422–4.

1336S LAYMAN ET AL.

 by P
A

U
L B

E
R

G
N

E
R

 on June 16, 2015
ajcn.nutrition.org

D
ow

nloaded from
 

http://ajcn.nutrition.org/


50. Wilson GJ, Layman D, Moulto C, Norton L, Anthony T, Proud C,
Rupassara S, Garlick P. Leucine or carbohydrate supplementation
reduced AMPK and eEF2 phosphorylation and extends postprandial
muscle protein synthesis in rats. Am J Physiol Endocrinol Metab
2011;301:E1236–42.

51. Bauer J, Biolo G, Cederholm T, Cesari M, Cruz-Jentoft A, Morley J,
Phillips S, Sieber C, Stehle P, Teta D, et al. Evidence-based recom-
mendations for optimal dietary protein intake in older people: a po-
sition paper from the PROT-AGE Study Group. J Am Med Dir Assoc
2013;14:542–59.

52. Hasek BE, Stewart L, Henagan T, Boudreau A, Lenard N, Black C,
Shin J, Huypens P, Malloy V, Plaisance E, et al. Dietary methionine
restriction enhances metabolic flexibility and increases uncoupled
respiration in both fed and fasted states. Am J Physiol Regul Integr
Comp Physiol 2010;299:R728–39.

53. Gosby AK, Conigrave A, Lau N, Iglesias M, Hall R, Jebb S, Brand-
Miller J, Caterson I, Raubenheimer D, Simpson S. Testing protein
leverage in lean humans: a randomized controlled experimental study.
PLoS ONE 2011;6:e25929.

54. Cota D, Proulx K, Smith K, Kozma S, Thomas G, Woods S, Seeley R.
Hypothalamic mTOR signaling regulates food intake. Science 2006;
312:927–30.

55. Rolls BJ, Heetherington M, Burley V. The specificity of satiety: the
influence of foods of different macronutrient content on the de-
velopment of satiety. Physiol Behav 1988;43:145–53.

56. Leidy HJ, Ortinau L, Douglas S, Hoertel H. Beneficial effect of
a higher-protein breakfast on the appetitive, hormonal, and neural
signals controlling energy intake regulation in overweight/obese,
“breakfast-skipping,” late-adolescent girls. Am J Clin Nutr 2013;97:
677–88.

57. Westerterp-Plangtenga M, Luscombe-Marsh N, Lejeune M, Diepvens
K, Nieuwenhuizen A, Engeleen M, Deutz N, Azzout-Marniche D,
Tome D, Westerterp K. Dietary protein, metabolism, and body-
weight regulation: dose-response effects. Int J Obes 2006;30:
S16–23.

58. Karamanlis A, Chaikomin R, Doran S, Bellon M, Bartholomeusz
FD, Wishart JM, Jones KL, Horowitz M, Rayner CK. Effects of
protein on glycemic and incretin responses and gastric emptying
after oral glucose in healthy subjects. Am J Clin Nutr 2007;86:
1364–8.

59. Simpson SJ, Raubenheimer D. Obesity: the protein leverage hy-
pothesis. Obes Rev 2005;6:133–42.

60. Blouet C, Jo YH, Li X, Schwartz G. Mediobasal hypothalamic leucine
sensing regulates food intake through activation of a hypothalamus-
brainstem circuit. J Neurosci 2009;29:8302–11.

61. Martens EA, Lemmens S, Westerterp-Plantenga M. Protein leverage
affects energy intake of high-protein diets in humans. Am J Clin Nutr
2013;97:86–93.

62. Martinez-Cordero C, Kuzawa C, Sloboda D, Stewart J, Simpson S,
Raubenheimer D. Testing the protein leverage hypothesis in a free-
living human population. Appetite 2012;59:312–5.

63. Burd NA, Tang J, Moore D, Phillips S. Exercise training and protein
metabolism: influences of contraction, protein intake, and sex-based
differences. J Appl Physiol 2009;106:1692–701.

64. Carraro F, Hartl W, Stuart C, Layman D, Jahoor F, Wolfe R. Whole
body and plasma protein synthesis in exercise and recovery in human
subjects. Am J Physiol 1990;258:E821–31.

65. Wagenmakers AJM. Muscle amino acid metabolism at rest and during
exercise: role in human physiology and metabolism. Exerc Sport Sci
Rev 1998;26:287–314.

66. Atherton PJ, Babraj JA, Smith K, Singh J, Rennie MJ, Wackerhage
H. Selective activation of AMP-PGC-1a or PKB-TSC2-mTOR sig-
naling can explain specific adaptive responses to endurance or re-
sistance training-like electrical muscle stimulation. FASEB J 2005;
19:786–8.

67. Knowler WC, Barrett-Connor E, Fowler S, Hamman R, Lachin J,
Walker E, Nathan D; Diabetes Prevention Program Research Group.
Reduction in the incidence of type 2 diabetes with lifestyle in-
tervention or metformin. N Engl J Med 2002;346:393–403.

68. Fujita S, Rasmussen B, Cadenas J, Drummond M, Glynn E, Sattler F,
Volpi E. Aerobic exercise overcomes the age-related insulin resistance
of muscle protein metabolism by improving endothelial function and
Akt/mammalian target of rapamycin signaling. Diabetes 2007;56:
1615–22.

69. Karlsson HK, Nilsson PA, Nilsson J, Chibalin AV, Zierath JR,
Blomstrand E. Branched-chain amino acids increase p70S6K phos-
phorylation in human skeletal muscle after resistance exercise. Am J
Physiol Endocrinol Metab 2004;287:E1–7.

70. Glover EI, Oates BR, Tang JE, Moore DR, Tarnopolsky MA, Phillips
SM. Resistance exercise decreases eIF2Be phosphorylation and po-
tentiates the feeding-induced stimulation of p70S6K and rpS6 in
young men. Am J Physiol Regul Integr Comp Physiol 2008;295:
R604–10.

71. Tipton KD, Rasmussen B, Miller S, Wolf S, Owens-Stovall S, Petrini
B, Wolfe R. Timing of amino acid-carbohydrate ingestion alters an-
abolic response of muscle to resistance exercise. Am J Physiol En-
docrinol Metab 2001;281:E197–206.

72. Beelen M, Koopman R, Gijsen A, Vandereyt H, Kies A, Kuipers H,
Saris W, vanLoon L. Protein coingestion stimulates muscle protein
synthesis during resistance-type exercise. Am J Physiol Endocrinol
Metab 2008;295:E70–7.

73. Phillips SM. Dietary protein requirements and adaptive advantages in
athletes. Br J Nutr 2012;108:S158–67.

74. Hartman JW, Tang J, Wilkinson S, Tarnopolsky M, Lawrence R,
Fullerton A, Phillips S. Consumption of fat-free fluid milk after re-
sistance exercise promotes greater lean mass accretion than does
consumption of soy or carbohydrate in young, novice, male weight-
lifters. Am J Clin Nutr 2007;86:373–81.

75. Ferrando AA, Lane H, Stuart C, Davis-Street J, Wolfe R. Prolonged
bed rest decreases skeletal muscle and whole body protein synthesis.
Am J Physiol 1996;270:E627–33.

76. Kortebein P, Ferrando A, Lombeida J, Wolfe R, Evans W. Effect of 10
days of bed rest on skeletal muscle in healthy older adults. JAMA
2007;297:1772–4.

77. Drummond MJ, Dickenson J, Fry C, Walker D, Gundermann D,
Reidy P, Timmerman K, Markofski M, Paddon-Jones D, Rasmussen
B, et al. Bed rest impairs skeletal muscle amino acid transporter ex-
pression, mTORC 1 signaling, and protein synthesis in response to
essential amino acids in older adults. Am J Physiol Endocrinol Metab
2012;302:E1113–22.

78. Breen L, Stokes K, Churchward-Venne T, Moore D, Baker S, Smith K,
Atherton P, Phillips S. Two weeks of reduce activity decreases leg lean
mass and incudes “anabolic resistance” of myofibrillar protein syn-
thesis in healthy elderly. J Clin Endocrinol Metab 2013;98:2604–12.

79. Drummond MJ, Dreyer HC, Pennings B, Fry CS, Dhanani S, Dillon
EL, Sheffield-Moore M, Volpi E, Rasmussen BB. Skeletal muscle
protein anabolic response to resistance exercise and essential amino
acids is delayed with aging. J Appl Physiol 2008;104:1452–61.

80. Timmerman KL, Shanani S, Glynn E, Fry C, Drummond M, Jennings
K, Rasmussen B, Volpi E. A moderate acute increase in physical
activity enhances nutritive flow and the muscle protein anabolic re-
sponse to mixed nutrient intake in older adults. Am J Clin Nutr 2012;
95:1403–12.

81. Bilsborough S, Mann N. A review of issues of dietary protein intake
in humans. Int J Sport Nutr Exerc Metab 2006;16:129–52.

82. Pencharz PB, Elango R, Ball R. An approach to defining the
upper safe limits of amino acid intake. J Nutr 2008;138(Suppl):
1996S–2002S.

83. Pencharz PB, Elango R, Ball R. Determination of the tolerable upper
intake level of leucine in adult men. J Nutr 2012;142:2220S–4S.

84. Fernstrom JD. Effects and side effects associated with the non-
nutritional use of tryptophan by humans. J Nutr 2012;142(Suppl):
2236S–44S.

85. Tomé D, Bos C. Lysine requirement through the human life cycle. J
Nutr 2007;137(Suppl):1642S–5S.

86. Garlick PJ. Toxicity of methionine in humans. J Nutr 2006;136
(Suppl):1722S–5S.

87. Institute of Medicine. Dietary Reference Intakes for energy, carbo-
hydrate, fiber, fat, fatty acids, cholesterol, protein, and amino acids.
Washington (DC): National Academies Press; 2005.

88. Newgard CB, An J, Bain J, Muehlbauer M, Stevens R, Lien L, Hagg,
Shah S, Arlotto M, Slentz C, et al. A branched-chain amino acid-
related metabolic signature that differentiates obese and lean humans
and contributes to insulin resistance. Cell Metab 2009;9:311–26.

89. Macotela Y, Emanuelli B, Bang A, Espinoza D, Boucher J, Beebe K,
Gall W, Kahn C. Dietary leucine—an environmental modifier of in-
sulin resistance acting on multiple levels of metabolism. PLoS ONE
2011;6:e21187.

PROTEIN REQUIREMENT FOR OPTIMAL METABOLIC HEALTH 1337S

 by P
A

U
L B

E
R

G
N

E
R

 on June 16, 2015
ajcn.nutrition.org

D
ow

nloaded from
 

http://ajcn.nutrition.org/


90. Lackey DE, Lynch C, Olson K, Mostaedi R, Ali M, Smith W, Karpe F,
Humphreys S, Bedinger D, Dunn T, et al. Regulation of adipose
branched-chain amino acid catabolism enzyme expression and cross-
adipose amino acid flux in human obesity. Am J Physiol Endocrinol
Metab 2013;304:E1175–87.

91. Brinkworth GD, Noakes M, Parker B, Foster P, Clifton P. Long-term
effects of advice to consume a high-protein, low-fat diet, rather than
a conventional weight-loss diet, in obese adults with type 2 diabetes: one-
year follow-up of a randomized trial. Diabetologia 2004;47:1677–86.

92. Westman EC, Yancy W Jr, Mavropoulos J, Marquart M, McDuffie J.
The effect of a low-carbohydrate, ketogenic diet versus a low-glycemic
index diet on glycemic control in type 2 diabetes mellitus. Nutr Metab
(Lond) 2008;5:36.

93. Sargrad K, Homko C, Mozzol M, Boden G. Effect of high protein vs
high carbohydrate intake on insulin sensitivity, body weight, hemo-
globin A1c and blood pressure in patients with type 2 diabetes. J Am
Diet Assoc 2005;105:573–80.

94. Sun X, Zemel M. Leucine modulation of mitochondrial mass and
oxygen consumption in skeletal muscle cells and adipocytes. Nutr
Metab (Lond) 2009;6:26.

95. Larsen S, Stride N, Hey-Mogensen M, Hansen C, Andersen J,
Madsbad S, Worm D, Helge J, Dela F. Increased mitochondrial
substrate sensitivity in skeletal muscle of patients with type 2 di-
abetes. Diabetologia 2011;54:1427–36.

96. Fiehn O, Garvey W, Newman J, Lok K, Hoppel C, Adams S. Plasma
metabolomic profiles reflective of glucose homeostasis in non-diabetic
and type 2 diabetic obese African-American women. PLoS ONE 2010;
5:e15234.

97. Adams SH. Emerging perspectives on essential amino acid metabolism
in obesity and the insulin-resistant state. Adv Nutr 2011;2:445–56.

98. Brenner BM, Meyer T, Hostetter T. Dietary protein intake and the
progressive nature of kidney disease: the role of hemodynamically
mediated glomerular injury in the pathogenesis of progressive glo-
merular sclerosis in aging, renal ablation, and intrinsic renal disease.
N Engl J Med 1982;307:652–9.

99. Marckmann P, Osther P, Pedersen A, Jespersen B. High-protein diets
and renal health. J Renal Nutr 2015;25:1–5.

100. Ikizler T, Cano N, Franch H, Fouque D, Himmelfarb J, Kalantar-
Zadeh K, Kuhlmann M, Stenvinkel P, Terwee P, Teta D, et al. Pre-
vention and treatment of protein energy wasting in chronic kidney
disease patients: a consensus statement by the International Society of
Renal Nutrition and Metabolism. Kidney Int 2013;84:1096–107.

101. Jesudason DR, Pedersen E, Clifton P. Weight-loss diets in people with
type 2 diabetes and renal disease: a randomized controlled trial of the
effect of different dietary protein amounts. Am J Clin Nutr 2013;98:
494–501.

102. Hannon MT, Tucker K, Dawson-Hughes B, Cupples L, Felson D, Kiel
D. Effect of dietary protein on bone loss in elderly men and women: the
Framingham Osteoporosis Study. J Bone Miner Res 2000;15:2504–12.

103. Calderon-Garcia JF, Moran J, Roncero-Martin R, Rey-Sanchez P,
Rodriguez-Velasco F, Pedrera-Zamorano J. Dietary habits, nutrients
and bone mass in Spanish premenopausal women: the contribution of
fish to better bone health. Nutrients 2013;5:10–22.

104. Sellmeyer DE, Stone K, Sebastian A, Cumming S; Study of Osteo-
porotic Fractures Research Group. A high ratio of dietary animal to
vegetable protein increases the rate of bone loss and the risk of
fracture in postmenopausal women. Am J Clin Nutr 2001;73:118–22.

105. Sahni S, Broe K, Tucker K, McLean R, Kile D, Cupples L, Hannan
M. Association of total protein intake with bone mineral density and
bone loss in men and women from the Framingham Offspring Study.
Public Health Nutr 2013;29:1–7.

106. Mangano KM, Sahni S, Kerstetter JE. Dietary protein is beneficial to
bone health under conditions of adequate calcium intake: an update
on clinical research. Curr Opin Clin Nutr Metab Care 2014;17:69–74.

107. Cao JJ, Pasiakos SM, Margolis LM, Sauter ER, Whigham LD,
McClung JP, Young AJ, Combs GF Jr. Calcium homeostasis and bone
metabolic responses to high-protein diets during energy deficit in
healthy young adults: a randomized controlled trial. Am J Clin Nutr
2014;99:400–7.

108. Darling AL, Millward D, Torgerson D, Hewitt C, Lanham-New S.
Dietary protein and bone health: a systematic review and meta-
analysis. Am J Clin Nutr 2009;90:1674–92.

109. Heaney RP, Layman D. Amount and type of protein influences bone
health. Am J Clin Nutr 2008;87(Suppl):1567S–70S.

110. Dawson-Hughes B, Harris S, Rasmussen H, Song L, Dallal G. Effect
of dietary protein supplements on calcium excretion in healthy older
men and women. J Clin Endocrinol Metab 2004;89:1169–73.

111. Fujita S, Dreyer H, Drummond M, Glynn E, Cadenas J, Yoshizwa F,
Volpi E, Rasmussen B. Nutrient signaling in the regulation of human
muscle protein synthesis. J Physiol 2007;582:813–23.

112. Arnal MA, Mosoni L, Boirie Y, Houlier M, Morin L, Verdier E, Ritz
P, Antoine J, Prugnaud J, Beaufrére B, et al. Protein pulse feeding
improves protein retention in elderly women. Am J Clin Nutr
1999;69:1202–8.

113. Gazzaneo MC, Suryawan A, Orellana R, Torrazza R, El-Kadi S,
Wilson F, Kimball S, Srivastava N, Nguyen H, Fiorotto M, et al.
Intermittent bolus feeding has a greater stimulatory effect on protein
synthesis in skeletal muscle than continuous feeding in neonatal pigs.
J Nutr 2011;141:2152–8.

114. Bouillanne O, Curis E, Hamon-Vilcot B, Nicolis I, Chrétien P,
Schauer N, Vincent J, Cynober L, Aussel C. Impact of protein pulse
feeding on lean mass in malnourished and at-risk hospitalized elderly
patients: a randomized controlled trial. Clin Nutr 2013;32:186–92.

115. Areta JL, Burke LM, Ross ML, Camera DM, West DWD, Broad EM,
Jeacocke NA, Moore DR, Stellingwerff T, Phillips SM, et al. Timing
and distribution of protein ingestion during prolonged recovery from
resistance exercise alters myofibrillar protein synthesis. J Physiol
2013;591:2319–31.

116. El-Kadi SW, Suryawan A, Gazzaneo MC, Srivastava N, Orellana RA,
Nguyen HV, Lobley GE, Davis TA. Anabolic signaling and protein
deposition are enhanced by intermittent compared with continuous
feeding in skeletal muscle of neonates. Am J Physiol Endocrinol
Metab 2012;302:E674–86.

117. USDA. NHANES Table 1. Nutrient intakes: mean amount consumed
per individual, one day, 2001-2002 [Internet]. [cited 2013 Dec 12].
Available from: http://www.ars.usda.gov/SP2UserFiles/Place/12355000/
pdf/Table_1_BIA.pdf.

118. USDA. NHANES Table 9. Nutrient intakes: percentage contribution
from foods eaten at breakfast, one day, 2001-2002 [Internet]. [cited
2013 Dec 12]. Available from: http://www.ars.usda.gov/SP2UserFiles/
Place/12355000/pdf/Table_9_BIA.pdf.

119. Combaret L, Dardevet D, Bechet D, Taillandier D, Mosoni L, Attaix
D. Skeletal muscle proteolysis in aging. Curr Opin Clin Nutr Metab
Care 2009;12:37–41.

1338S LAYMAN ET AL.

 by P
A

U
L B

E
R

G
N

E
R

 on June 16, 2015
ajcn.nutrition.org

D
ow

nloaded from
 

http://ajcn.nutrition.org/

